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Abstract

The distributions of scores for autistic behaviours obtained from the Autism Diagnostic Observation
Scale-Generic (ADOS-G) were investigated in 147 males and females affected with the full mutation
in the Fragile X mental retardation 1 (FMR1) gene, in 59 individuals with the premutation, and in
42 non-fragile X relatives, aged 4—70 years. The scores representing Communication and Social
Interaction were continuously distributed across the two fragile X groups, and they were significantly
elevated compared with the non- fragile X controls. Strong relationships were found between both
these scores and FMRP deficits, but they became insignificant for Social Interaction, and the sum of
Social Interaction and Communication scores, when FSIQ was included as another predictor of
autism scores. Other significant predictors of these scores in both sexes were those executive skills
which related to verbal fluency, and to the regulation and control of motor behaviour. Overall, our
data have shown that cognitive impairment, especially of verbal skills, best explains the comorbidity
of autism and fragile X. This implies some more fundamental perturbations of specific neural
connections which are essential for both specific behaviours and cognition. We emphasize that FXS
offers a unique molecular model for autism since FMRP regulates the translation of many other genes
involved in synaptic formation and plasticity which should be natural targets for further exploration.
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INTRODUCTION

Fragile X Syndrome (FXS) is the most common inherited form of intellectual disability, with
cognitive and behavioural impairments of varying degree associated with distinct physical
features (Hagerman, 2002). FXS is caused by an unstable mutation in the Fragile X mental
retardation 1 (FMR1) X-linked gene (Verkerk et al., 1991), and involves the expansion of
trinucleotide (CGG) repeats in the promoter region of this gene if transmitted from mothers to
their offspring (Fu et al., 1991). Small expansions ranging from 55 to 200 CGG repeats
(premutation) do not typically cause obvious developmental delay, but they tend to further
expand into a ‘full mutation’ (>200 CGG repeats) if transmitted through a female (Fu et al.,
1991). This usually leads to an inactivation of the FMR1 gene and gross deficit of its specific
protein product, FMR1 protein (FMRP) (Pieretti et al., 1991), which is important for normal
brain development (Irwin et al., 2000; Weiler & Greenough, 1999). FMRP is involved in
synaptogenesis, especially in the cerebral cortex, cerebellum, and hippocampus, and more
specifically, in synaptic pruning (Comery etal., 1997; Weiler etal., 1997; Weiler & Greenough,
1999). Hence developmental delay in FXS is primarily caused by the deficit of this protein.

FXS occurs in both sexes, but females are usually less affected because of the presence of a
normal FMR1 gene on the second X chromosome which, if active, generates normal levels of
FMRP. This is why only 50-71% of females with the full mutation demonstrate a significant
cognitive deficit (de Vries et al., 1996; Loesch & Hay, 1988).

Behavioural features displayed by both male and female individuals affected with FXS, such
as impairments in social interaction and communication, social anxiety, gaze avoidance, hand
and finger mannerisms, repetitive and tangential speech, and other stereotypic behaviours
(Hagerman, 2002; Lachiewicz et al., 1994; Miller et al., 1999; Sudhalter et al., 1990), resemble
those seen in autism. These features may occur in a number of other conditions of known
genetic background, such as tuberous sclerosis, phenylketonuria, and a wide range of
chromosomal anomalies (Dykens & Volkmar, 1997; Fombonne et al., 1997; Gillberg, 1998),
but they may also develop in the absence of any detectable cause (idiopathic autism). Therefore
the psychiatric diagnosis of Autistic Disorder (AD) is heterogeneous in genetic etiology and
is usually associated with general cognitive impairment. However, approximately 20% of
individuals with idiopathic autism have an 1Q in the normal range as measured by standard
cognitive tests, and they are classified as ‘high functioning autism’, HFA (Fombonne, 2003).

Behavioural features in three domains, comprising impairments in social interaction, verbal
and non-verbal communication, and restricted repetitive and stereotyped patterns of behaviour,
interests, and activities, characterize autism (APA manual, 2000). A spectrum of autistic
manifestations tends to occur in relatives of the probands affected with AD. The increased
recurrence rate in siblings and MZ and DZ twins, as well as evidence from chromosomal,
genome screen and linkage studies, have given evidence for significant multiple genetic factors
predisposing to idiopathic autism (Muhle et al., 2004).

