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Abstract

Background—In most individuals, injury results in activation of peripheral nociceptors (pain-
sensing neurons of the peripheral nervous system) and amplification of central nervous system
(CNS) pain pathways that serve as a disincentive to continue harmful behaviour; however, this
may not be the case in some developmental disorders that cause intellectual disability (ID).
Moreover, individuals affected by ID disorders may initiate self-injurious behaviour to address
irritating or painful sensations. In normal individuals, a negative feedback loop decreases
sensation of pain, which involves descending inhibitory neurons in the CNS that attenuate spinal
nociceptive processing. If spinal nociceptive signalling is impaired in these developmental
disorders, an exaggerated painful stimulus may be required in order to engage descending anti-
nociceptive signals.

Methods—uUsing electronic databases, we conducted a review of publications regarding the
incidence of chronic pain or altered pain sensation in ID patients or corresponding preclinical
models.

Results—There is a body of evidence indicating that individuals with fragile X mental
retardation and/or Rett syndrome have altered pain sensation. These findings in humans are
supported by mechanistic studies using genetically modified mice harbouring mutations consistent
with the human disease. Thus, once self-injurious behaviour is initiated, the signal to stop may be
missing. Several developmental disorders that cause ID are associated with increased incidence of
gastroesophageal reflux disease (GERD), which can cause severe visceral pain. Individuals
affected by these disorders who also have GERD may self-injure as a mechanism to engage
descending inhibitory circuits to quell visceral pain. In keeping with this hypothesis,
pharmacological treatment of GERD has been shown to be effective for reducing self-injurious
behaviour in some patients. Hence, multiple lines of evidence suggest aberrant nociceptive
processing in developmental disorders that cause ID.

Conclusions—There is evidence that pain pathways and pain amplification mechanisms are
altered in several preclinical models of developmental disorders that cause ID. We present
hypotheses regarding how impaired pain pathways or chronic pain might contribute to self-
injurious behaviour. Studies evaluating the relationship between pain and self-injurious behaviour
will provide better understanding of the mechanisms underlying self-injurious behaviour in the ID
population and may lead to more effective treatments.
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Despite the prevalence of self-injurious behavior (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 that negatively influence brain function. Several recent advances in preclinical
models of such disorders 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 pain
amplification are remarkably similar to those of learning and memory ( Ji et al. 2003). Here
we will summarise recent evidence for aberrant pain processing in humans affected by
developmental disorders that cause intellectual disability (ID) and in preclinical models of
these diseases. We will place these findings into the context of what is currently known
about the initiation and persistence of SIB and discuss possible molecular mechanisms and
anatomic pathways that may be disrupted in these diseases. We will outline an experimental
framework for further work in this area to test the role of defective pain amplification in SIB
that can potentially point to new therapeutic avenues. We will also discuss chronic pain as a
potential contributing factor in SIB, which is a complex behaviour. Understanding the role
of the nociceptive system in SIB may improve therapeutic outcomes.

Amplification is a key feature of pain pathways

Pain is a cortically dependent sensory experience with an affective component arising from
activation of peripheral pain-sensing neurons (nociceptors). In a healthy individual,
experiencing pain is important for survival. In the acute setting, activation of nociceptors
and CNS neurons that receive input from these peripheral neurons elicits a withdrawal reflex
from noxious insults to avoid further tissue damage. Nociceptors signal to supraspinal CNS
structures involved in fear, emotion, and other components of avoidance in order to reduce
the likelihood of subsequent dangerous encounters. Inflammation of a wound sensitises the
surrounding area and encourages guarding of the affected tissue to allow healing. This last
example involves pain amplification in which pain thresholds are decreased through
multiple mechanisms. Pain amplification is part of the healthy self-protective response to
noxious insult, but can be dysregulated in multiple pathologies (Woolf 2010).

Ronald Melzack and Patrick Wall were among the first to recognise that transmission of
pain information from primary nociceptor to higher CNS structures was not always faithful
and that a network of neurons in the spinal dorsal horn was responsible for gating pain
information (Melzack & Wall 1965). We now have a much more advanced understanding of
the anatomy and physiology underlying transmission of pain signals to the CNS and factors
that influence the severity of perceived pain. The primary nociceptor is a single cell with an
axon that extends from a target tissue to the dorsal horn of the spinal cord where it forms a
synapse with a second-order neuron. The pain signal can then be transmitted directly from
the second-order neuron to higher centres or be filtered by additional spinal neurons before
projecting to the brainstem and brain (Melzack & Wall 1965). The pain signal is transmitted
to multiple CNS structures that exert pronounced control over pain signalling by sending
descending projections that inhibit or amplify the excitability of neurons at earlier stages in
the pathway (Ossipov et al. 2010). Thus, cellular feedback loops filter pain signalling. Pain
amplification can occur at multiple stages in this pathway: nociceptor firing threshold can be
decreased, synaptic efficiency increased (Woolf & Salter 2000), or activity of inhibitory or
amplifying descending neurons modified (Ossipov et al. 2010). While an exhaustive
description of mechanisms responsible for pain amplification is beyond the scope of this
review, we will explain two mechanisms that are dysregulated in mouse models of ID: wind-
up and long-term potentiation (LTP), which represent two well defined neurophysiological
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events involved in sensitization of CNS pain pathways — collectively called central
sensitisation (Latremoliere & Woolf 2009; Woolf 2010).

When a noxious stimulus, such as tissue damage, is applied, it causes an initial stinging or
sharp pain with a short latency (called “first pain”) and is followed by a more persistent pain
that commonly possesses a burning quality. This so-called ‘second pain’ has a longer
latency and is thought to be associated with wind-up of dorsal horn neurons (Price 1972;
Price et al. 1977). Wind-up involves a progressive increase in action potential frequency in
second-order spinal dorsal horn neurons with repetitive firing of peripheral nociceptors. This
takes less than 1 s to begin and can be observed in most dorsal horn neurons that receive a
nociceptive input. While the molecular mechanisms of windup are complex, its basic
mechanisms involve glutamatergic neurotransmission and postsynaptic glutamate receptors
of the N-methyl-D-aspartic acid (NMDA) type. Existing evidence points to progressive
depolarisation through NMDA channels as a primary means through which frequency-
dependent amplification of dorsal horn neuron firing is augmented (Dickenson & Sullivan
1987). In addition to increased input—output firing of dorsal horn neurons, wind-up can also
lead to after-discharge in these neurons (continued firing despite the absence of continued
input). Wind-up is commonly viewed as a primary mechanism for short-term plasticity in
the nociceptive system because it takes place over such a short time-course (Herrero et al.
2000).

