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Abstract
The purpose of this chapter is to discuss the role of the fragile X mental retardation protein
(FMRP) in the spinal sensory system and the potential for use of the mouse model of fragile X
syndrome to better understand some aspects of the human syndrome as well as advance
knowledge in other areas of investigation, such as pain amplification, an important aspect of
clinical pain disorders. We describe how the Fmr1 knockout mouse can be used to better
understand the role of Fmrp in axons using cultures of sensory neurons and using manipulations to
these neurons in vivo. We also discuss the established evidence for a role of Fmrp in nociceptive
sensitization and how this evidence relates to an emerging role of translation control as a key
process in pain amplification. Finally, we explore opportunities centered on the Fmr1 KO mouse
for gaining further insight into the role of translation control in pain amplification and how this
model may be used to identify novel therapeutic targets. We conclude that the study of the spinal
sensory system in the Fmr1 KO mouse presents several unique prospects for gaining better insight
into the human disorder and other clinical issues, such as chronic pain disorders, that affect
millions of people worldwide.

4.1 Why Study Fmrp in the Spinal Sensory System?
4.1.1 Links to Fragile X Syndrome in Humans

Silencing of the fragile X mental retardation gene (FMR1) causes fragile X syndrome. This
gene encodes a protein, fragile X mental retardation protein (FMRP), which plays a
multifunctional role in protein synthesis and neuronal development (Bagni and Greenough
2005). FMRP binds to mRNAs and is involved in transporting them to distal sites in cells
while repressing their translation. In neurons, upon intense synaptic stimulation, Fmrp is
thought to dissociate from its target mRNA, leading to a derepression of translation (Bassell
and Warren 2008). Synaptic synthesis of new proteins plays a key role in synaptic plasticity
initiation and maintenance and all evidence indicate that Fmrp plays a crucial role in this
process (Bassell and Warren 2008). Two forms of synaptic plasticity are altered in several
brain regions in a mouse model of fragile X syndrome (Fmr1 knockout mouse): long-term
depression (LTD) is enhanced (Bear et al. 2004) and long-term potentiation (LTP) is absent
in some, but not all, brain regions (Li et al. 2002; Larson et al. 2005; Wilson and Cox 2007;
Hu et al. 2008). A mouse model of fragile X syndrome was created in 1994 (Consorthium
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1994) and the long-standing existence of this mouse, coupled with interest in the role of
translation regulation in synaptic plasticity (Kelleher et al. 2004) and the high prevalence of
fragile X syndrome (Turner et al. 1996) has led to an extraordinarily in-depth understanding
of the role Fmrp plays in synaptic plasticity that continues to develop into new areas of
discovery and possible therapeutic intervention.

While the primary focus of research into the role of Fmrp in neuronal plasticity is aimed at
understanding this from the perspective of developing therapeutics around the
developmental intellectual disability (Bear et al. 2004), there is good evidence from humans
that the disorder includes pathology of the sensory spinal system. This is implied by the
prominence of self-injurious behavior (SIB), especially among males affected by fragile X
syndrome (Symons et al. 2010). Despite the prevalence of SIB in many genetic
developmental disorders associated with severe intellectual impairment, very little is known
about the neurobiological underpinnings of this comorbidity. SIB occurs in different sectors
of the normal population, but its frequency is much higher among individuals with
developmental disorders, including fragile X syndrome (Symons et al. 2003, 2010), that
negatively influence brain function. The reasons for this are unclear; however, several recent
advances in preclinical models of such disorders (including fragile X syndrome and Rett
syndrome) have led to a greater understanding of how mutations in genes that cause these
diseases lead to changes in the structure and function of the central nervous system (CNS).
At the same time, a greater appreciation of plasticity in the CNS as it pertains to chronic
pain conditions has led to the recognition that molecular mechanisms of learning and
memory and pain amplification are remarkably similar (Ji et al. 2003). We undertook a
study using the preclinical model of fragile X syndrome in an effort to ascertain whether loss
of Fmrp led to deficits in sensitization of pain pathways (Price et al. 2007). This study,
which will be discussed at length below, concluded that Fmr1 knockout (KO) mice have
profound and specific deficits in nociceptive sensitization. Based on this evidence, we
speculated that the persistence of SIB in humans with fragile X syndrome may be linked to a
failure of the nociceptive system to amplify incoming pain signals, leading to the absence of
a neurobiological stop signal for SIB. This hypothesis requires further testing and is unlikely
to explain the emergence of SIB but does provide a testable neurological basis for the
persistence of SIB in fragile X syndrome and other developmental intellectual disorders.