The frequency of autism amongst males with fragile X varies widely, from 18.5% in the first
estimate by Brown et al. (1982), and ranging from 5% to 60% in subsequent studies depending
on the diagnostic criteria used (Hagerman, 2002). The occurrence of autism diagnosed using
stringent DSM criteria was between 15-28% across a wide range of ages (Baumgardner et al.,
1995; Cohen, 1995; Hagerman et al., 1986; Reiss & Freund, 1990; Turk & Graham, 1997).
The percentage of autism is lower (averaging 4%) in females with FXS (Bailey et al., 1993;
Hagerman, 2002), although the rate of these behaviours in females is significantly higher than
in controls (Mazzocco et al., 1997). However, all these estimates were based on older
standardized autism measures and DSM criteria, and on samples where a diagnosis of fragile
X was not always accurate.
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An important development in autism research has been the introduction of new diagnostic
tools: the Autism Diagnostic Interview-Revised (ADI-R) (Lord et al., 1994) and the Autism
Diagnostic Observation Scale- Generic (ADOS- G) (Lord et al., 1999). Both instruments have
been validated across ages and severity of the disorder, and jointly provide the gold standard
assessment of autism. The ADI-R, a semi-structured parent interview, assesses the presence
and severity of early childhood symptoms of autism across the three domains, which essentially
correspond to the diagnostic criteria in DSM. The ADOS-G is a semi-structured standardized
assessment administered directly to an individual, and it is complimentary to the ADI-R in
providing diagnostic classification (Lord et al., 2000). Using both the ADI-R and ADOS-G
assessment tools, the frequency of autism amongst a sample of (primarily) male American
children affected with FXS, aged 21 to 48 months, was 33% (Rogers et al., 2001). Similar rates
were determined in older boys with FXS using the ADI-R (Kaufman et al., 2004). Our own
study, in a large Australian sample of male and female children and adults with FXS, showed
that 18% of males and 10% of females with the full mutation met the AD criteria on both the
ADI-R and ADOS-G, and that 67 % of males and 23 % of females in this category met either
the AD criteria on at least one of these two tests, or autism spectrum disorder (ASD) criteria
on the ADOS (Clifford et al., 2006). Our results also showed that 14 % of males and 5 % of
females carrying the FMR1 premutation met the criteria for ASD on the ADOS.

In the current study we explore the distributions of the major ADOS domain scores across the
whole range of CGG repeat expansions in the FMR1 gene (full mutation and premutation
included) in an unselected sample of fragile X males and females. This quantitative approach
allows us not only to consider a wide range of autism-related behaviours, but also to test
hypotheses concerning possible mechanisms underlying these behaviours in individuals
affected with FXS. Thus rather than being concerned with diagnostic issues, the aim in this
study was, firstly, to assess the relationships between the major ADOS-G domain scores and
the levels of FMRP depletion, which is a direct result of mutation in the FMR1 gene, and highly
specific to FXS. Secondly, we examine the relationship between the major ADOS-G domain
scores and standard and higher cognitive function deficits, which are common amongst
different neurodevelopmental disorders and not unique to FXS.

SAMPLE AND METHODS

The participants

All aspects of this study were approved by the ethics committees of La Trobe University and
the Royal Children’s Hospital in Melbourne, and the Institutional Review Board of the
University of California at Davis. Participants and/or their parents signed written informed
consent. The Australian subjects were recruited from the register of 59 extended families, who
participated in a major Australia-USA fragile X genotype-phenotype relationship study
supported by an NIH grant over a long time period. These families were originally ascertained
through clinical admissions of probands diagnosed with FXS caused by the full mutation, or,
on rare occasions, with the premutation carrier status, at the Genetic Health Services at the
Royal Children’s Hospital in Melbourne. The families originally ascertained through clinical
admissions underwent cascade genetic testing for fragile X involving other family branches,
at La Trobe University, in collaboration with Kimball Genetics, Denver, USA. The American
families were recruited, in a similar manner, through the Fragile X Research and Treatment
Center at the M.1.N.D. Institute at the University of California at Davis in Sacramento. All
willing members of each family were assessed at each investigative site (country).

A total of 152 Australian participants aged 5 to 70 years, all white and of European descent,
were included in this study. Sixty-four individuals (33 males, 31 females) were carriers of the
full mutation FMRL1 allele, 50 were premutation carriers (7 males, 43 females), and 38 were
control relatives with non-expanded alleles (29 males, 9 females). The American sample
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included 110 individuals between 4 and 50 years of age, consisting of 97 full mutation
individuals (83 males, 14 females), 9 premutation carriers (6 male, 3 female), and 4 male
controls. Of the American population, 10.4% were Hispanic, 5.6% were either mixed ethnicity,
African American or American Indian, and 84% were white and non-Hispanic. Rare
individuals with serious associated medical conditions (such as high fever, serious infections,
post-surgical, cancer) were not tested, but those with corrected vision and hearing impairments
or minor medical problems were included. The FMR1 allele status was established using a
specific DNA test.

