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Abstract

Recent animal studies suggest links between MeCP2 function and sensitivity to pain. This study
investigated the nature and prevalence of atypical pain responses in Rett syndrome and their
relationships with specific MECP2 mutations. Families enrolled in the Australian Rett Syndrome
Database (ARSD) and InterRett database participated in this study. Cases with a known MECP2
pathogenic mutation, whose families had completed a questionnaire on registration and had
answered questions on pain sensitivity were included (n=646). Logistic regression was used to
analyze relationships between the atypical pain responses and genotype. Descriptions of decreased
pain sensitivity were content analyzed. The prevalence estimate of reporting an abnormal pain
response was 75.2% and a decreased sensitivity to pain was 65.0% in the population-based ARSD.
Families of ARSD and InterRett subjects with a C-terminal (OR 2.6; 95% CI 0.8-8.0), p.R168X
(OR 2.1; 95% CI 0.7-6.1) or p.R306C (OR 2.7; 95% CI 0.8-9.6) mutation were more likely to
report decreased sensitivity to pain. Parents and carers described decreased and delayed responses
in situations judged likely to cause pain such as injections, falls, trauma and burns. This study has
provided the first precise estimate of the prevalence of abnormal sensitivity to pain in Rett
syndrome but specific relationships with genotype are not yet clear. Clinical practice should
include a low threshold for the clinical assessment of potential injuries in Rett syndrome.
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INTRODUCTION

Rett syndrome is a severe neurodevelopmental disorder affecting mostly females and
generally associated with a mutation in the X-linked MECP2 gene [Amir et al., 1999]. It has
an estimated incidence of 1 in 8500 female births [Laurvick et al., 2006]. Prior to discovery
of the genetic association, the disorder could only be diagnosed clinically by a series of
necessary and supportive criteria — some of which relate to the apparent normal early
development and characteristic period of regression [Trevathan et al., 1988].

Rett syndrome is associated with severe intellectual and physical disabilities which emerge
progressively during infancy and childhood. However, there is considerable, often
genetically determined, variation in the occurrence and range of severity of many of the
features including the typical phase of regression, functional skills, feeding difficulties and
seizures [Bebbington et al., 2008; Jian et al., 2007]. Of further interest and graphically
documented on a number of occasions by Hagberg is the presence of a number of “clinical
peculiarities and biological mysteries...” [Hagberg 1995] In addition to “hand stereotypies”,
a hallmark characteristic which frequently alerts clinicians to the diagnosis, there are other
unusual manifestations such as night laughing, screaming spells and altered sensitivity to
pain. However despite the considerable advances in molecular biological research which
have followed the identification of the association with the MECP2 gene [Chahrour et al.,
2008] little is known about the population prevalence of some of these unusual
characteristics in Rett syndrome[Coleman et al., 1988] - let alone their pathophysiological
underpinnings. A case in point is the phenomenon of impaired nociception, which was
brought to widespread attention by Hagberg who reported anecdotally a girl who put her
hand through a candle flame and laughed [Hagberg 1995].

There is now evidence to suggest that MeCP2 could be important in setting pain sensitivity.
As a modulator of gene expression, MeCP2 has been shown to be capable of affecting the
expression levels of target genes [Chahrour et al., 2008; Hite et al., 2009]. Induced
inflammation in the rat ankle joint was recently shown to be followed by phosphorylation of
MeCP2 in neurons of the superficial dorsal horn and release of the repression of
transcription of some of its target genes. Furthermore, when the consequent increase in
expression of some target gene was prevented, the increased sensitivity that accompanies
inflammation was delayed by at least 24 hours [Geranton et al., 2007]. Serotonin derived
from bulbo-spinal projection neurons is known to facilitate nociceptive transmission at the
level of the dorsal horn. In the rat, an absence of serotonin reduced the phosphorylation of
MeCP2 that coincides with inflammation and was paralleled by a decrease in pain sensitivity
[Geranton et al., 2008]. These results all suggest that MeCP2 contributes to an early cascade
of molecular events required for the initiation of pain states.

