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The dendritic spine as a fundamental player in CNS plasticity and its
potential role in pain plasticity

Since the time of Ramon y Cajal, the dendritic spine, or “espina” as Cajal first named it, has
been an enigmatic figure in the area of neuroscience. At first a prime character in Cajal's
neuron doctrine (Ramon y Cajal, 1899), the last two decades have led to remarkable
advances in our understanding of the role of dendritic spines in the form and function of the
nervous system. Many, but not all, principle neurons in the brain have spines decorating
their dendrites and these spines are almost always the postsynaptic site for an excitatory
synapse (Arellano et al., 2007). We now know that spines demonstrate remarkable plasticity
in response to increases in presynaptic activity and that this plasticity is orchestrated by a
complex symphony of signaling localized to the spine (Yuste, 2010; Yuste and Bonhoeffer,
2001). In terms of function, recent studies have shown clear changes in spine morphology in
several important neurological developmental disorders and changes in spine shape are
linked to major functions of the brain like learning and memory. This latter function appears
to be linked to the establishment of long-term potentiation (LTP) suggesting that changes in
spine morphology, in particular toward a mushroom-shaped morphology, are a critical
component of amplification of synaptic signaling in the CNS (De Roo et al., 2008).

Despite this explosion of interest and understanding in the dendritic spine biology, the role
of spine plasticity in chronic pain and/or pain amplification has been largely ignored until
relatively recently. Three papers by Andrew Tan, Bryan Hains, Stephen Waxman and
colleagues (Tan et al., 2008b, 2009, 2011), the most recent of which was published in this
issue of Experimental Neurology (Tan et al., 2011), shed considerable light on the role of
spine plasticity in the development and maintenance of neuropathic pain. These papers also
open up exciting new areas for pain researchers, affording opportunities to gain more
extensive insight into mechanisms underlying chronic pain conditions. To understand these
opportunities fully, we should first consider some of the fundamentals of spine plasticity in
the brain and then relate these findings to our current understanding of pain amplification
mechanisms in the spinal dorsal horn.

© 2011 Elsevier Inc. All rights reserved.
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Molecular mechanisms of spine plasticity

The revelation that the same conditions that induce LTP also induce morphological changes
in dendritic spines mediated by actin polymerization was one of the earliest observations
that links structural and functional plasticity (Fifkova, 1985). Many of these changes appear
to be linked to brain derived neurotrophic factor (BDNF), which is critical both for the
development of dendritic spines and expression of LTP (An et al., 2008; Shimada et al.,
1998; Tanaka et al., 2008). BDNF signals, among some other pathways (Yoshii and
Constantine-Paton, 2010), through tyrosine receptor kinase B (TrkB) to activate the
Phosphatidylinositol-3-kinases (PI3K) pathway (Huang and Reichardt, 2003). PI13K
mediates the conversion of PI (4,5)P2 to PI(3,4,5)P3. In cultured hippocampal neurons,
PI3K and PI1(3,4,5)P3 concentrates at the tip of protrusions that will eventually differentiate
into an axon. Moreover, the activation of the PI3K pathway is important for polarization
during axonal development and its inhibition mislocalizes the polarity proteins PAR3 and
PARSG, indicating the importance of the PAR complex as downstream effectors of PI3K
induced neuronal polarization (Shi et al., 2003). A conserved signaling pathway comprised
of the Rho GTPase ras-related C3 botulinum toxin substrate 1 (Racl), PAR3, PARG6 and
atypical protein kinase C (aPKC) mediates cellular polarity in various biological contexts
(Macara, 2004). PAR3 spatially restricts the Racl guanine exchange factor T-cell lymphoma
invasion and metastasis 1 (Tiam1) to dendritic spines which allows for localized activation
of Racl and actin-dependent dendritic spine morphogenesis (Zhang and Macara, 2006).
Moreover, evidence suggests the activation of atypical protein kinase C (aPKC) may be
dependent on the activity of PI3K and Racl (Ghosh et al., 2008). Ectopic expression of
constitutively active aPKC results in increased density of dendritic spines while the
expression of the kinase dead mutant fails to produce mature spines (Zhang and Macara,
2008). Collectively, current evidence suggests that Rac1-PARs-aPKCs may act as complex
that mediates the genesis and maturation of dendritic spines (Fig. 1A).