Long-term potentiation

Unlike wind-up, 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 LTP as a mechanism of learning and memory. Several lines of evidence
suggest that LTP occurs during learning and memory (Whitlock et al. 2006) and inhibition
of molecular maintenance mechanisms of LTP reverse established memories (Pastalkova et
al. 2006; Shema et al. 2007). Moreover, LTP is impaired in preclinical models of Rett
(Moretti et al. 2006) and Fragile X mental retardation (FxS) (Zhao et al. 2005; Wilson &
Cox 2007) syndromes. In terms of pain signalling, LTP has recently been recognised as an
important synaptic amplifier mechanism in the dorsal horn (lkeda 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 (lkeda 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 (Latremoliere & Woolf 2010; Sandkuhler 2010), it is, nevertheless, a critical
amplification mechanism for pain pathways that leads to enhanced pain perception in human
subjects (Klein et al. 2004; Lang et al. 2007).

The significance of these mechanisms for organism fitness is reflected in their evolutionary
conservation. Several studies have demonstrated that wind-up can be observed across
divergent vertebrate species (Herrero et al. 2000), indicating that it is an evolutionarily
conserved mechanism for amplifying incoming pain signals. Similarly, an LTP-like
mechanism, termed long-term facilitation, can be observed in sea snails and shares
molecular mechanisms with mammalian LTP (Martin et al. 1997). While this
neurophysiological event has been extensively studied as a primitive learning and memory
mechanism, it is evoked by a painful stimulus and its behavioural endpoint is a facilitation
of a withdrawal reflex. Hence, pain amplification mechanisms are evolutionarily conserved
across the animal kingdom in both their short- and longer-term forms. As pain is ultimately
a teaching signal for limiting the extent of injury and promoting protection of an injured site
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(Woolf 2010), these amplification mechanisms serve an important evolutionary purpose in
protecting the individual.

Evidence for altered pain sensation and/or pain amplification in
developmental disorders where self-injurious behaviour is observed

While the status of wind-up and LTP has not been examined in ID patients that engage in
SIB, we anticipate that sensitisation due to wind-up and/or LTP would strongly discourage
SIB. Moreover, it is formally possible that deficits in overall pain perception might allow
increased incidence or persistence of SIB in the ID population. Here we will review
evidence for changes in global pain responses and/or amplification of pain signalling in two
genetic disorders where SIB is commonly observed, Rett syndrome (Sansom et al. 1993;
Matson et al. 2008) and FxS (Symons et al. 2003; Hall et al. 2008).

Rett syndrome

Rett syndrome is an X-linked disorder caused by mutation in the methyl-CpG-binding
protein 2 (MeCP2) gene (Van den Veyver & Zoghbi 2000). MeCP2 is a DNA binding
protein that modifies the transcription of multiple gene targets. One significant gene target
for MeCP2 is the brain-derived neurotrophic factor (BDNF) gene. Loss of MeCP2 results in
decreased BDNF gene expression and this is associated with several neurological deficits in
the disease. Interestingly, overexpression of the BDNF gene in a mouse model of the disease
ameliorates several key deficits, while complete loss of BDNF and MeCP2 leads to
enhanced disease progression (Chang et al. 2006). BDNF plays a key role in neuronal
development and is an important factor for synaptic plasticity at adult synapses (e.g. LTP).
As such, deficits in LTP are found in the mouse model of Rett syndrome (Moretti et al.
2006). Moreover, MeCP2 has been found to play a key role in pain plasticity (Géranton et
al. 2007, 2008). In a preclinical model of inflammation, enhanced nociception was
associated with increased phosphorylation of MeCP2. This MeCP2 phosphorylation
correlated with derepression of several established gene targets suppressed by MeCP2 and
these gene targets were further shown to play a causative role in the onset of inflammatory
pain in this preclinical model. Although pain amplification mechanisms have not been
examined in mice lacking the MeCP2 gene, mice harbouring a transgene that leads to a 50%
reduction in MeCP2 expression do show deficits in acute thermal pain thresholds (Samaco et
al. 2008). These preclinical investigations led to a close examination of potential decreases
in pain sensitivity in humans with Rett syndrome. A large survey of families enrolled in the
Australian Rett Syndrome Database found that decreased pain sensitivity, as measured by
parental recall, was a common feature of Rett syndrome, suggesting that these preclinical
findings may indicate a disruption in pain signalling in the human population (Downs et al.
2010). Further studies to assess pain thresholds will be required in this population. The
potential intersection of decreased pain signalling and/or amplification with SIB in this
disease has not been examined.

Fragile X mental retardation

Fragile X mental retardation is caused by silencing of the fragile X mental retardation gene
(Fmr1). This gene encodes a protein, fragile X mental retardation protein (FMRP), which
plays a multifunctional role in protein synthesis and neuronal development (Bagni &
Greenough 2005). FMRP binds to mRNAs and is involved in repressing their translation
while transporting them to distal sites in cells. In neurons, upon intense synaptic stimulation,
FMREP is thought to dissociate from its target MRNA leading to a derepression of translation
(Bassell & Warren 2008). Synaptic synthesis of new proteins plays a key role in initiation
and maintenance of plasticity and all evidence indicates that FMRP plays a crucial role in
this process (Bassell & Warren 2008). Two forms of synaptic plasticity are altered in several
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brain regions in the Fmr1-knockout mouse, a model of FxS: long-term depression is
enhanced (Bear et al. 2004) and LTP is absent in some, but not all, brain regions (Li et al.
2002; Larson et al. 2005; Wilson & Cox 2007; Hu et al. 2008). The long-standing existence
of this mouse model for FxS (The Dutch-Belgian Fragile X Consortium 1994), coupled with
interest in the role of translation regulation in synaptic plasticity (Kelleher et al. 2004) and
the high prevalence of FxS (Turner et al. 1996), has led to an extraordinarily in-depth
understanding of the role of FMRP in synaptic plasticity.