Alterations in the genetic make-up of MECP2 like those seen in Rett syndrome could
therefore alter the response to noxious stimulation [Geranton et al., 2008; Geranton et al.,
2007]. Combining data from a population-based Rett syndrome register [Laurvick et al.,
2006] and a more recently assembled international dataset [Louise et al., 2009], this study
aims to describe prevalence and type of abnormal responses to pain and investigate
relationships with genotype.

METHODS

Data Sources

This study used information from two databases: the Australian Rett Syndrome Database
(ARSD) [Laurvick et al., 2006] and the International Rett Syndrome Phenotype Database
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(InterRett) [Louise et al., 2009]. Cases were included if the subject had a pathogenic MECP2
mutation and a questionnaire had been completed by the family (Fig 1).

Established in 1993, the ARSD is a population-based register that collects information on
Australian Rett syndrome cases born since 1976 [Laurvick et al., 2006]. MECP2 testing was
initiated for the existing cohort in 2000 and, since then, most new cases have been tested
around recruitment. As at January 2009, there were 350 cases, 320 of whom have had
molecular testing, with a pathogenic mutation identified in 235 (73.4%). The families of 206
of these 235 cases had completed a questionnaire on registration and answered the questions
on pain sensitivity and were eligible for this study (Fig 1).

InterRett (www.ichr.uwa.edu.au/rett/irsa) collects similar information internationally
(mostly through online and paper-based questionnaires) to that collected in the ARSD, but
with no age restriction [Louise et al., 2009]. At the time of data extraction, excluding ARSD
cases, there were 1279 cases from 41 countries, 1027 of whom had had genetic testing. In
addition to individual family data, bulk data have also been provided from clinical centres in
Spain, Israel, Canada, China and France. Family questionnaires were not available for the
majority of the Spanish, Israeli and Canadian cases but were available for the French cases
(n=137 mutation positive). Our analysis was again restricted to the 440 cases with a
confirmed pathogenic mutation whose families had responded to the question on pain
sensitivity. The combined datasets therefore included 646 female cases (Fig 1).

Evaluation of sensitivity to pain

Questions were included in the Australian, InterRett and French family questionnaires
asking if their child at any time had had an abnormal pain sensitivity, and in the Australian
and InterRett specifically whether it was increased or decreased. Responses were coded as
follows: whether or not there was any abnormal pain response, if so whether it was only a
decreased sensitivity or only an increased sensitivity or both. As the question requesting
detail of the nature of the abnormal pain response was different in the French questionnaire
analysis of decreased sensitivity to pain was limited to the other two sources. In the InterRett
questonnaire there were also two open questions inviting parents to describe these
experiences. Ethical approval was provided by the Ethics Committee of Princess Margaret
Hospital in Western Australia.

Data management

Age was grouped into the following categories: 0-6 years, 6 to <11 years, 11 to <18 years,
18 and over (Table ). MECP2 genotypes were categorised as: p.R106W, p.R133C,
p.T158M, p.R168X, p.R255X, p.R270X, p.R294X, p.R306C, C-terminal deletions, early
truncating mutations, large Exon 3 and 4 deletions and exon 1 mutations. A final group
‘other’ catered for any additional pathogenic mutations in the MECP2 gene. Overall
phenotypic severity was measured by the Kerr scale [Colvin et al., 2003], an additive scale
including individual items on early development, head circumference, height and weight,
scoliosis, epilepsy, hand function, speech, and other clinical features. Data about the 19
individual items were coded as 0 for not present, 1 for mild/moderate abnormality and 2 for
severe abnormality, from the questionnaire responses. Multiple Imputation Using Chained
Equations (MICE) [Royston 2005] was used to impute missing individual item data for the
additive scale. 25 MICE cycles were used to achieve stability. The resulting severity scores
were included in multivariate models of pain response to account for confounding of
responses by severity (e.g. more severe cases may be less demonstrative, and therefore a
“decreased pain response” is less likely to be observed).
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Logistic regression was used to examine the relationship between pain response, age group
and mutation type (as well as adjusting for data source and clinical severity) with odds ratios
(OR) and 95% confidence intervals (95%CI) being presented. A mutation known to be more
severe in phenotype (p.R270X) was used as a baseline [Bebbington et al., 2008; Jian et al.,
2005; Neul et al., 2008]. Descriptions of decreased pain sensitivity provided by InterRett
families were examined by two researchers using content analysis. All data were reviewed
to identify recurring words, phrases or concepts and define the key themes. The data were
reviewed again and coded within the appropriate theme. The frequencies of codes within
each of the themes were described.