FMRP and DNA assays

The DNA and FMRP assays were conducted at Kimball Genetics, Inc (Denver, CO) for the
Australian sample and at the University of California at Davis for the American sample.

FMRP assays were performed on blood smears, which were made within 24 hours of the blood
draw using 20 pl of peripheral blood on each microscopic slide. FMRP immunostaining was
performed using an indirect alkaline phosphatase technique (Tassone et al., 1999; Willemsen
etal., 1995). For each slide, 200 lymphocytes were scored, and the percent of lymphocytes
expressing FMRP was determined. Scoring was performed in a blinded fashion with respect
to DNA results and clinical/intellectual status. FMRP expression and distributions in fragile
X Australian and American samples combined are detailed in Loesch et al. (2004).

Genomic DNA was isolated from 10 ml of peripheral blood samples using standard
methodology (Purgene kit, Gentra Systems, Inc., Minneapolis, MN). Both Southern blots and
polymerase chain reaction (PCR) analyses were performed either as detailed in Taylor et al.
(1994), and Loesch et al. (2002), or as described in Tassone et al. (2004). PCR analysis using
primer c and f was as reported in Saluto et al. (2005).

The DNA results were used as a diagnostic tool in order to classify individuals into premutation,
full mutation, and non-expanded (control) groups, for analysis of the distributions of the major
ADOS domain scores, and between-group comparisons. The analysis of relationship of ADOS
scores with the cognitive scores and FMRP levels was conducted only in the full mutation
group, which included fully methylated low functioning individuals, as well as full mutation/
premutation mosaic, and partially unmethylated/methylation mosaic males. The inclusion of
the higher functioning full mutation males helped in obtaining relatively smooth distributions
of FMRP levels in this category.

Autism Measures

Autism Diagnostic Observation Schedule-Generic (ADOS-G)—Apart from a short
interview with the caregiver/participant, this instrument uses developmentally appropriate
social and play-based interactions designed to elicit spontaneous behaviours across several
autism domains, which are scored across different developmental levels and chronological
ages. Two major domains: (1) Language and Communication (COM), and (2) Reciprocal
Social Interaction (RSI), which are most characteristic of autism behaviours (Lord et al.,
1999), were included in this study, together with their sum (CSIT). The remaining three:
Stereotypic Behaviour and Restricted Interests (SBRI), Anxiety (ANX), and Imagination and
Creativity (IC), which do not contribute to the overall diagnostic score (Lord et al., 1999) were
omitted from this presentation. Each item in the respective domains is given a score from 0 to
3, but for the diagnostic algorithm a score of 3 is normally converted to score 2. However, in
this study, which was not concerned with diagnostic thresholds, the full range of scores from
0to 3 was considered (with 0 indicating no evidence of abnormality and 3 indicating markedly
abnormal behaviour). The scores for individual items were summed for each domain to provide
a measure of severity of autism-related behaviours.
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The raters administering the ADOS-G at each investigative site were trained to a reliability of
85% or higher item agreement on the full range of scores with the training tapes originating
from Cathy Lord’s group (who were involved in designing this instrument; Lord, Rutter,
DiLavore et al., 1999), and the training was conducted in both centres by the members of this
group. Because of obvious cognitive impairments associated with FXS, especially in males,
the examiners were blinded to the FMR1 allele status only in those individuals (approximately
one-third of the total sample) who were not cognitively impaired.

All study participants were administered the ADOS-G, regardless of their genetic or
psychological status, and the sample sizes are shown in Table 1. In some proportion of these
individuals however, there are missing data on one or more predictors of the ADOS, and the
information of sample sizes for individual predictors in the full mutation group are shown in
Table 2.

Standard cognitive and executive function measures

Wechsler Intelligence Scales—Intellectual functioning was assessed by the Wechsler
intelligence test appropriate for chronological age. Individuals under the age of 6 years were
tested using the WPPSI-R or the WPPSI-I1I (Wechsler, 2002), those aged between 6 and 16
years, using the WISC-111, and those over the age of 16, using the WAIS-111 (Wechsler,
1997).