Further evidence of a pathology in the spinal sensory system in fragile X syndrome comes
from emerging evidence of deficits in pain sensation in humans with the disorder (Symons
et al. 2010). This study suggests, based on parental reports, that children with fragile X
syndrome have higher pain thresholds than other children unaffected by the disorder.
Unfortunately, to date, no studies have assessed this directly with quantitative sensory
testing [as has been done in Rett syndrome (Downs et al. 2010)]. Based on studies in the
preclinical model (discussed below), we would not anticipate changes in acute pain
thresholds in fragile X syndrome; however, pain amplification would be expected to be
impaired. This is a fundamentally more difficult problem to address in human studies
because it requires some intervention to induce sensitization, a manipulation that may be
viewed as unethical in humans with fragile X syndrome. However, the fragile X premutation
tremor/ataxia syndrome does provide some interesting potential insight into the hypothesis
that pain amplification should be decreased in humans with fragile X syndrome. The fragile
X premutation tremor/ataxia syndrome, unlike the full mutation that leads to fragile X
syndrome (Hagerman and Hagerman 2002), does not repress FMRP expression but, rather,
leads to an increase in FMRP mRNA expression (Hessl et al. 2005). Based on the hypothesis
stated above, an increase in pain amplification might be expected in the premutation based
on the increase, as opposed to loss, in FMRP expression. Interestingly, humans with the
fragile X premutation tremor/ataxia syndrome frequently develop peripheral neuropathies,
which have a high frequency of associated pain (Berry-Kravis et al. 2007; Brega et al.
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2009). Moreover, the incidence of the functional pain disorder, fibromyalgia, is significantly
increased in patients with fragile X premutation tremor/ataxia syndrome (Coffey et al.
2008). Hence, taken together, the preclinical and clinical evidence strongly suggest a major
role for the Fmr1 gene in pain amplification. We believe that this clinical evidence provides
a strong rationale to further understand the role of Fmrp in the spinal sensory system using
the Fmr1 KO mouse.

4.1.2 Role of Fmrp in Axons
While the majority of work in CNS structures has focused on the role of Fmrp in dendrites
(Bassell and Warren 2008), there is emerging evidence that Fmrp is found in axons as well
and may play a functional role during development or even in synaptic plasticity (Akins et
al. 2009; Antar et al. 2006; Centonze et al. 2008). Sensory neurons of the dorsal root
ganglion (DRG) and trigeminal ganglion (TG) are the initial gateway of the pain,
proprioceptive, and tactile sensation pathways. These neurons, unlike CNS neurons, are
pseudo-unipolar and are made up of a single axon that emerges from the soma and bifurcates
at close distance from the cell body, sending an axonal extension both to the periphery and
into the spinal cord. These axons are longer than most CNS axons, with the possible
exception of corticospinal and spinal motor neurons. Moreover, removing these neurons
from adult rodents and developing primary cultures of these cells are a relatively
straightforward process (see Malin et al. 2007 for detailed methods). Extensions from these
neurons in vitro maintain axonal properties even after many days or weeks in vitro and these
neurons maintain a phenotype consistent with their in vivo properties as well (Price et al.
2005; Malin et al. 2007). For manipulations in vivo, axons of these neurons are relatively
accessible. Manipulations can be made to the sciatic nerve with a straightforward surgery
that is selective for DRG and motor neurons (Decosterd and Woolf 2000) and the spinal
process of the DRG (which contains no motor component) is also accessible for
manipulation (Kim and Chung 1992). Lesions to these nerves are often used to assess
neuropathic pain, which is caused by injury to peripheral sensory neurons, but such
manipulations can also be made to assess a response to axonal injury (with caveats to
include difference in regrowth capacity of CNS vs. peripheral neurons). We have utilized a
model of injury to the sciatic nerve, to assess the role of Fmrp in neuropathic pain using the
mouse model of fragile X syndrome.