Substantial evidence demonstrates that Racl activity is essential for the maturation of
dendritic spines (Zhang and Macara, 2006). Racl activates p21-associated kinase (PAK),
which activates LIM kinase. This cascade results in the phosphorylation of ADF/cofilin, a
key regulator of actin polymerization (Yang et al., 1998). ADF/cofilin is dephosphorylated
by protein phosphatase (PP)2Ac (Castets et al., 2005) and Slingshot (Van Troys et al.,
2008). ADF/cofilin phosphorylation (inactivation) and dephosphorylation (activation)
correlate with spine growth and shrinkage during LTP and long-term depression (LTD)
respectively (Chen et al., 2007; Fedulov et al., 2007; Rex et al., 2009; Zhou et al., 2004).
Interestingly, this process may be modulated by the RNA binding protein and translation
repressor, fragile X mental retardation protein (FMRP), because Racl activation recruits
FMRP to actin-containing processes thereby repressing translation of PP2Ac mRNA, a
known FMRP target, and preventing dephosphorylation of ADF/cofilin holding it in its
inactive state (Castets et al., 2005). Because the inactivation of ADF/cofilin is essential for
the development of mushroom-shaped spines, this provides a potential mechanism linking
local regulation of translation by FMRP with spine morphology (Fig. 1B).

While links between Racl and aPKCs in spine morphology are emerging, one isoform of
aPKC, called PKMC, has been demonstrated to play a key role in synaptic plasticity in the
CNS. PKMG is transcribed from the PKCC gene such that it lacks the regulatory subunit but
retains the catalytic portion of the kinase. This kinase has emerged as a molecular candidate
for maintenance of long term memory storage and is both sufficient and necessary for the
induction and maintenance of LTP (Sacktor, 2011). Signaling pathway analysis reveals
several pathways, most notably the PI3K-mTOR pathway, which mediates the synthesis of
PKMC while the persistent phosphorylation of T410 by phosphoinositide-dependent kinase
1 (PDKU1) is critical for the activity of PKM( (Kelly et al., 2007a; Le Good et al., 1998).
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Actin polymerization has also been demonstrated to be critical for the induction of LTP and
de novo synthesis of PKM( (Kelly et al., 2007b). PKM( mediated potentiation of AMPA
responses and the expression of late LTP is, however, not influenced by actin dynamics
(Kelly et al., 2007b) and the role of Racl in regulation of PKM( is not known. Moreover,
the specific role of PKMC in remodeling of dendritic spines and the sequelae of molecular
events that govern this process, remain to be elucidated. Despite these gaps in knowledge
concerning connections between Racl signaling, PKMC( and spine morphology, we have
recently demonstrated that spinal PKMC is essential for the maintenance of persistent
nociceptive sensitization (Asiedu et al., 2011). These findings are consistent with those by
Tan and colleagues demonstrating a critical role for Racl-mediated changes in spine
dynamics in neuropathic pain evoked by spinal cord or peripheral nerve injury (Tan et al.,
2008b, 2011).

Spine plasticity, Racl, PKM{ and FMRP: an emerging picture of pain

plasticity

The first findings linking spine plasticity to neuropathic pain came from a study by Tan et al.
(2008b). This important paper demonstrated that spinal cord injury, which creates a long-
lasting neuropathic pain state in rats, was accompanied by changes in spine morphology in
lamina IV/V neurons characterized by increased mushroom-shaped spines with a higher
frequency of spines located at close proximity to the soma. Importantly, these effects were
reversed by a Racl inhibitor, NSC23766, suggesting that these changes occurred in a Racl-
dependent fashion. Moreover, administration of the Racl inhibitor led to a reversal of wide
dynamic range (WDR) neuron hyperexcitability after spinal cord injury providing a
functional link between altered spine morphology and distribution and neurophysiological
changes thought to underlie neuropathic pain. In a follow-up study, the same group utilized
a computational modeling approach to better understand the ramifications of spine plasticity
for neuropathic pain caused by spinal cord injury (Tan et al., 2009). Their findings indicated
that altered spine morphology and a redistribution of mature spines toward the soma led to a
reduction in inhibitory gating, increased synaptic efficacy, improved frequency following
ability and a greater probability of action potential generation for an identical input. Hence,
this computation approach reveals large-scale neurophysiological changes as a result of
Racl-mediated spine plasticity that are likely to underlie aspects of neuropathic pain that are
the most challenging to treat clinically.