One of us, TJP, conducted a detailed study of altered nociception in the mouse model of FxS
(Price et al. 2007). While these mice had normal acute pain thresholds to mechanical and
thermal stimuli, they showed a marked reduction in assays designed to assess amplification
in pain pathways. One of the strongest phenotypes of the FMRP-knockout mouse was a lack
of wind-up in dorsal horn neurons. As mentioned above, wind-up is a major mechanism of
short-term plasticity in pain pathways and its near absence in this mouse model suggests that
a severe deficit in spinal pain processing is present in this disease. In fact, not only did we
observe a lack of wind-up in these mice, but we also noted wind-down in several
preparations, indicating that there may be a loss of synaptic responsiveness with repetitive
stimulation of nociceptors in the absence of FMRP. In addition to this deficit in wind-up,
longer-term forms of pain plasticity were also lacking in these mice. These included a long
delay (3 weeks in Fmrl-knockout mice vs. immediate sensitisation in wild-type animals) in
the development of neuropathic pain after peripheral nerve injury and a lack of metabotropic
glutamate receptor 1/5 (mGIluR1/5)-mediated nociceptive sensitisation. Because FMRP is
strongly expressed in neurons of the pain pathway (Price et al. 2006) and translation
regulation is known to play a key role in pain amplification processes (Price & Geranton
2009; Melemedijian et al. 2010; Asiedu et al. 2011), these findings are likely directly linked
to FMRP-mediated control of nociceptive plasticity and not associated with other
behavioural deficits present in this mouse model of the human disorder.

In contrast to Rett syndrome, studies directly assessing pain thresholds in FxS have not been
conducted. Based on studies in the preclinical model, we would not anticipate changes in
acute pain thresholds in FxS, but rather that pain amplification would be impaired. In
keeping with this hypothesis, the fragile X premutation tremor/ataxia syndrome (FXTAS)
does provide some interesting potential insight into this hypothesis. FXTAS, unlike the full
mutation that leads to FxS (Hagerman & Hagerman 2002), does not repress FMRP
expression but rather leads to an increase in FMRP mRNA expression (Hessl et al. 2005).
Humans with FXTAS frequently develop peripheral neuropathies that have a high frequency
of associated pain (Berry-Kravis et al. 2007; Brega et al. 2009). Moreover, the incidence of
the functional pain amplification disorder, fibromyalgia, is significantly increased in patients
with FXTAS (Coffey et al. 2008). Taken together, the preclinical and clinical evidence
strongly suggests a major role for the Fmrl gene in pain amplification.

From preclinical evidence to self-injurious behaviour

While the available evidence clearly points to deficits in either acute pain perception or pain
amplification in the absence of MeCP2 or FMRP, a link between these proteins, their
disorders and SIB has yet to be established. One limitation is that mouse models of Rett
syndrome and FxS do not demonstrate SIB or even repetitive grooming behaviours which
may be interpreted as SIB in mice (Silverman et al. 2010). On the other hand, we feel that
the preclinical evidence detailed above creates a useful framework through which testable
hypotheses can be made. It is feasible that decreased pain thresholds and/or a lack of
amplification underlie the persistence of SIB. In such a model, initiation of nociceptor
discharge by SIB would be expected to lead to both wind-up and LTP in pain pathways
based on the intensity and duration of SIB bouts (Newell et al. 2002a). This would lead to an
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amplification of pain signalling initiating a protective reflex, an evolutionarily conserved
process that would be self-limiting. In contrast, in the absence of such amplification
mechanisms, as is likely in Rett syndrome and demonstrated in a preclinical model of FxS,
these protective reflex mechanisms might fail to engage leading to the persistence of SIB
either within bout or as a consistent stereotypy. While this model would have to be tested in
human subjects, there are several methods that have been employed in other settings that
could be utilised. LTP can be induced in human pain pathways through stimulation of
dermatomes with electrical current. This procedure leads to brief pain and a longer lasting
primary hyperalgesia and secondary allodynia, on the order of 30 min (Klein et al. 2004,
2008; Lang et al. 2007). This procedure, coupled with the advent of a validated quantitative
sensory testing score for non-verbal adults with neurodevelopmental disorders (Symons et
al. 2010), could be utilised to test for an absence of perceptual correlates of LTP in Rett
syndrome and FxS. Another potential approach could involve functional magnetic resonance
imaging (fMRI). The LTP protocol mentioned above would be expected to stimulate activity
in the so-called pain axis (Apkarian et al. 2005) in control subjects, while activation of these
brain centres in Rett syndrome or FxS would be attenuated. Less invasive procedures, such
as a brief noxious pinch or wind-up protocols, may be capable of revealing major
differences in engagement of brain centres involved in pain processing in these syndromes.
Furthermore, the utilisation of these techniques to compare individuals with these or similar
disorders that self-injure versus those that do not may reveal additional differences in pain
processing within syndrome populations that would be informative in understanding the
potential connection between decreased pain amplification mechanisms and SIB. Finally,
and most simply, SIB should lead to the presence of both hyperalgesia and secondary
allodynia directly following its termination if pain amplification pathways are intact. We
would hypothesise that such effects would not be observed in individuals with Rett
syndrome, FxS or other similar disorders. This hypothesis is immediately testable in many
observational settings through the use of non-verbal pain inventories and quantitative
sensory testing (Symons et al. 2010). While we do not deny that these approaches may
present major technical (fMRI) and complex ethical hurdles, gaining a further understanding
of the role of pain amplification deficits in SIB may lead to new treatment approaches and a
better grasp on the neurobiological underpinnings of the problem.

There is ongoing discussion in the ID community regarding reduced pain sensation and 1D
patients. Several studies have indicated that baseline pain thresholds are normal in ID
patients (Hennequin et al. 2000; Defrin et al. 2004). To the best of our knowledge, all
studies in the ID population address baseline pain thresholds and not pain amplification. A
key aspect of the proposal discussed herein is that pain amplification may be dysregulated in
certain 1D patients, even if baseline pain thresholds are normal. In addition, very few
published reports on pain sensation in ID patients specify the type of ID under investigation.
Differences in pain sensation among ID syndromes could explain conflicting interpretations
in the literature. For example, it is possible that patients with Rett syndrome have reduced
pain sensation as observed in the Australian study (Downs et al. 2010), while those with
Down syndrome have normal pain thresholds, as demonstrated by Defrin et al. (2004). It is
important to note that the Australian study was a review of parental recall regarding pain
thresholds in Rett patients (Downs et al. 2010), while the study by Defrin et al. employed
formal sensory threshold testing (Defrin et al. 2004); however, including ID type in future
publications assessing pain and SIB would shed light on conflicting data from studies that
have pooled all patients with severe ID into a single group. Also, we wish to acknowledge
the risk in speculating about capacity to experience pain in this sensitive population that
often cannot adequately express their needs or may have cortical deficits that fundamentally
change the pain experience. Any clinical study addressing pain amplification should be
thoroughly reviewed for ethical integrity and measures should be standardised to avoid a
priori bias of investigators. Investigators must take great care in interpreting and reporting

J Intellect Disabil Res. Author manuscript; available in PMC 2012 November 1.