As mentioned above, DRG and TG neurons can be used to generate primary cultures for in
vitro studies. These neurons, if cultured from adult animals, can be grown in the presence or
absence of growth factors (such as nerve growth factor) and they can survive for days to
weeks in vitro. These neurons do not extend neurites with dendritic properties but, rather,
extend neurites with axonal properties, affording the ability to study axons in isolation. The
proliferation of new techniques to study selectively different compartments of these neurons
at distance from the soma [e.g., microfluidic devices (Taylor et al. 2005; Park et al. 2006)]
also provides a unique opportunity to study the role of Fmrp in axons when using these
neurons from Fmr1 KO mice. Hence, these neurons may provide a readily accessible model
for studying the role of Fmrp in the axonal compartment that may be relevant to gaining
better insight into pathologies related to the human disorder.

4.1.3 Translation Control of Nociceptive Plasticity
A growing body of evidence indicates that translation control plays an important role in
sensitization of the pain pathway (Price and Geranton 2009), both in sensory neurons of the
DRG and in second-order neurons of the spinal dorsal horn. In fact, some of the first
evidence for a direct role of translation control in pain amplification came from studies done
in Fmr1 KO mice (Price et al. 2007). Because Fmrp is involved in transporting mRNAs to
distal sites in neurons and in releasing these mRNAs for translation upon neuronal
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stimulation (Bassell and Warren 2008), as this area of research continues to blossom, the
Fmr1 KO mouse may play an important role in identifying novel therapeutic targets. These
opportunities and the existing evidence for a role of Fmrp in the spinal sensory pathway will
be discussed at length below.

4.2 Evidence for a Role of Fmrp in Pain Pathology
4.2.1 Sensory Neurons and Their Axons

In the CNS, Fmrp localizes primarily to the soma and the dendritic compartment, leading to
the view that Fmrp was segregated from the axon, at least in the adult. While several studies
have now indicated that Fmrp localizes to the axonal compartment in the adult CNS (Akins
et al. 2009; Christie et al. 2009), DRG and TG neurons lack dendritic arbors but robustly
express Fmrp in the soma, and Fmrp immunoreactivity is also observed in the axons of these
neurons (Price et al. 2006). Most, if not all, DRG and TG neurons express Fmrp and, in the
peripheral branch of these pseudo-unipolar neurons, Fmrp immunoreactivity localizes to
most axons. Interestingly, we noted that in the centrally projecting branch of DRG neurons,
there appears to be less Fmrp expression and many axons do not contain Fmrp
immunoreactivity (Price et al. 2006). Finally, at the central terminal of these neurons,
located throughout the dorsal horn of the spinal cord, we did not observe any Fmrp
immunoreactivity. Somewhat remarkably, Fmrp is not the only protein involved in
translation control that shows this distribution as mammalian target of rapamycin (mTOR)
immunoreactivity also is excluded from the central terminals of DRG neurons in the spinal
dorsal horn (Geranton et al. 2009). This is in stark contrast to sensory neuropeptides and
channels (e.g., TRPV1) that are robustly expressed at central terminals of sensory neurons.
Hence, it is possible that translation machinery is excluded from the projection of DRG
neurons as they traverse the dorsal root entry zone. The reasons and mechanisms of this
apparent exclusion are not currently known.

What is the purpose of Fmrp in the axonal extensions of DRG and TG neurons? The
traditional view of the axon is that translation does not occur in this compartment, but
studies over the past decade have made it clear that the axons of these neurons contain
mRNAs (Mohr and Richter 2000; Aronov et al. 2001; Tohda et al. 2001; Willis et al. 2005),
a variety of RNA transport proteins (e.g., Fmrp and staufen) (Bassell et al. 1998; Hirokawa
and Takemura 2005; Antar et al. 2006; Price et al. 2006; Li et al. 2009), ribosomal proteins
(Koenig 1979; Twiss et al. 2000), golgi components (Merianda et al. 2009), and functional
RNA interference (Murashov et al. 2007) and that protein synthesis does, indeed, occur in
this compartment (Brittis et al. 2002; Martin 2004; Willis and Twiss 2006; Lin and Holt
2008; Melemedjian et al. 2010). Most of the work in this area has focused on axonal
regeneration and growth cone guidance and collapse (Brittis et al. 2002; Martin 2004; Willis
and Twiss 2006; Lin and Holt 2008); however, we have recently demonstrated that growth
factors (such as NGF) and cytokines (such as interleukin-6, IL-6) are capable of stimulating
protein synthesis in the axon of DRG and TG neurons and this process is directly linked to
the development of nociceptive sensitization by these endogenous pain mediators
(Melemedjian et al. 2010). We presume that Fmrp may play an important role in NGF- and
IL-6-mediated translation and, in support of this, we have recently shown that IL-6-induced
sensitization is strongly blunted in FMRP KO mice (Asiedu et al. 2011).