Corroborating evidence for the role of spine plasticity in chronic pain disorders may come
from a surprising area of research, developmental neurological disorders. These disorders,
which often result in intellectual disabilities, are frequently characterized by abnormalities in
dendritic spine morphology (Kaufmann and Moser, 2000). Perhaps the best example of this
is Fragile X Mental Retardation, which is caused by silencing of FMRP. Loss of FMRP
leads to an immature spine morphology in mice and humans (Hinton et al., 1991; Irwin et
al., 2001; Rudelli et al., 1985) and aberrant synaptic plasticity including enhanced LTD and
impaired LTP in some brain regions. As mentioned above, there is evidence linking FMRP
regulation of translation to Racl-mediated control of actin dynamics that may be relevant for
spine abnormalities and deficits in plasticity in the human disease. Moreover, increased
PI3K activity is observed in Fmrl KO mice (Gross et al., 2010) further suggesting deficits in
signaling via pathways associated with spine plasticity in this neurological disorder.
Significantly, loss of FMRP in mice leads to a striking pain phenotype wherein these mice
are deficient in a variety of pain amplification assays, including a profound reduction in
neuropathic pain (Asiedu et al., 2011; Peebles and Price, 2011; Price et al., 2007). While no
studies have examined the morphology of dendritic spines in the dorsal horn following loss
of FMRP, Racl-mediated spine plasticity in neuropathic pain models (Tan et al., 2008b,
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2009, 2011) strongly suggests that defective pain amplification in the absence of FMRP may
be functionally connected to altered spine plasticity.

The findings published by Tan et al., in this issue of Experimental Neurology extend their
previous findings using models of spinal cord injury in several important ways. First, they
demonstrate that changes in spine morphology, including increases in mushroom-shaped
spines, and spine redistribution also occur in response to peripheral nerve injury using the
chronic constriction injury (CCI) model (Tan et al., 2011). Second, they find that these
changes are similarly sensitive to Racl inhibition. Third, their findings demonstrate that
Rac1 inhibition over a three-day period leads to a reversal of WDR neuron hyperexcitability
and relief of CCl-induced mechanical allodynia, but not thermal hyperalgesia. Collectively,
these findings firmly establish spine plasticity as a novel mechanism for neuropathic pain
(originating from central or peripheral injury) and point to Racl as a potential target for the
alleviation of neuropathic pain. We will argue below, that these findings may also have a
profound impact on solving some current controversies in pain research, a somewhat ironic
statement considering that the technique used by Tan et al., to discover these changes in
spine morphology after nervous system injury (Golgi embedding) is little changed since the
time of Cajal's early discoveries on the structure of the nervous system.

Power of spines for addressing current questions facing chronic pain

research

As mentioned above, much current work on dendritic spines is focused on understanding the
role of dendritic spine plasticity in synaptic plasticity, in particular, LTP and LTD. In this
regard, several important themes have emerged: 1) maturation of spines into a mushroom-
shaped morphology appears to coincide with the consolidation of late-L TP, 2) persistent
changes in spine morphology are associated with learning events and may represent memory
storage mechanisms and 3) changes in spine morphology are likewise associated with
AMPA-receptor trafficking events that are molecularly linked to signaling pathways that
may play a key role in changing spine morphology via the regulation of actin dynamics (De
Roo et al., 2008; Yuste and Bonhoeffer, 2001). How then, do these findings connect to our
current understanding of pain plasticity in the CNS and do they offer insight into current
controversies?