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

1duasnuey Joyiny vd-HIN

Peebles and Price

Page 7

their data because many caregivers believe that children with severe 1D do not experience
pain normally and these beliefs may influence the quality of care provided (Breau et al.
2003b). It is possible that pain signalling is defective in a subset of ID patients and
identifying those individuals most likely to have altered pain processing may allow for
tailored treatment for SIB.

Self-injury as a coping mechanism for pain in patients with intellectual

disability

Several groups have proposed that SIB may serve as a coping mechanism for severe pain
because self-injury should activate descending inhibitory mechanisms in the pain pathway
(Bosch et al. 1997; Breau et al. 2003a; Symons & Danov 2005). In a cohort of ID children
with and without various types of chronic pain and exhibiting varying degrees of SIB, Breau
et al. (2003a) found children with chronic pain tended to engage in SIB less frequently,
injure a smaller body area and target the site where pain originated, while those patients
without identifiable pain who engaged in SIB tended to self-injure more frequently and in a
diffuse pattern. These findings raise the possibility that there are qualitatively different
forms of SIB initiated and propagated for different reasons (Breau et al. 2003a). Compulsive
SIB directed towards painful areas also can occur in children (Symons & Danov 2005) and
adults (Mailis 1996) with intact mental status suffering from neuropathic pain and treatment
of the underlying pain condition resolves SIB in many cases (Mailis 1996). Thus, the
occurrence of SIB as a coping mechanism for chronic pain may not be limited to the ID
population. Multiple factors contribute to initiation, nature and perpetuation of SIB, thus
coping with pain should be considered as a motive on an individual basis. It may be
beneficial to include type of ID syndrome and nature of self-injury (e.g. diffuse vs. targeted
and which sites) in future studies to identify factors indicative of SIB as a coping mechanism
for pain.

Diffuse noxious inhibitory control

In cases where SIB is associated with chronic pain, self-injury may be working in a similar
fashion to the counter-irritation principle as proposed by several groups in the 1980s (Le
Bars et al. 1979a; Pertovaara et al. 1982; Willer et al. 1982). Based on the intensity and
duration of self-injury exhibited by ID patients (Newell et al. 2002b), this behavior should
engage reflexive diffuse noxious inhibitory control (DNIC). DNIC was first described as an
experimental paradigm in which a painful conditioning stimulus increases hetero- or
homotypic pain thresholds in distal locations in rats (Le Bars et al. 1979a) and humans
(Willer et al. 1984) as measured by withdrawal reflexes. In the healthy population, DNIC is
activated by noxious stimuli very close to the detection threshold. However, if pain
processing is attenuated in ID patients, the stimulus required to engage DNIC may be much
higher than what is observed in normal individuals. DNIC is a result of inhibitory signalling
derived from the brain and brainstem because spinalised animals [animals with brain/spinal
cord connections disrupted (Le Bars et al. 1979b)] and humans with lesions that interrupt
communication between higher structures and the spinal cord (Roby-Brami et al. 1987; De
Broucker et al. 1990) do not exhibit altered reflex withdrawal thresholds under conditions
that stimulate DNIC in intact animals or individuals (Le Bars et al. 1979a). DNIC depends
in part upon the endogenous opioid system as a low dose of the p-opioid receptor antagonist
naloxone that does not affect reflexes in the absence of conditioning stimulus (Boureau et al.
1978; Willer et al. 1990) completely blocks DNIC in rats (Le Bars et al. 1981) and humans
(Willer et al. 1990). A meta-analysis has indicated that the p-opioid receptor antagonist
naltrexone improves SIB in 50-80% of 1D patients (Symons et al. 2004). This study
supports the hypothesis that engaging the endogenous opioid system is a motivating factor
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for some ID patients, consistent with a scenario in which 1D patients activate DNIC through
SIB to cope with pain.

Gastroesophageal reflux disease

Gastroesophageal reflux disease (GERD) is one of the best studied causes for SIB in ID
patients with chronic pain. GERD causes severe visceral pain and occurs with greater
frequency among children with different types of severe ID compared to mentally healthy
children (Sondheimer & Morris 1979; Cates et al. 1989; Spitz et al. 1993; Motil et al. 1999;
Gossler et al. 2007). Multiple studies have linked the presence of GERD with SIB in ID
children and in some cases GERD treatment reduced the incidence of SIB (Bosch et al.
1997; Luzzani et al. 2003). Swender et al. were among the first to specifically test the a
priori hypothesis that GERD may be causally related to handmouthing in Rett patients. This
group also identified a correlation between GERD and SIB in ID children; however, they
found that GERD treatment did not alter behaviour and concluded that SIB may take on
secondary functions in this population (Swender et al. 2006). Nevertheless, pharmacological
intervention to alleviate pain due to GERD may be an important component of treatment of
SIB, and GERD status should be assessed in susceptible patients.

Mechanistic work (Mittal et al. 1995; Young et al. 2007) has revealed a promising
pharmacological target for GERD treatment. GERD is caused by transient relaxation of the
lower oesophageal sphincter (LES) due to poor neural control (Holloway & Dent 1990; Dent
1998). The vagus nerve senses stomach distension after eating, triggering LES relaxation
(Mittal et al. 1995). Inhibiting the metabotropic glutamate receptor 5 (MGIuR5) decreases
the sensitivity of vagal mechanoreceptors reducing frequency of LES relaxations (Young et
al. 2007). Treatment with the mGIuR5 antagonist 2-methyl-6-(phenylethynyl)pyridine
(MPEP) reduces transient LES relaxations by up to 90% in animal models (Frisby et al.
2005; Jensen et al. 2005) and the negative allosteric modulator of mGIuR5, ADX10059 has
demonstrated efficacy for GERD treatment in phase | (Keywood et al. 2009; Zerbib et al.
2010) and phase Il (Zerbib et al. 2011) clinical trials in otherwise healthy individuals.
Excessive mGIuRb signalling is implicated in the pathology of FxS and the inhibitors under
investigation in clinical studies for FxS have been well tolerated in this population (Berry-
Kravis et al. 2009; Jacquemont et al. 2011). These trials were not designed to test the effect
of mGIuR5 inhibition on GERD-associated visceral pain and SIB. Including these measures
as primary endpoints in subsequent trials will provide needed evidence to test the hypothesis
that SIB might be managed through better GERD control in the ID population.