4.2.2 Fmrp in the Spinal Dorsal Horn
In addition to Fmrp expression in DRG and TG neurons, FMRP is richly expressed in the
spinal cord of mice (Price et al. 2006). Like many other CNS regions, FMRP expression in
the spinal cord is isolated to neurons and our previous findings suggest that all spinal cord
neurons express Fmrp. Fmrp localization to the dendrites of spinal cord neurons has not
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been assessed and, in the Fmr1 KO, it is not known if dendritic spines of spinal neurons
show abnormal morphology as they do in many other CNS regions (Comery et al. 1997).

4.2.3 Behavioral Pain Phenotype of Fmr1 Knockout Mice
4.2.3.1 Deficits in Nociceptive Sensitization Linked to Peripheral Stimulation—
Sensitization of peripheral nociceptors is a primary mechanism of pain amplification. This
process involves local signaling within the peripheral terminal of the nociceptor. One of the
best-studied forms of peripheral sensitization is thermal hyperalgesia. Research on thermal
hyperalgesia was greatly enhanced by the discovery of the noxious heat and capsaicin
receptor TRPV1 in the late 1990s (Caterina et al. 1997). TRPV1 is expressed on peripheral
terminals of nociceptors and its activity is enhanced by a number of kinase signaling
cascades, such as protein kinases A and C, through direct phosphorylation of the receptor
(Caterina et al. 1997, 2000; Tominaga et al. 1998; Caterina and Julius 2001). TRPV1
phosphorylation leads to a leftward shift in the temperature response curve of the channel
such that it becomes more sensitive to temperature, leading to a drop in threshold for
activation of the receptor. Interestingly, recent evidence suggests that this process is
mediated by an endogenous agonist and not temperature itself (Patwardhan et al. 2009,
2010). Hence, in many cases, thermal hyperalgesia can be explained simply as a signaling
cascade that occurs locally to change the activation threshold of nociceptive sensory neurons
(Tominaga et al. 1998).

As mentioned above, we did not observe any deficits in normal mechanical or thermal
thresholds in Fmr1 KO mice. On the contrary, several deficits in nociceptive sensitization
were found, some of which were linked to peripheral sensitization, while others gave clear
indications of CNS deficits (Price et al. 2007). We were able to separate the contributions of
peripheral and central sensitization based largely on the administration of a group I
metabotropic glutamate receptor (mGluR1/5) agonist. These experiments were facilitated by
two lines of evidence: experiments leading to the development of the mGluR theory of
fragile X syndrome (Bear et al. 2004) and experiments demonstrating a clear role of
mGluR1/5 in nociceptive sensitization (Karim et al. 2001; Adwanikar et al. 2004; Hu et al.
2007). In terms of peripheral sensitization, previous experiments had demonstrated that
mGluR1/5 are expressed by DRG neurons and that these receptors localize to the peripheral
terminals of these neurons (Bhave et al. 2001). Stimulation of mGluR1/5 with the specific
agonist DHPG leads to the development of thermal hyperalgesia in normal animals (Bhave
et al. 2001), an event which has subsequently been linked, on the molecular level, to
sensitization of the noxious heat and capsaicin receptor TRPV1 (Kim et al. 2009). We found
that while thermal hyperalgesia was present in wild-type mice in response to intradermal
DHPG administration, it failed to develop in Fmr1 KO mice (Price et al. 2007). Because
thermal hyperalgesia in response to local injection of DHPG likely occurs through local
sensitization of TRPV1, effectively dropping the thermal threshold of this subset of
nociceptors, this finding provides strong evidence of a lack of peripheral sensitization in
response to mGluR1/5 stimulation in the periphery in Fmr1 KO mice (Fig. 4.1).