The pioneering studies of Mendell and Wall (1965) and Woolf (1983) were the first to
demonstrate amplification of pain signaling in the CNS. These forms of amplification,
termed “wind-up” in the case of the work of Mendell and Wall and “central sensitization” in
the case of the work of Woolf, are widely thought to be dependent on afferent input and to
resolve following long-term blockade or termination of this afferent input (Latremoliere and
Woolf, 2009; Woolf, 2011). On the other hand, LTP, which is a long-lasting form of
plasticity that does not require ongoing afferent input (at least in the brain), can be evoked in
the spinal dorsal horn and clearly consolidates into a late form of LTP as is observed in other
brain regions (Sandkuhler, 2007). An important finding in this regard is the discovery that,
at certain lamina I/11 dorsal horn neurons, LTP can be evoked by low-frequency stimulation
or by natural stimulation of C-fibers (Ikeda et al., 2006). Moreover, this low-frequency
stimulation-induced late-LTP consolidation requires intact BDNF signaling (Zhou et al.,
2008) (as HFS-induced LTP does in brain) and LTP initiation is dependent on signaling
pathways that also regulate LTP initiation in the hippocampus and cortex (lkeda et al., 2006;
Sandkuhler, 2007). Does stimulation of C-fibers in humans result in late-LTP consolidation?
A recent study suggests that, at least in some individuals, the answer to this question is yes.
Presumptive induction of LTP via stimulation of C-fibers in humans leads to a perceptual
form of LTP characterized by primary hyperalgesia. In most individuals this perceptual LTP
decays over the course of 24-48 h, however, in a significant subset of individuals this
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hyperalgesia persists for weeks or even months (Pfau et al., 2011). Hence, a transition to
late-L TP consolidation in the spinal dorsal horn (and other CNS regions) likely occurs both
in preclinical models of pain and in humans.

What molecular mechanisms underlie this long-term plasticity? The encoding of memory
engrams in CNS structures is separated into initiation and maintenance phases with distinct
molecular mechanisms. Initiation of engram encoding requires protein synthesis and an
atypical protein kinase C (aPKC) called PKMC. Maintenance of the engram is solely
dependent on PKMC, which represents the only known kinase whose activity is required for
the maintenance of late-long-term potentiation (LTP) and long-term memory (Sacktor,
2011). We have recently demonstrated that the pharmacology of a chronic pain state in mice
parallels memory engram encoding in the CNS (Asiedu et al., 2011). In this model, an
allodynic state is initiated by a “priming” event: hindpaw interleukin 6 (IL-6) injection or
plantar incision. After the resolution of the allodynic state, a subsequent nociceptive
hypersensitivity can be revealed by hindpaw injection of prostaglandin E, (PGEy), causing a
prolonged allodynia, or spinal administration of the metabotropic glutamate receptor 1/5
(mGIuR1/5) agonist dihydroyphenyglycine (DHPG), causing pronounced nocifensive
behaviors. In naive animals, PGE, and DHPG only elicit transient allodynia or nocifensive
behaviors, respectively. Hence, this model establishes a persistent nociceptive sensitization
that can be clearly divided into an initiation (induction of priming) and maintenance phase
that persists for long periods of time. Consistent with concepts governing memory encoding
and the pharmacology of late-LTP maintenance, these findings demonstrate that persistent
nociceptive sensitization initiation requires spinal protein synthesis and PKMC( whereas
maintenance is solely dependent on PKMC. These results strongly suggest the encoding of a
permanent (or at least semi-permanent) form of synaptic plasticity in the spinal dorsal horn
that may underlie susceptibility to chronic pain (Asiedu et al., 2011).

Monitoring changes in spine morphology in the dorsal horn affords an excellent opportunity
to gain insight into the mechanisms underlying these changes and whether they do, in fact,
persist for long periods of time. For instance, we would predict that changes in dendritic
spine morphology would be observed in a wide variety of preclinical pain models including
models linked to PKMC, such as hyperalgesic priming (Reichling and Levine, 2009) and
plantar incision (Asiedu et al., 2011). We would further predict that these changes in spine
morphology would, at least in part, persist even after the resolution of allodynia or
hyperalgesia induced by the original injury. In this regard, the CCI model presents an
excellent opportunity for testing this hypothesis because it is one of the few neuropathic pain
models wherein hyperalgesia and allodynia eventually resolve. Hence, the findings of Tan et
al. could readily be extended into later stages after CCI to examine this question rigorously.
Examining changes in spine morphology in the context of preclinical pain models could also
provide important evidence linking Racl signaling, PAR complex proteins and aPKCs,
especially PKMC, to persistent changes in spine morphology.