Controlled Oral Word Association Test (COWAT)—The COWAT assesses verbal
fluency (Spreen & Benton, 1977), and is considered a useful measure of abstract thinking; it
requires the ability not only to generate verbal lists but to monitor responses and avoid
repetitions and perseveration (Lezak, 1995). Three phonemic (letter) fluency trials (F, A, and
S) were administered, and the scores were collapsed into a total score (COWATT). Category
(animals) fluency (COWATA) was also assessed. Analyses were based on raw scores adjusted
for age.

Stroop Colour and Word Test (STROOP)—The STROOP measures selective attention
and cognitive flexibility (Golden & Freshwater, 2002). The interference measure of the
STROOP was specifically used here to examine divided attention and the ability to inhibit
automatic responding. Age adjusted T-scores, with a mean of 50 and a standard deviation of
10, were used in calculating the interference score on this test. Age corrections were applied
to the scores for participants younger than 17 years, according to the test manual specifications.

Behavioural Dyscontrol Scale (BDS)—The BDS, developed and validated by Grigsby
& Kaye (1996), is particularly useful in a population with intellectual disability, because it is
brief and the instructions are clear and simple. It consists of nine items that are designed to
assess an individual’s ability to initiate deliberate motor behaviour, and examines executive
regulation and the control of such behaviour. The tenth item is a measure of the participant’s
insight into their performance.

Statistical analysis

In order to capture the full range of the ADOS domain scores in the two categories of FMR1
allele expansion and in non-expanded (control) individuals, the data were collected from all

available members of families with fragile X. The three ADOS scores (COM, RSI, CSIT) met
the criteria for a continuous distribution, but because of a large number of zero scores (from

16% for CSIT to 33% for COM) these distributions were strongly negatively skewed in both
male and female samples (Fig 1) and thus not amenable for transformation to normality. We
therefore used the Poisson regression model, which gave a good fit to the data. For traits where
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the mean was not equal to the variance, a negative binomial regression model was used as in
Cameron & Trivedi (1988).

The regression analysis, following Hosmer & Lemeshow (1989), was carried out using STATA
(version 7), first considering each of the three individual ADOS scores as the response variable,
and a single predictor. We then included other predictors in the regression models, such as
FSIQ, age, and the investigative site, whenever these predictors were found to have a significant
effect on the response variable. Because the choice of ADOS modules are primarily based on
expressive speech level, age was included as one of the predictors as it showed a significant
effect on some ADOS domain scores. Considering the unique genetics of fragile X, this effect
is likely to result largely from generational differences in severity of cognitive involvement
(anticipation), so that more seriously cognitively affected individuals come from the younger
generations. Indeed, this effect was no longer significant for a majority of ADOS scores once
FSIQ was included as another predictor in the regression model. If this was not the case and
the age effect was directly relevant to autistic behaviour, then both FSIQ and age, or age alone,
were included in the final model for the respective ADOS domains. Another predictor, which
was found to be significant for most of the domain scores, was the investigative site where the
data for this study had been collected, with a small shift towards higher scores in the American
sample. Considering the fact that all the raters were trained by the same group and using the
same training tapes, it is unlikely that this shift could be attributed to the centres’ ADOS-G
ratings. The more likely source of this effect is a difference in recruitment between the
investigative sites already noted in our earlier collaborative works (e.g. Loesch al., 2003a &
b), with the larger proportion of subjects recruited through clinical admissions, relative to those
recruited through cascade testing of families, in the American sample. Indeed, a shift toward
more severe involvement in the American sample was also noted across the cognitive measures.
The results of analysis in both samples combined (with the investigative site predictor included)
were highly consistent with similar results obtained from the Australian sample of males and
females only.

Simple statistical comparisons of the differences in the ADOS scores (COM, RSI, and CSIT)
between the three fragile X status categories were conducted using negative binomial
regression. The two-sample t-test, or the Mann-Whitney test, was used (where appropriate) for
comparisons of the predictors of the ADOS domains between males and females in the
individual fragile X categories.

ADOS-G standard statistics

Means for the two major ADOS domains (COM, RSI), and their sum (CSIT) are listed in Table
1, and the distributions of the CSIT scores in males and females in the combined premutation
and full mutation sample are illustrated in Figure 1. It is evident from Table 1 that in males,
the means for each of the domain scores are generally higher in the full mutation group
compared to either the premutation or normal groups. It is important to note that the RSI and
CSIT scores are also significantly higher in premutation males compared to male controls with
the normal allele. Females are, predictably, less affected in both the full mutation and
premutation categories (Table 1 and Figure 1), and both males and females with the premutation
are less affected than their full mutation counterparts (Table 1). There are also significant
differences between sexes in all the mean scores in the full mutation group.