4.2.3.2 Deficits in Nociceptive Sensitization Linked to Spinal Processing
Windup: When a noxious stimulus, such as biting one’s hand, is applied, it causes an initial
stinging or sharp pain with a short latency (called “first pain”) and is followed by a more
persistent burning-type pain, which commonly possesses a burning quality. This so-called
second pain has a longer latency and is thought to be associated with windup of dorsal horn
neurons (Price et al. 1977; Price 1972). Windup involves a progressive increase in action
potential generation in spinal dorsal horn neurons in response to repetitive firing of
peripheral afferents synapsing in the dorsal horn. This windup takes less than 1 sec to begin
and can be observed in most dorsal horn neurons that receive a nociceptive input. While the
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pharmacology of windup is complex, its basic mechanisms involve glutamatergic
neurotransmission and postsynaptic glutamate receptors of the NMDA type. Existing
evidence points to progressive depolarization through NMDA channels as a primary means
through which frequency-dependent amplification of dorsal horn neuron firing is augmented
(Dickenson and Sullivan 1987). In addition to the increase in the output firing of dorsal horn
neurons relative to the afferent input, windup can also lead to after-discharge in these
neurons (continued firing despite the absence of continued input). Because windup takes
place over such a short time course, it is commonly viewed as a primary mechanism for
short-term plasticity in the nociceptive system (Herrero et al. 2000).

We recorded responses in ascending fibers of second-order dorsal horn neurons from Fmr1
KO mice after afferent volleys that are sufficient to induce windup in most wild-type
neurons. Strikingly, windup was absent in the vast majority of fibers in FMRP KO mice and
some of these fibers even demonstrated a decrease in their input–output function, which we
termed winddown (Fig. 4.2a) (Price et al. 2007). The molecular mechanisms of this effect
are not known, but this provides compelling evidence for a specific deficit in this form of
short-term sensitization in the spinal dorsal horn of Fmr1 KO mice. This effect may be
explained by abnormal synaptic connections and/or changes in NMDA receptor expression
in the spinal dorsal horn, but these possibilities have not been tested. However, these
hypotheses are supported by alterations in dendritic morphology in the absence of Fmrp and
Fmrp-mediated control, via microRNA association, of NMDA receptor expression (Edbauer
et al. 2010).

Long-term Potentiation: Unlike windup, LTP involves an increase in synaptic efficacy that
has a longer latency to onset and can persist for days to weeks and may even be permanent.
As such, most work on LTP has focused on establishing its mechanistic role in learning and
memory. In fact, several lines of evidence suggest that LTP occurs during learning and
memory (Whitlock et al. 2006) and inhibition of molecular maintenance mechanisms of LTP
reverses established memories (Pastalkova et al. 2006; Shema et al. 2007). Moreover, LTP is
impaired in preclinical models of Rett syndrome (Moretti et al. 2006) and fragile X
syndrome (Zhao et al. 2005; Wilson and Cox 2007). In terms of pain signaling, LTP has
recently been recognized as an important synaptic amplifier mechanism in the dorsal horn
(Ikeda et al. 2006; Sandkuhler 2007). While LTP can be induced in dorsal horn neurons by
artificial high-frequency stimulation of nociceptors, it can also be observed after natural
stimulation that mimics persistent inflammation and/or injury to the peripheral nervous
system (Ikeda et al. 2006), pointing to the physiological importance of this type of plasticity
in chronic pain states. While the ability of LTP to explain the full sequelae of chronic pain
symptoms is still controversial (Sandkuhler 2010; Latremoliere and Woolf 2010), it is,
nevertheless, a critical amplification mechanism for pain pathways that leads to enhanced
pain perception in human subjects (Lang et al. 2007; Klein et al. 2004).

We tested the effect of intrathecal (direct spinal injection) DHPG in Fmr1 KO mice.
Previous studies indicated that DHPG elicits a nociceptive response when injected
intrathecally through postsynaptic stimulation of mGluR1/5 receptors, leading to
extracellular signaling-regulated kinase (ERK) activation (Karim et al. 2001; Adwanikar et
al. 2004; Hu et al. 2007). While DHPG stimulated a robust nociceptive response in wild-
type animals, this response was virtually absent in Fmr1 KO mice (Price et al. 2007). Our
findings on links between mGluR1/5 and Fmrp and deficits in nociceptive sensitization in
the mouse model of fragile X syndrome may seem to contradict findings in the hippocampus
where mGluR1/5-dependent LTD is enhanced in the absence of Fmrp, suggesting
hyperactive mGluR1/5 signaling in neurons lacking FMRP (Bear et al. 2004). However,
mGluR1/5-dependent LTP is absent in the visual neocortex of Fmr1 KO mice, indicating
that differences in mGluR1/5-mediated plasticity in the absence of Fmrp can differentially
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influence LTP and LTD (Wilson and Cox 2007). In the hippocampus, DHPG can induce
LTD, however, in the spinal cord, and in the visual cortex, mGluR1/5 recruitment is
required for the establishment of LTP, similarly to the visual neocortex (Wilson and Cox
2007). Although mGluR1/5 activation does induce LTD in some spinal cord neurons
(Heinke and Sandkühler 2005), the clear role of mGluR1/5 in spinal LTP (Azkue et al.
2003) leads us to speculate that there may be deficits in spinal LTP in Fmr1 KO mice (Fig.
4.2b). While we speculate, based on this evidence, that spinal LTP may be absent in Fmr1
KO mice, this hypothesis has not been tested to date.