Despite these exciting opportunities, our understanding of spine plasticity in chronic pain is
still in its infancy and several gaps in knowledge need to be filled. Most obviously, the
studies of Tan et al. have focused almost entirely on lamina IV/V neurons (Tan et al., 2008b,
2009, 2011) while much other work in the pain plasticity area has focused on lamina I/11
neurons. For instance, low frequency stimulation-induced LTP is evoked primary in a subset
of lamina I/11 neurons that express the substance P receptor, neurokinin receptor type 1
(NK1) (Ikeda et al., 2006). These neurons are also required for the induction of injury
induced hyperalgesia and allodynia (Nichols et al., 1999). It will be interesting to examine
whether changes in spine morphology observed in lamina I\VV/V neurons can also be applied
to lamina I/11 neurons, especially neurons co-expressing the NK-1 receptor. Likewise, it is
not known how Racl inhibition influences these neurons or whether Rac1 inhibition

Exp Neurol. Author manuscript; available in PMC 2013 August 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Melemedjian and Price Page 6

influences LTP initiation, late-L TP consolidation or late-L TP maintenance in the spinal
dorsal horn. In hippocampus Racl plays a key role in LTP initiation but not maintenance
(Martinez and Tejada-Simon, 2011). Such experiments will be important for advancing our
understanding of the role of spine plasticity in pain and the potential for targeting this
mechanism for the reversal of chronic pain states. In this regard, questions surrounding the
use of Racl inhibitors also need to be addressed. While the Tan et al. papers clearly show a
strong inhibition of nerve injury induced allodynia and WDR neuron activity by Racl
inhibition (Tan et al., 2008b, 2011), these experiments fail to address whether this inhibition
represents a long-lasting reversal of the chronic pain state. While palliative treatments for
chronic pain disorders are clearly useful, it would be important to know whether Racl
inhibition leads to disease-modifying effects in preclinical pain models.

Concluding remarks

The discovery of changes in dendritic spine morphology and organization following spinal
cord or peripheral nerve injury, in a Racl-dependent fashion (Tan et al., 2008a, 2011), offers
several unique insights into the pathophysiology of chronic pain disorders. These structural
changes suggest concomitant molecular and neurophysiological events paralleling
mechanisms underlying learning and memory in other CNS regions and provide strong
evidence for permanent changes in dorsal horn synaptic architecture as a causative factor in
chronic pain disorders. While it remains to be seen whether these discoveries can lead to the
generation of novel, disease-modifying agents for the reversal of chronic pain disorders,
these discoveries shed light on molecular mechanisms that may afford, for the first time,
such opportunities.
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Fig. 1.

A) BDNEF signals through the TrkB receptor to activate PI3K. PI3K in turn mediates the
conversion of PIP2 to PIP3, both PI3K and PDK1 accumulate at the leading tip of growing
protrusions that would differentiate into a dendritic spine. PIP3 recruits the polarity protein
PARs which can activate Tiam, leading to the activation of Rac1. This allows for a localized
activation of Racl and prevents its inappropriate activation. aPKCs function in a complex
which include PARs and Racl. The activity of aPKCs is dependent on Racl and PI3K-
PDK1. Racl activates PAK which in turn activates LIMK. ADF/cofilin, a key regulator of
actin polymerization, is phosphorylated by LIMK and dephosphorylated by PP2A. FMRP
represses the function of PI3K and recruits PP2A mRNA. B) Systematic spatially and
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temporally regulated activation of various pathway leads to the sculpting of mushroom-
shaped dendritic spines. ADF/cofilin activation and inactivation at the tip of a growing spine
depolymerizes actin, which in concert with other pathways allows for the formation of
mushroom shaped spine (wild type). Genetic loss of LIMK, which causes Williams
Syndrome, leads to excessive ADF/cofilin activation due to dephosphorylation leading to
increased depolymerization of actin and production of “stubby” spines (L/MK KO). Loss of
FMRP function causes Fragile X Syndrome which leads to increased PI3K activity and
ADF/cofilin inactivation, causes increased polymerization of actin and long dendritic spines.
Loss of FMRP may also prevent the localized expression of PP2A leading to dysregulation
in local ADF/cofilin activation and actin depolymerization (FMRP KO).
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