Ongoing pain should be considered as a potential driving factor for SIB in ID patients, but
further work is required to assess the relationship between self-injury, chronic pain and
DNIC. Discovery of mechanisms linking self-injury to pain and DNIC may reveal additional
pharmacological targets, similar to the mGIuRS5 inhibitors mentioned above. It is worth
noting that pain treatment would be useful only in the subset of ID patients that initiate self-
injury in response to pain, and that each patient should be evaluated individually for the
contribution of pain to SIB. Furthermore, if SIB is initiated due to pain but adopts secondary
functions, pain management may improve behaviour, but resolution of SIB will likely
require a multipronged approach. Improved methodologies for pain assessment in children
with severe ID (Symons et al. 2010) can facilitate the study of the relationship between pain
and self-injury. Further clinical studies addressing the role of pain in self-injury initiation
and persistence should lead to improved strategies for controlling SIB.

Concluding remarks

Pain and pain amplification are evolutionarily conserved phenomena critical for survival but
can be dysregulated in some disease states (Woolf 2010). The extent of pain experienced by
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an individual depends upon spinal gating (Melzack & Wall 1965; Woolf & Salter 2000),
which is in turn regulated by higher centres in the brainstem and brain (Ossipov et al. 2010).
Preclinical and some clinical studies indicate that pain amplification may be diminished in
certain syndromes that cause severe ID such as FxS (Price et al. 2007) and Rett syndrome
(Downs et al. 2010). There is conflicting evidence regarding pain thresholds in the ID
population with Rett patients appearing to have decreased sensitivity, albeit as assessed by
parental recall and requiring further threshold testing (Downs et al. 2010) and Down
syndrome patients having normal or possibly enhanced pain thresholds (Defrin et al. 2004).
This could reflect differences in pain processing among ID syndromes as individual
molecular defects leading to clinical features of each disease may impact the nociceptive
system differently. Furthermore, we are unaware of any published clinical studies evaluating
aberrant pain amplification in ID patients. Baseline thresholds may remain normal in certain
ID patients, but without effective pain amplification, pain due to self-injury may not be
sufficient to deter SIB. Studies evaluating pain amplification in ID patients have the
potential to reveal the extent to which pain amplification may be dysregulated in ID patients
and linking altered pain processing to SIB may reveal new pharmacological targets for this
difficult behaviour (e.g. mGIuRS5 antagonists). Some existing clinical data support the
hypothesis that SIB may be a coping mechanism for certain ID patients dealing with chronic
pain. In this paradigm, self-injury activates DNIC, a centrally mediated, opioid-dependent
dampening of spinal pain processing that decreases the severity of pain sensation.
Identifying ID patients suffering from chronic pain and incorporating pain management into
their treatment may improve therapeutic outcomes for SIB. Evaluating pain amplification
and/or processing as well as chronic pain status in clinical studies of ID patients may
provide insight into mechanisms driving SIB in this population.

References

Apkarian AV, Bushnell MC, Treede RD, Zubieta JK. Human brain mechanisms of pain perception and
regulation in health and disease. European Journal of Pain. 2005; 9:463-484. [PubMed: 15979027]

Asiedu MN, Tillu DV, Melemedjian OK, Shy A, Sanoja R, Bodell B, et al. Spinal protein kinase M
{zeta} underlies the maintenance mechanism of persistent nociceptive sensitization. Journal of
Neuroscience. 2011; 31:6646—6653. [PubMed: 21543593]

Bagni C, Greenough WT. From mRNP trafficking to spine dysmorphogenesis: the roots of fragile X
syndrome. Nature Reviews. Neuroscience. 2005; 6:376-387.

Bassell GJ, Warren ST. Fragile X syndrome: loss of local mMRNA regulation alters synaptic
development and function. Neuron. 2008; 60:201-214. [PubMed: 18957214]

Bear MF, Huber KM, Warren ST. The mGIuR theory of fragile X mental retardation. Trends in
Neurosciences. 2004; 27:370-377. [PubMed: 15219735]

Berry-Kravis E, Goetz CG, Leehey MA, Hagerman RJ, Zhang L, Li L, et al. Neuropathic features in
fragile X premutation carriers. American Journal of Medical Genetics. Part A. 2007; 143:19-26.
[PubMed: 17152065]

Berry-Kravis E, Hessl D, Coffey S, Hervey C, Schneider A, Yuhas J, et al. A pilot open label, single
dose trial of fenobam in adults with fragile X syndrome. Journal of Medical Genetics. 2009;
46:266-271. [PubMed: 19126569]

Bosch J, Van Dyke C, Smith SM, Poulton S. Role of medical conditions in the exacerbation of self-
injurious behavior: an exploratory study. Mental Retardation. 1997; 35:124-130. [PubMed:
9131872]

Boureau F, Willer JC, Dauthier C. Study of naloxone in normal awake man: effects on spinal reflexes.
Neuropharmacology. 1978; 17:565-568. [PubMed: 692819]

Breau LM, Camfield CS, Symons FJ, Bodfish JW, Mackay A, Finley GA, et al. Relation between pain

and self-injurious behavior in nonverbal children with severe cognitive impairments. The Journal
of Pediatrics. 2003a; 142:498-503. [PubMed: 12756380]

J Intellect Disabil Res. Author manuscript; available in PMC 2012 November 1.



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

1duasnuey Joyiny vd-HIN

Peebles and Price

Page 10

Breau LM, MacLaren J, McGrath PJ, Camfield CS, Finley GA. Caregivers’ beliefs regarding pain in
children with cognitive impairment: relation between pain sensation and reaction increases with
severity of impairment. The Clinical Journal of Pain. 2003b; 19:335-344. [PubMed: 14600533]

Brega AG, Reynolds A, Bennett RE, Leehey MA, Bounds LS, Cogswell JB, et al. Functional status of
men with the fragile X premutation, with and without the tremor/ataxia syndrome (FXTAS).
International Journal of Geriatric Psychiatry. 2009; 24:1101-1109. [PubMed: 19404994]

Cates M, Billmire DF, Bull MJ, Grosfeld JL. Gastroesophageal dysfunction in Cornelia de Lange
syndrome. Journal of Pediatric Surgery. 1989; 24:248-250. [PubMed: 2709287]

Chang Q, Khare G, Dani V, Nelson S, Jaenisch R. The disease progression of Mecp2 mutant mice is
affected by the level of BDNF expression. Neuron. 2006; 49:341-348. [PubMed: 16446138]
Coffey SM, Cook K, Tartaglia N, Tassone F, Nguyen DV, Pan R, et al. Expanded clinical phenotype
of women with the FMR1 premutation. American Journal of Medical Genetics. Part A. 2008;

146A:1009-1016. [PubMed: 18348275]

De Broucker T, Cesaro P, Willer JC, Le Bars D. Diffuse noxious inhibitory controls in man.
Involvement of the spinoreticular tract. Brain. 1990; 113(Pt 4):1223-1234. [PubMed: 2397390]