4.2.3.3 Neuropathic Pain—Neuropathic pain presents one of the greatest clinical
challenges facing pain neuroscientists and clinicians today (Campbell and Meyer 2006;
Woolf 2010). Neuropathic pain is largely intractable to common analgesics and the
prolonged duration of the disease state makes the use of such medicines challenging due to
adverse side effects (Baron 2006; Campbell and Meyer 2006). Hence, gaining a better
understanding of neuropathic pain mechanisms and identifying new targets for neuropathic
treatment are of great importance. Neuropathic pain is generally caused by injury to the
peripheral nervous system, although it is not always the case that an injury can be directly
identified. In such cases, neuropathic pain is often assigned as a diagnosis based on
symptoms and effective analgesics (e.g., serotonin and norepinephrine reuptake inhibitors).
Injury to the peripheral nervous system causes the generation of ectopic activity in sensory
neurons, leading to consistent afferent input into the spinal dorsal horn causing continuous
activation of pain pathways (Baron 2006; Campbell and Meyer 2006; Devor 2006). It is also
thought that this afferent discharge induces changes in spinal circuitry (Latremoliere and
Woolf 2009; Woolf 2010) and even abnormal neuroimmune interactions (Romero-Sandoval
et al. 2008) in the spinal dorsal horn that drive amplification of pain pathways. These
pathologies manifest as continuous ongoing pain, mechanical allodynia (in most cases), and
the presence of thermal (generally cold) hypersensitivities (Baron 2006).

We hypothesized that translation control may play a key role in neuropathic pain (Price and
Géranton 2009). Previous studies had indicated that injury to the peripheral nervous system
in the form of a preconditioning nerve crush lesion induces alterations in mRNA localization
to DRG neuron axons (Zheng et al. 2001; Willis et al. 2005). As an initial test of this
hypothesis, we assessed whether Fmr1 KO mice develop neuropathic pain after injury to
branches of the sciatic nerve. Strikingly, Fmr1 KO mice failed to develop neuropathic
allodynia (the major measure of neuropathic pain in preclinical models) for several weeks
after injury to the sciatic nerve. Moreover, even when these mice did develop a drop in
mechanical thresholds, these mice failed to develop full neuropathic allodynia compared to
wild-type mice (Price et al. 2007). Subsequent studies from our group have indicated that
injury to the peripheral nervous system in mice and rats induces a robust increase in Fmrp
localization in peripheral sensory neuron axons (Melemedjian and Price, unpublished
observations). This finding, taken together with data from Fmr1 KO mice, strongly suggests
a role of Fmrp in neuropathic pain.

More recent investigations have substantiated the case for translation control as a key aspect
of neuropathic pain. Local inhibition of mTOR acutely reduces hyperalgesia to mechanical
stimulation after injury of the peripheral nervous system (Jiménez-Díaz et al. 2008;
Geranton et al. 2009). Another study has indicated that the mRNA for the voltage-gated
sodium channel, NaV1.8, increases in DRG axons after injury to the peripheral nervous
system (Thakor et al. 2009). This finding parallels other studies that have demonstrated that
NaV1.8 protein increases within the sciatic nerve in the setting of neuropathic pain (Gold et
al. 2003). Pharmacological blockade of NaV1.8 reduces neuropathic pain in preclinical
models, as does knockout or knockdown of NaV1.8 with antisense technology (Lai et al.
2002; Roza et al. 2003; Jarvis et al. 2007). Hence, local synthesis of this voltage-gated
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sodium channel may contribute to sensory neuron hyperexcitability and ectopic activity
(Devor 2006), providing a direct link between translation control and sensory neuron
pathology in neuropathic pain. How Fmr1-based mouse models and Fmrp association with
mRNAs may be utilized to advance our understanding of neuropathic pain will be discussed
below.