Role of funding sources

RESULTS

The funding sources for this study had no role in the study design, data collection, data
analysis, data interpretation or the writing of the report. The authors had full access to all the
data in the study and had final responsibility for the decision to submit for publication.

The distribution of cases by source and age group is shown in Table | with the French
InterRett cases (for whom the data was completed using a French version of the InterRett
questionnaire) presented separately from the other InterRett cases. These latter tended to be
younger than the French and Australian cases (p=<0.001). The type of mutation was
available for 564/646 (87.3%) of cases known to have a pathogenic mutation (Table I). The
p.T158M, p.R168X and the C terminal group of mutations were the commonest categories,
each representing just under 10% of the total group.

In the population-based Australian study the prevalence estimate of reporting an abnormal
pain response was 75.2% (Cl 62.3% — 81.2%). The proportion with an abnormal response
was lower in the youngest age-group but highest in the 6 to 11 years age-group (Table 11).
The proportion also varied by data source with the Australian families (75.2%) most likely
and the French families (59.9%) least likely to report with the other InterRett families
intermediary (68.0%). There were no significant effects of data source on the likelihood of
altered pain sensitivity in either univariate (p-value 0.20 vs no altered sensitivity) or
multivariate (p-value 0.68 vs no altered sensitivity) logistic regression modelling.

In the population—based Australian study, the prevalence of decreased pain sensitivity was
65.5% (95% CI 58.8% — 72.2%). For the 361 Australian and InterRett (excluding French)
cases for whom an abnormal pain response was reported, pain sensitivity was decreased in
299 (82.8% of those with an abnormal response and 58.7% of all), increased only in 32 (8.9
% of those with an abnormal response and 6.3% of all) both decreased and increased in 18
(5% of those with an abnormal response and 3.5% of all) and in the remainder this specific
information was not provided.

Table 111 shows the distribution of decreased pain sensitivity by age-group. Overall,
decreased sensitivity was reported in just over two thirds (68.2%). The pattern by age group
was similar to that of abnormal pain response. In a multivariate model adjusting for data
source, decreased sensitivity remained highest in the 6 to 11 year age group compared to the
youngest cases (OR 2.48 95% CI 1.43 — 4.28). When adjustment was also made for severity,
the effect was slightly weaker (OR 1.77 95% CI 0.96 — 3.28). The relationship between
decreased sensitivity compared with no altered sensitivity and mutation type is shown in
Table V. Compared with p.R270X, those with C terminals (OR 2.61 95% CI 0.85 — 8.00),
p.R168X (OR 2.12 95% CI 0.74 — 6.06) and p.R306C (OR 2.72 95% CI 0.77 — 9.60) were
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most likely to have decreased sensitivity reported after adjustment for age-group and
severity.