Defrin R, Pick CG, Peretz C, Carmeli E. A quantitative somatosensory testing of pain threshold in
individuals with mental retardation. Pain. 2004; 108:58-66. [PubMed: 15109508]

Dent J. Gastro-oesophageal reflux disease. Digestion. 1998; 59:433-445. [PubMed: 9705529]

Dickenson AH, Sullivan AF. Evidence for a role of the NMDA receptor in the frequency dependent
potentiation of deep rat dorsal horn nociceptive neurones following C fibre stimulation.
Neuropharmacology. 1987; 26:1235-1238. [PubMed: 2821443]

Downs J, Geranton SM, Bebbington A, Jacoby P, Bahi-Buisson N, Ravine D, et al. Linking MECP2
and pain sensitivity: the example of Rett syndrome. American Journal of Medical Genetics. Part
A. 2010; 152A:1197-1205. [PubMed: 20425824]

Frisby CL, Mattsson JP, Jensen JM, Lehmann A, Dent J, Blackshaw LA. Inhibition of transient lower
esophageal sphincter relaxation and gastroesophageal reflux by metabotropic glutamate receptor
ligands. Gastroenterology. 2005; 129:995-1004. [PubMed: 16143137]

Géranton SM, Morenilla-Palao C, Hunt SP. A role for transcriptional repressor methyl-CpG-binding
protein 2 and plasticity-related gene serum- and glucocorticoid-inducible kinase 1 in the induction
of inflammatory pain states. Journal of Neuroscience. 2007; 27:6163-6173. [PubMed: 17553988]

Géranton SM, Fratto V, Tochiki KK, Hunt SP. Descending serotonergic controls regulate
inflammation-induced mechanical sensitivity and methyl-CpG-binding protein 2 phosphorylation
in the rat superficial dorsal horn. Molecular Pain. 2008; 4:35. [PubMed: 18793388]

Gossler A, Schalamon J, Huber-Zeyringer A, Hollwarth ME. Gastroesophageal reflux and behavior in
neurologically impaired children. Journal of Pediatric Surgery. 2007; 42:1486-1490. [PubMed:
17848235]

Hagerman RJ, Hagerman PJ. The fragile X premutation: into the phenotypic fold. Current Opinion in
Genetics & Development. 2002; 12:278-283. [PubMed: 12076670]

Hall SS, Lightbody AA, Reiss AL. Compulsive, self-injurious, and autistic behavior in children and
adolescents with fragile x syndrome. American Journal of Mental Retardation. 2008; 113:44-53.
[PubMed: 18173299]

Hennequin M, Morin C, Feine JS. Pain expression and stimulus localisation in individuals with
Down’s syndrome. Lancet. 2000; 356:1882-1887. [PubMed: 11130384]

Herrero JF, Laird JM, Lopez-Garcia JA. Wind-up of spinal cord neurones and pain sensation: much
ado about something? Progress in Neurobiology. 2000; 61:169-203. [PubMed: 10704997]

Hessl D, Tassone F, Loesch DZ, Berry-Kravis E, Leehey MA, Gane LW, et al. Abnormal elevation of
FMR1 mRNA is associated with psychological symptoms in individuals with the fragile X
premutation. American Journal of Medical Genetics. Part B, Neuropsychiatric Genetics. 2005;
139:115-121.

Holloway RH, Dent J. Pathophysiology of gastroesophageal reflux. Lower esophageal sphincter
dysfunction in gastroesophageal reflux disease. Gastroenterology Clinics of North America. 1990;
19:517-535. [PubMed: 2228162]

J Intellect Disabil Res. Author manuscript; available in PMC 2012 November 1.



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

1duasnuey Joyiny vd-HIN

Peebles and Price

Page 11

Hu H, Qin Y, Bochorishvili G, Zhu Y, van Aelst L, Zhu JJ. Ras signaling mechanisms underlying
impaired GluR1-dependent plasticity associated with fragile X syndrome. Journal of
Neuroscience. 2008; 28:7847-7862. [PubMed: 18667617]

lkeda H, Stark J, Fischer H, Wagner M, Drdla R, Jager T, et al. Synaptic amplifier of inflammatory
pain in the spinal dorsal horn. Science. 2006; 312:1659-1662. [PubMed: 16778058]

Jacquemont S, Curie A, des Portes V, Torrioli MG, Berry-Kravis E, Hagerman RJ, et al. Epigenetic
modification of the FMR1 gene in fragile X syndrome is associated with differential response to
the mGIuR5 antagonist AFQ056. Science Translational Medicine. 2011; 3:64ral.

Jensen J, Lehmann A, Uvebrant A, Carlsson A, Jerndal G, Nilsson K, et al. Transient lower esophageal
sphincter relaxations in dogs are inhibited by a metabotropic glutamate receptor 5 antagonist.
European Journal of Pharmacology. 2005; 519:154-157. [PubMed: 16102747]

Ji RR, Kohno T, Moore KA, Woolf CJ. Central sensitization and LTP: do pain and memory share
similar mechanisms? Trends in Neurosciences. 2003; 26:696—705. [PubMed: 14624855]

Kelleher RJ 3rd, Govindarajan A, Tonegawa S. Translational regulatory mechanisms in persistent
forms of synaptic plasticity. Neuron. 2004; 44:59-73. [PubMed: 15450160]

Keywood C, Wakefield M, Tack J. A proof-of-concept study evaluating the effect of ADX10059, a
metabotropic glutamate receptor-5 negative allosteric modulator, on acid exposure and symptoms
in gastrooesophageal reflux disease. Gut. 2009; 58:1192-1199. [PubMed: 19460767]

Klein T, Magerl W, Hopf H-C, Sandkihler J, Treede R-D. Perceptual correlates of nociceptive long-
term potentiation and long-term depression in humans. Journal of Neuroscience. 2004; 24:964—
971. [PubMed: 14749441]

Klein T, Stahn S, Magerl W, Treede R. The role of heterosynaptic facilitation in long-term potentiation
(LTP) of human pain sensation. Pain. 2008; 139:507-519. [PubMed: 18602755]

Lang S, Klein T, Magerl W, Treede R-D. Modality-specific sensory changes in humans after the
induction of long-term potentiation (LTP) in cutaneous nociceptive pathways. Pain. 2007;
128:254-263. [PubMed: 17123732]

Larson J, Jessen RE, Kim D, Fine AK, du Hoffmann J. Age-dependent and selective impairment of
long-term potentiation in the anterior piriform cortex of mice lacking the fragile X mental
retardation protein. Journal of Neuroscience. 2005; 25:9460-9469. [PubMed: 16221856]