4.3 Open Questions and How to Address Them
4.3.1 Dissecting the Role of Fmrp in DRG Versus Spinal Neurons (Conditional Knockouts)

Although certain pain phenotypes in the Fmr1 KO mouse model are indicative of altered
peripheral (mGluR1/5 thermal hyperalgesia) or central (windup) sensitization, others are
harder to categorize and will require further experimentation. One example is decreases in
the nociceptive responses of the Fmr1 KO mouse in the formalin test (Price et al. 2007), a
common test for assessing analgesic efficacy of novel therapeutics (Mogil 2009). The
formalin test consists of two phases: the first, which lasts for 10 min, is associated with the
initial nociceptor discharge in response to formalin and the second, which lasts from 20 to
45 min postformalin injection, is classically considered a test of central sensitization (Mogil
2009). Despite this commonly held view, there is clear evidence of a peripheral component
to the second phase of the formalin test (Taylor et al. 1995; Puig and Sorkin 1996). It is
currently not clear if decreased sensitization in the mouse model of fragile X syndrome is
due to peripheral or central effects, or both, but there are several tools available for the
potential solution to this and other problems.

The generation of mice harboring LoxP sites to excise the Fmr1 gene in a conditional
fashion has the potential to advance fragile X syndrome research greatly (Mientjes et al.
2006). Likewise, the generation of CRE-expressing mice for conditional knockout of floxed
alleles in certain populations of sensory neurons has led to major advances in our basic
understanding of pain mechanisms. One such Cre recombinase-harboring mouse is the
NaV1.8-Cre mouse (Nassar et al. 2004; Stirling et al. 2005). Because this voltage-gated
sodium channel is only expressed in a population of nociceptors, this mouse can be used to
generate mice with conditional knockout of genes only in this subset of cells. A decrease in
formalin-induced pain in NaV1.8-Cre mice crossed with Fmr1-floxed mice would strongly
suggest a predominate role of peripheral Fmrp in formalin-induced sensitization. Likewise,
peripherin-Cre mice have been created and these mice can be used for conditional knockout
of floxed alleles selectively in unmeylinated sensory neurons (Zhou et al. 2002). Similar
technologies can be used to delete genes in the spinal cord conditionally but, thus far, no
Cre-harboring mice have been created that generate a dorsal horn-specific knockout of
floxed alleles.

While we have used the formalin pain phenotype of the Fmr1 KO mouse as an example
above, these types of experiments have broader implications than simply parceling out
peripheral vs. central components of the formalin test. These model systems have been
particularly important for neuropathic pain research and a sensory neuron-specific deletion
of Fmr1 would be useful for advancing our understanding of the contribution of sensory
neuron Fmrp expression for neuropathic pain.

4.3.2 Viral Vectors to Assess Changes in Adult Animals
A common criticism of knockout mouse studies, including conditional knockouts, is the
potential for developmental compensatory changes and their contribution to the presence or
absence of phenotypes in such mice. While this is likely less of a concern for Fmr1 KO mice
due to their link to the human disorder, one way around this problem is to allow for
development to proceed normally in the presence of floxed alleles and then delete these
genes in a conditional fashion in adult animals through transduction of cells with a viral
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vector expressing Cre (van der Neut 1997). In this regard, the spinal cord is accessible
through a relatively simple procedure [intrathecal injection (Hylden and Wilcox 1980)] and
several studies have shown that this is an effective route for viral transduction in adult mice
(Milligan et al. 2005; Chou et al. 2005). Because selective Cre mice for dorsal horn
expression have not been created to date, this may be a more effective approach for the
investigator interested in deleting Fmr1 in the adult spinal cord. Somewhat surprisingly, the
DRG and TG systems are also relatively accessible for viral transduction in adult animals.
Certain viruses are selectively taken up by DRG and TG neurons and transduction of these
ganglia can be induced by simple intradermal injection of virus at the appropriate anatomical
location in adult animals (Tzabazis et al. 2007; Gu et al. 2005; Jackson et al. 2005). Hence,
generating conditional deletion of Fmr1 in adult animals may prove to be particularly simple
in the spinal sensory system with the use of floxed Fmr1 mice. These experiments may be
important for better understanding how Fmrp contributes to pain plasticity.