A response to the open-ended question asking for comment on the decreased sensitivity to
pain was provided by 154 InterRett families. Each response contained between 1 and 3
phrases (total = 211 phrases) which were coded into themes. The distribution of themes and
sample quotes are shown in Table V. Some themes described general observable
characteristics of the pain, including increased tolerance of pain (25.3% of families) and
delayed response to pain (10.4%). There were situations where the subject laughed in
response to an experience that should have been painful (3.2%) and the caregiver sometimes
described a sense that pain was felt but could not be expressed by their daughter (3.2%).
Many families described situations in which a decreased sensitivity to pain had been
observed such as increased tolerance of falls and trauma (45.4%), during procedures such as
blood drawing and injections (21.4%), and of surgical procedures (1.3%). Further, self
injuries (6.5%) and high heat which sometimes caused a burn injury (5.2%) were often well
tolerated and an increased tolerance of general discomfort from everyday activities or
illnesses was described (1.9%). Interestingly, there was a clear theme that described
decreased sensitivity to pain in “external” body parts in response to falls, trauma, procedures
etc, but increased sensitivity to pain in “internal” body parts that may relate to abdominal
pain, flu or headaches (7.1%). A small proportion (3.2%) of families described less
decreased sensitivity to pain with increasing age but not that the altered sensitivity appeared
to become normal. A variable picture of decreased pain sensitivity which appeared to relate
to different parts of the body or even different situation contexts was also reported by 2.6%
of families (Table V).

DISCUSSION

Although previously recognized [Coleman et al., 1988; Hagberg 1995], little is known about
the prevalence and character of abnormal nociception in Rett syndrome. Recent evidence
[Geranton et al., 2008; Geranton et al., 2007] suggests that post-translational modifications
of MeCP2 can contribute to the initiation and possibly maintenance of pain states. In view of
these molecular advances, it was important to define accurately and comprehensively the
phenomenon of altered nociception in Rett syndrome. This study was able to access data
both from a population-based Rett syndrome cohort [Laurvick et al., 2006] and from a larger
international dataset, InterRett [Louise et al., 2009]. In combination these sources provide
statistical power rarely available in Rett syndrome research. Access to such resources allows
timely responses to research questions such as that raised by the recent molecular findings
[Geranton et al., 2008; Geranton et al., 2007].

The use of a population-based source (the ARSD) has provided the first population-based
estimate of the prevalence of abnormal pain response (75%) and decreased pain sensitivity
(65%) in Rett syndrome. The only previous quantification was from a parent survey
(undertaken shortly after Rett syndrome had been clinically defined) [Coleman et al., 1988]
where 51/ 63 (81%) subjects were reported as insensitive to pain. Our estimate of overall
prevalence suggests that this phenomenon is common but not universal in Rett syndrome. In
this regard, we observed an age effect, with the reporting of decreased sensitivity to pain
maximal among those aged 6-10 years. These children would most probably be in the third
stage of Rett syndrome according to Hagberg & Witt-Engerstrom [Hagberg et al., 1986], the
stage of stabilization when social interaction reappears and therefore this might be
considered the stage when these girls are most cognitively alert. Where applicable, we
adjusted for the effect of cohort to take into account any confounding by data source. Also,
in case the demonstration of ability to feel pain was influenced by functional ability we
adjusted, where appropriate, for clinical severity.
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The limited research in the evaluation of pain insensitivity in children and adults with
intellectual disability and other neurodevelopmental disorders would suggest that this
remains a challenging area. Although reduced pain sensitivity is considered to be a feature
of autism [American Psychiatric Association 1987; American Psychiatric Association 2000]
this has generally been based on anecdotal evidence. However in a recent clinic-based study
of children aged three to seven years (n=43) the facial and behavioral reactions of children
with autism following a venepuncture procedure were actually similar to those of controls
[Nader et al., 2004]. Parents also reported similar usual reactions to painful stimuli in
everyday situations. In a newly published study (n=188) children and adolescents with
autism were also found to have a greater increase in heart rate during a venepuncture
procedure than control children, although parental report had suggested decreased reactions
during venepuncture and to accidental painful stimuli in other situations [Tordjman et al.,
2009]. It was therefore suggested that pain sensitivity in autism may not be decreased but
subject to different expression. Two other small studies have also not provided support for
the concept that pain insensitivity is a feature associated with either mild [Bromley et al.,
1998] or more severe [LaChapelle et al., 1999] intellectual disability. However in one
specific syndrome, Prader-Willi syndrome[Holm et al., 1993], it was recently demonstrated
that thermal and pain thresholds were significantly higher in these adult patients (n=14) than
in controls despite a demonstrated absence of abnormalities on sensory nerve conduction
studies, sympathetic skin responses and somatosensory evoked potentials[Priano et al.,
2009]. Information about pain sensitivity in other neurodevelopmental disorders and in
specific syndromes continues to be limited, and the findings may not be consistent across
disorders. However our results concerning decreased pain sensitivity in Rett syndrome are
supported by animal studies indicating a potential mechanism through MECP2. The findings
of detection of reduced MECP2 expression not only in the frontal cortex of brains of patients
with Rett syndrome (9/9) but also in the brains of patients with autism (11/14), Prader-Willi
syndrome (3/4), Angelman syndrome (4/4) and Down syndrome (3/5) could add some
further support for this mechanism. Moreover, further research comparing pain sensitivity in
these groups of disorders is clearly needed [Nagarajan et al., 2006].