Latremoliere A, Woolf CJ. Central sensitization: a generator of pain hypersensitivity by central neural
plasticity. The Journal of Pain. 2009; 10:895-926. [PubMed: 19712899]

Latremoliere A, Woolf CJ. Synaptic plasticity and central sensitization: author reply. The Journal of
Pain. 2010; 11:801-803. [PubMed: 20674851]

Le Bars D, Dickenson AH, Besson JM. Diffuse noxious inhibitory controls (DNIC)I. Effects on dorsal
horn convergent neurones in the rat. Pain. 1979a; 6:283-304. [PubMed: 460935]

Le Bars D, Dickenson AH, Besson JM. Diffuse noxious inhibitory controls (DNIC). Il. Lack of effect
on non-convergent neurones, supraspinal involvement and theoretical implications. Pain. 1979b;
6:305-327. [PubMed: 460936]

Le Bars D, Chitour D, Kraus E, Dickenson AH, Besson JM. Effect of naloxone upon diffuse noxious
inhibitory controls (DNIC) in the rat. Brain Research. 1981; 204:387-402. [PubMed: 6257327]

Li J, Pelletier MR, Perez Velazquez JL, Carlen PL. Reduced cortical synaptic plasticity and GIuR1
expression associated with fragile X mental retardation protein deficiency. Molecular and Cellular
Neurosciences. 2002; 19:138-151. [PubMed: 11860268]

Luzzani S, Macchini F, Valadé A, Milani D, Selicorni A. Gastroesophageal reflux and Cornelia de
Lange syndrome: typical and atypical symptoms. American Journal of Medical Genetics. Part A.
2003; 119A:283-287. [PubMed: 12784293]

Mailis A. Compulsive targeted self-injurious behaviour in humans with neuropathic pain: a counterpart
of animal autonomy? Four case reports and literature review. Pain. 1996; 64:569-578. [PubMed:
8783323]

Martin KC, Casadio A, Zhu H, Yaping E, Rose JC, Chen M, et al. Synapse-specific, long-term
facilitation of aplysia sensory to motor synapses: a function for local protein synthesis in memory
storage. Cell. 1997; 91:927-938. [PubMed: 9428516]

J Intellect Disabil Res. Author manuscript; available in PMC 2012 November 1.



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

1duasnuey Joyiny vd-HIN

Peebles and Price

Page 12

Matson JL, Dempsey T, Wilkins J. Rett syndrome in adults with severe intellectual disability:
exploration of behavioral characteristics. European Psychiatry. 2008; 23:460-465. [PubMed:
18207372]

Melemedjian OK, Asiedu MN, Tillu DV, Peebles KA, Yan J, Ertz N, et al. IL-6- and NGF-induced
rapid control of protein synthesis and nociceptive plasticity via convergent signaling to the elF4F
complex. Journal of Neuroscience. 2010; 30:15113-15123. [PubMed: 21068317]

Melzack R, Wall PD. Pain mechanisms: a new theory. Science. 1965; 150:971-979. [PubMed:
5320816]

Mittal RK, Holloway RH, Penagini R, Blackshaw LA, Dent J. Transient lower esophageal sphincter
relaxation. Gastroenterology. 1995; 109:601-610. [PubMed: 7615211]

Moretti P, Levenson JM, Battaglia F, Atkinson R, Teague R, Antalffy B, et al. Learning and memory
and synaptic plasticity are impaired in a mouse model of Rett syndrome. Journal of Neuroscience.
2006; 26:319-327. [PubMed: 16399702]

Motil KJ, Schultz RJ, Browning K, Trautwein L, Glaze DG. Oropharyngeal dysfunction and
gastroesophageal dysmotility are present in girls and women with Rett syndrome. Journal of
Pediatric Gastroenterology and Nutrition. 1999; 29:31-37. [PubMed: 10400100]

Newell KM, Challis JH, Boros RL, Bodfish JW. Further evidence on the dynamics of self-injurious
behaviors: impact forces and limb motions. American Journal of Mental Retardation. 2002a;
107:60-68. [PubMed: 11806750]

Newell KM, Challis JH, Boros RL, Bodfish JW. Further evidence on the dynamics of self-injurious
behaviors: impact forces and limb motions. American Journal of Mental Retardation. 2002b;
107:60-68. [PubMed: 11806750]

Ossipov MH, Dussor GO, Porreca F. Central modulation of pain. The Journal of Clinical Investigation.
2010; 120:3779-3787. [PubMed: 21041960]

Pastalkova E, Serrano P, Pinkhasova D, Wallace E, Fenton AA, Sacktor TC. Storage of spatial
information by the maintenance mechanism of LTP. Science. 2006; 313:1141-1144. [PubMed:
16931766]

Pertovaara A, Kemppainen P, Johansson G, Karonen SL. Ischemic pain nonsegmentally produces a
predominant reduction of pain and thermal sensitivity in man: a selective role for endogenous
opioids. Brain Research. 1982; 251:83-92. [PubMed: 6293648]

Price DD. Characteristics of second pain and flexion reflexes indicative of prolonged central
summation. Experimental Neurology. 1972; 37:371-387. [PubMed: 4637957]

Price DD, Hu JW, Dubner R, Gracely RH. Peripheral suppression of first pain and central summation
of second pain evoked by noxious heat pulses. Pain. 1977; 3:57-68. [PubMed: 876667]

Price TJ, Geranton SM. Translating nociceptor sensitivity: the role of axonal protein synthesis in
nociceptor physiology. The European Journal of Neuroscience. 2009; 29:2253-2263. [PubMed:
19490023]

Price TJ, Flores CM, Cervero F, Hargreaves KM. The RNA binding and transport proteins staufen and
fragile X mental retardation protein are expressed by rat primary afferent neurons and localize to
peripheral and central axons. Neuroscience. 2006; 141:2107-2116. [PubMed: 16809002]

Price TJ, Rashid MH, Millecamps M, Sanoja R, Entrena JM, Cervero F. Decreased nociceptive
sensitization in mice lacking the fragile X mental retardation protein: role of mGluR1/5 and
mTOR. Journal of Neuroscience. 2007; 27:13958-13967. [PubMed: 18094233]

Roby-Brami A, Bussel B, Willer JC, Le Bars D. An electrophysiological investigation into the pain-
relieving effects of heterotopic nociceptive stimuli. Probable involvement of a supraspinal loop.
Brain. 1987; 110(Pt 6):1497-1508. [PubMed: 2448000]

Samaco RC, Fryer JD, Ren J, Fyffe S, Chao HT, Sun Y, et al. A partial loss of function allele of
methyl-CpG-binding protein 2 predicts a human neurodevelopmental syndrome. Human
Molecular Genetics. 2008; 17:1718-1727. [PubMed: 18321864]

Sandkuhler J. Understanding LTP in pain pathways. Molecular Pain. 2007; 3:9. [PubMed: 17407590]

Sandkuhler J. Central sensitization versus synaptic long-term potentiation (LTP): a critical comment.
The Journal of Pain. 2010; 11:798-800. [PubMed: 20674850]

Sansom D, Krishnan VH, Corbett J, Kerr A. Emotional and behavioural aspects of Rett syndrome.
Developmental Medicine and Child Neurology. 1993; 35:340-345. [PubMed: 8335149]

J Intellect Disabil Res. Author manuscript; available in PMC 2012 November 1.