4.3.3 Opportunities to Better Understand the Role of Fmrp in Axons: New Mechanisms and
Targets for Pain Control

Our view is that understanding the role of Fmrp in sensory neuron axonal plasticity may
play an important role in unlocking new therapeutic targets for neuropathic pain. The
question is how to harness Fmrp to discover these new targets. Because Fmrp is a well-
known RNA-binding protein, much research has been dedicated to identify its mRNA-
binding targets (Darnell et al. 2005). Extremely stringent experimental protocols have been
elucidated to identify these targets in CNS neurons (Brown et al. 2001; Darnell et al. 2001,
2009) but, thus far, these techniques have not been applied to sensory neurons and their
axons. They have also not been applied to in vivo conditions that represent important
preclinical models of neuropathic pain.

As mentioned above, cultured sensory neurons maintain their in vivo phenotype [although
this phenotype may best represent a “neuropathic” one (Dussor et al. 2003)] in culture for
days and even weeks. Certain phenotypes can also be enriched by altering the growth factors
present in the culture media (Price et al. 2005; Malin et al. 2007). Hence, this model system
affords the opportunity to enrich axons from these neurons (using microfluidics or other
techniques) in an effort to identify Fmrp-bound mRNAs that localize to the axonal
compartment. Identifying these mRNAs could provide insight into proteins that might be
translated locally within the axonal compartment in an Fmrp-dependent fashion (a
hypothesis that can be assessed using the Fmr1 KO mouse). The repertoire of mRNAs
bound to Fmrp in the axons of sensory neurons in culture could then be compared to in vivo
conditions, with or without injury to the peripheral nervous system. Because we have
observed a striking neuropathic phenotype in Fmr1 KO mice (Price et al. 2007), and an
increase in Fmrp in the axons of DRG neurons after peripheral nerve injury (Melemedjian
and Price, unpublished observations), these studies have the potential to identify targets
linked to Fmrp that may lead to the development of novel therapeutics for the treatment of
neuropathic pain.

4.4 Conclusions
The sensory spinal system has received less attention than other, higher CNS structures in
Fmrp research. From a fragile X syndrome therapeutic standpoint, there are good reasons for
this disparity; however, we have tried to argue that studying Fmrp in the sensory spinal
system is highly relevant both to a better understanding of certain aspects of the disorder and
to gaining insight into other human diseases such as neuropathic pain. While work into
translation control and nociceptive sensitization is just beginning, studying Fmrp is a natural
gateway to understand how translation control contributes to nociceptive plasticity that may
lead to the development of novel mechanism-based therapeutics for human pain disorders.
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Fig. 4.1.
In the peripheral termini of WT sensory neurons, Fmrp facilitates the transport and
translational repression of mRNA destined for the axon. Injury, cytokines such as IL-6, and
the mGluR1/5 agonist DHPG activate various kinases that increase the excitability of
sensory neurons by modulating the activity of TRPV1 and other ion channels. Moreover,
activated kinases can induce the initiation of translation [via increased eIF4F complex
formation (4 F)], leading to the local synthesis of pronociceptive proteins that enhance and
maintain nociceptive sensitization of the primary afferents. In contrast, absence of Fmrp
results in the dysregulation of mRNA trafficking and translational repression. Hence,
nociceptive inputs that induce prolonged sensitization of the primary afferents may not
efficiently induce the local translation of pronociceptive proteins. This results in abrogated
responses to injury, IL-6, and DHPG in Fmr1 KO mice
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Fig. 4.2.
Spinal plasticity in Fmr1 KO mice. (a) Repetitive stimulation of peripheral nociceptors (1)
induces windup (an increase in the number of spikes relative to the peripheral input) in the
ascending second-order neurons of the spinal cord in WT mice (2). However, in Fmr1 KO
mice, a lack of windup, and even winddown (3), was observed in response to the stimulation
of peripheral nociceptors (1). (b) Intrathecal injection of mGluR1/5 agonist DHPG (1) may
induce LTP in second-order neurons of the spinal cord in WT mice (2), resulting in robust
nociceptive behavior. However, intrathecal injection of DHPG fails to induce nociceptive
behavior in Fmr1 KO mice (3) compared to that in WT. This lack of nociceptive behavior
may reflect a reduction in, or absence of, spinal LTP in Fmr1 KO mice
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