Pain is often measured by self-report using rating scales, pain descriptors or quantitative
sensory testing supplemented by assessment of autonomic responses [Stevens 2006].
However, the communication deficit and high frequency of aberrant autonomic responses
[Julu et al., 2001] create additional challenges for such assessment in Rett syndrome.
Necessarily, clinical evaluation of altered nociception requires proxy reporting by close
family members and carers. Our research collected information from parents as to whether
sensitivity to pain was altered or not. When developing a rating scale of pain for use with
cognitive and communication impaired children, parent estimates have been used as the
benchmark against which to assess the prevalence of behavioral features denoting distress
during episodes of pain [Stallard et al., 2002]. In our present study, as do most clinicians, we
asked parents to estimate whether their daughter’s sensitivity to pain was decreased or not.
A large proportion described their daughter as less sensitive to stimuli likely to cause pain
because their child had not manifested usual characteristic behaviours [Stallard et al., 2002].
Based on long-standing observations of reactions to stimuli, parents are more likely to be
aware of altered sensitivity to pain than other observers. This broad categorization formed
the basis of this initial exploration of pain sensitivity.

As well as defining the prevalence of altered nociception on a population level, InterRett
families were also invited to respond with more detail on their child’s abnormal pain
response. This qualitative information further enhanced the picture we are building relating
to pain processing in Rett syndrome and gave a form of triangulation to validate our
findings. Free-text comments illustrated many occurrences of decreased responses to pain in
relation to injections, falls, trauma and burns. Moreover, we are aware that fractures,
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although prevalent in this disorder [Downs et al., 2008], are not always recognized. Thus,
there are implications for daily life and clinical care and the need to recognize the potential
for injuries and provide additional consideration of safety strategies. Some families also
described better than expected tolerance of surgical procedures. Subjects with Rett
syndrome appear to have more frequent episodes of respiratory depression following
administration of common sedative and anesthetic agents [Tofil et al., 2006]. Whether the
high pain threshold described in this study is associated with increased sensitivity to
common sedative and anesthetic drugs needs further study.

Another interesting observation was the delayed response to pain reported by some families.
In an animal model of inflammation, when the P-MeCP2 mediated increase in expression of
a target gene was blocked, i.e. when the activity of MeCP2 was indirectly and partially
altered, the increase in sensitivity following injury was also delayed [Geranton et al., 2007].
These two phenomena could be related. The experience of pain however is a complex
process where the discriminatory information of a noxious stimulation is combined with
emotional, cognitive and autonomic reactions. Visceral pain possesses unique
characteristics: both vagal and spinal afferents contribute to the sensory experience and
emotional and autonomic components are particularly strong [Bielefeldt et al., 2005; Hunt
and Tougas, 2002]. It is therefore not surprising that the alterations in pain sensitivity seen in
Rett syndrome might differ between “internal” (or visceral pain) and “external” pain, such
as cutaneous injury. Indeed, families seem to report that the perception of internal pain was
somewhat less impaired, or even maybe increased, when compared to that of external pain.