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

1duasnuey Joyiny vd-HIN

Peebles and Price

Page 13

Shema R, Sacktor TC, Dudai Y. Rapid erasure of long-term memory associations in the cortex by an
inhibitor of PKM zeta. Science. 2007; 317:951-953. [PubMed: 17702943]

Silverman JL, Tolu SS, Barkan CL, Crawley JN. Repetitive self-grooming behavior in the BTBR
mouse model of autism is blocked by the mGIuR5 antagonist MPEP. Neuropsychopharmacology.
2010; 35:976-989. [PubMed: 20032969]

Sondheimer JM, Morris BA. Gastroesophageal reflux among severely retarded children. The Journal
of Pediatrics. 1979; 94:710-714. [PubMed: 156251]

Spitz L, Roth K, Kiely EM, Brereton RJ, Drake DP, Milla PJ. Operation for gastro-oesophageal reflux
associated with severe mental retardation. Archives of Disease in Childhood. 1993; 68:347-351.
[PubMed: 8466236]

Swender SL, Matson JL, Mayville SB, Gonzalez ML, Mcdowell D. A functional assessment of
handmouthing among persons with severe and profound intellectual disability. Journal of
Intellectual & Developmental Disability. 2006; 31:95-100. [PubMed: 16782594]

Symons FJ, Danov SE. A prospective clinical analysis of pain behavior and self-injurious behavior.
Pain. 2005; 117:473-477. [PubMed: 16154695]

Symons FJ, Clark RD, Hatton DD, Skinner M, Bailey DB Jr. Self-injurious behavior in young boys
with fragile X syndrome. American Journal of Medical Genetics. Part A. 2003; 118:115-121.
[PubMed: 12655491]

Symons FJ, Thompson A, Rodriguez MC. Self-injurious behavior and the efficacy of naltrexone
treatment: a quantitative synthesis. Mental Retardation and Developmental Disabilities Research
Reviews. 2004; 10:193-200. [PubMed: 15611982]

Symons FJ, Harper V, Shinde SK, Clary J, Bodfish JW. Evaluating a sham-controlled sensory-testing
protocol for nonverbal adults with neurodevelopmental disorders: self-injury and gender effects.
The Journal of Pain. 2010; 11:773-881. [PubMed: 20418171]

The Dutch-Belgian Fragile X Consortium. Fmrl knockout mice: a model to study fragile X mental
retardation. The Dutch-Belgian Fragile X Consortium. Cell. 1994; 78:23-33. [PubMed: 8033209]

Turner G, Webb T, Wake S, Robinson H. Prevalence of fragile X syndrome. American Journal of
Medical Genetics. 1996; 64:196-197. [PubMed: 8826475]

Van den Veyver IB, Zoghbi HY. Methyl-CpG-binding protein 2 mutations in Rett syndrome. Current
Opinion in Genetics & Development. 2000; 10:275-279. [PubMed: 10826991]

Whitlock JR, Heynen AJ, Shuler MG, Bear MF. Learning induces long-term potentiation in the
hippocampus. Science. 2006; 313:1093-1097. [PubMed: 16931756]

Willer JC, Roby A, Boulu P, Boureau F. Comparative effects of electroacupuncture and
transcutaneous nerve stimulation on the human blink reflex. Pain. 1982; 14:267-278. [PubMed:
6984165]

Willer JC, Roby A, Le Bars D. Psychophysical and electrophysiological approaches to the pain-
relieving effects of heterotopic nociceptive stimuli. Brain. 1984; 107(Pt 4):1095-1112. [PubMed:
6509310]

Willer JC, Le Bars D, De Broucker T. Diffuse noxious inhibitory controls in man: involvement of an
opioidergic link. European Journal of Pharmacology. 1990; 182:347-355. [PubMed: 2168836]

Wilson BM, Cox CL. Absence of metabotropic glutamate receptor-mediated plasticity in the neocortex
of fragile X mice. Proceedings of the National Academy of Sciences of the United States of
America. 2007; 104:2454-2459. [PubMed: 17287348]

Woolf CJ. Central sensitization: implications for the diagnosis and treatment of pain. Pain. 2010;
152(3 Suppl):S2-S15. [PubMed: 20961685]

Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain. Science. 2000; 288:1765-1769.
[PubMed: 10846153]

Young RL, Page AJ, O’Donnell TA, Cooper NJ, Blackshaw LA. Peripheral versus central modulation
of gastric vagal pathways by metabotropic glutamate receptor 5. American Journal of Physiology.
Gastrointestinal and Liver Physiology. 2007; 292:G501-G511. [PubMed: 17053158]

Zerbib F, Keywood C, Strabach G. Efficacy, tolerability and pharmacokinetics of a modified release
formulation of ADX10059, a negative allosteric modulator of metabotropic glutamate receptor 5:
an esophageal pH-impedance study in healthy subjects. Neurogastroenterology and Motility. 2010;
22:859-865. [PubMed: 20236248]

J Intellect Disabil Res. Author manuscript; available in PMC 2012 November 1.



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

1duasnuey Joyiny vd-HIN

Peebles and Price Page 14

Zerbib F, Bruley des Varannes S, Roman S, Tutuian R, Galmiche JP, Mion F, et al. Randomised
clinical trial: effects of monotherapy with ADX10059, a mGIuR5 inhibitor, on symptoms and
reflux events in patients with gastro-oesophageal reflux disease. Alimentary Pharmacology &
Therapeutics. 2011; 33:911-921. [PubMed: 21320138]

Zhao MG, Toyoda H, Ko SW, Ding HK, Wu LJ, Zhuo M. Deficits in trace fear memory and long-term
potentiation in a mouse model for fragile X syndrome. Journal of Neuroscience. 2005; 25:7385-
7392. [PubMed: 16093389]

J Intellect Disabil Res. Author manuscript; available in PMC 2012 November 1.