No previous research has examined abnormal pain sensitivity in the context of genotype. We
did not find any statistically significant relationships between decreased pain sensitivity and
mutation type. However the odds ratios for decreased pain sensitivity were highest for one
often severe mutation, p.R168X [Bebbington et al., 2008; Downs et al., 2008; Neul et al.,
2008] and two rather milder mutations, p.R306C [Neul et al., 2008; Schanen et al., 2004]
and C terminal deletions [Smeets et al., 2005]. In the light of the recent molecular evidence
linking MeCP2 activity to the initiation of pain states after injury [Geranton et al., 2008;
Geranton et al., 2007], any impairment in MECP2 levels and functions, such as the decrease
in repression transcription seen with p.R168X mutations [Yusufzai and Wolffe, 2000], could
deregulate MeCP2 mediated transcription and alter nociception. However, considering the
high number of target genes under transcription control by MECP2 which could be each
affected in a different way by the mutation, it is difficult to speculate how nociception would
be specifically altered for each mutation. Interestingly, previous studies of C terminal and
p.R306C mutations did not report any noticeable changes in MECP2 functions [Kumar et
al., 2008; Yusufzai and Wolffe, 2000]. At this stage it is difficult to know whether or not in
a larger powered sample the possible relationships with genotype indicated in our study
would be confirmed with statistically significant findings. We are aware that the effects of X
inactivation and other genetic modifiers such as the presence of a polymorphism in the
BDNF gene can also modulate the phenotype. The fact that two of these mutations are
known to be mild and one to be severe is puzzling as one might expect these effects to
correlate with other phenotype characteristics. However, any impairment in the neuronal
activity dependent phosphorylation of MeCP2, a key process in MeCP2 control of
transcription, has not been studied with regards to the milder two mutations [Tao et al.,
2009]. This could be particularly relevant for S421 which is located within the C-terminal
region of the gene. If confirmed, the association of differing pain responses to particular
mutations offers the prospect of additional practical insights into the function of MeCP2.

In the light of recent molecular evidence demonstrating a relationship between MeCP2
function and response to noxious stimulation our study has now contributed important new
information on the distribution and the quality of the alteration of pain perception in Rett
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syndrome. Observations sourced from two large datasets indicate that approximately two
thirds of subjects with Rett syndrome have a decreased sensitivity to pain. However whether
this is influenced by genotype is not yet clear. Our quantitative data was supported by
qualitative perspectives. The integration of these clinical insights with recent advances in
understanding of the role MeCP2 plays in pain states [Geranton et al., 2008; Geranton et al.,
2007] offers an opportunity to understand further the complex biological pathways
contributing to both normal and aberrant nociception.
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Number (%) of subjects with altered pain sensitivity by age group and data source

Table Il

Page 13

Any abnormal pain sensitivity2

Decreased sensitivity to pai nd

Increased sensitivity to painb

Age-group <6 years

6<11 years

11<18 years

18 years and older
Data source  InterRett

Australian

French®

120/188 (63.83%)
128/170 (75.29%)
105/146 (71.92%)
90/142 (63.38%)
206/303 (67.99%)
155/206 (75.24%)
82/137 (59.85%)

105/185 (56.76%)
111/165 (67.27%)
89/139 (64.03%)
71/139 (51.08%)
188/300 (62.67%)
129/197 (65.48%)

20/185 (10.81%)
26/165 (15.76%)
19/139 (13.67%)
27/139 (19.42%)
32/300 (10.67%)
18/197 (9.14%)

Bh=646:

bn=628 because 18 families did not specify the direction of the abnormal pain sensitivity;

translation of the French question about the direction of abnormal pain sensitivity was different to the meaning of the question in English
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