Relationships of ADOS-G with other phenotypic measures

Means for all the predictors of ADOS scores considered in this study are given in Table 2, for
the full mutation males and females separately, and differences in the means between males
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and females are also indicated. The data in Table 2, as well as the results of the regression
analyses in Tables 3, 4 and 5, are presented only for the individuals with the full mutation,
because our preliminary analysis in the small samples of individuals with the premutation and
normal allele showed no significant or consistent relationships between the ADOS-G measures
and these predictors. Moreover, the data on these relationships in the affected individuals with
FXS are of primary interest in consideration of the possible origins of autistic behaviours in
this condition.

The estimates from simple (unadjusted) models, including the regression coefficient (8) and
P-values (P) for 2-sided tests are listed in the Tables 3, 4 and 5, and any change in the
significance of the coefficients after including additional predictors, wherever appropriate, is
also indicated for individual measures.

Standard cognitive scores and FMRP levels—The standard cognitive (Wechsler)
measures used as predictors of ADOS test items were FSIQ, P1Q, and VIQ scores, and the
results of the regression analyses are presented in Table 3. All the relationships between FSIQ,
P1Q, and VIQ, and the ADOS scores, are significant for females and males (with the exception
of PIQ in males), and for the sexes combined, both before and after adjustment for either age
or investigative site.

FMRP deficit represents the severity of FMR1-specific genetic change and, unlike the size of
CGG repeat expansion, it can conveniently be interpreted in a uniform fashion in both sexes.
In the simple model (that is, without FSIQ adjustment; see Table 4 ‘FMRP only’), the level of
autistic manifestations as represented by the major ADOS domain scores, COM, RSI, and the
total CSIT, is significantly related to the FMRP deficit in full mutation males and females (with
the exception of RSI in females where the relationship is marginal). This relationship for the
total (CSIT) score is also illustrated in Figure 2 for the full mutation male and female samples
separately and combined. There are obvious differences in the strength of the relationship
between males and females which, as for the FSIQ scores, may be attributed to the narrow
range of FMRP levels in the males with the full mutation compared with females, where the
normal allele on the second X has an effect in normalizing the distribution of these levels.

It was of special interest to establish if FSIQ, representing the level of intellectual impairment,
or FMRP, representing the level of FMR1 dysfunction, is more strongly related to the ADOS
domain scores in the individuals with full mutation. The results (in Table 4) show that, if both
FMRP and FSIQ predictors are included (‘FMRP+FSIQ?’), the effect of FMRP remains
significant only for COM in both males and females. In contrast, the effect of FSIQ in this
complex model is significant for all scores in all the samples (with the exception of COM in
males). In conclusion, the major autism characteristics, although they show strong relationships
with deficits of FMRP, are predominantly associated, in both sexes, with the level of intellectual
impairment, when both FMRP and FSIQ are included in the regression model.

Executive function measures—The results of regression of the ADOS domain scores on
the three executive function test scores (BDS, STROOP, and COWAT) are shown in Table 5.
In the simple model (i.e., without FSIQ adjustment), the BDS total score is significantly related
to all the ADOS domains (except for RSI in females where the relationship is marginal);
COWATA is related to all domains in the female, and sexes combined, samples; COWATT is
related to COM and CSIT in the male and female samples, separately and combined, and to
RSI only in the sexes combined. In contrast, STROOP is not correlated with any ADOS
domains. However, as indicated in Table 5 (bold figures), some of the relationships between
ADOS and BDS, COWATT and COWATA become insignificant when FSIQ is included as
another predictor in the complex model. The exceptions are: CSIT, which remains significantly
related to BDS and COWATT in the male and combined samples, RSI, which remains
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significantly related to BDS in the male sample; and COM, which remains significantly related
to both BDS and COWATT, in the male and combined samples, and to COWATA, in the
female and combined samples.

DISCUSSION

Although there is strong evidence for an association between the autism spectrum and fragile
X, the underlying cause of this co-morbidity is not known. In order to shed some light on this
issue, we explored the distributions of two major aspects of autistic behaviour, as assessed by
the ADOS-G, in two categories of fragile X allele status, full mutation and premutation,
compared with the non-fragile X controls. We also explored the relationship of these
distributions with standard and higher cognitive abilities and genetic changes in the full
mutation (FXS) males and females. This is the first study where the relationship between the
scores representing major autistic behaviours and a deficit of a specific product of the FMR1
gene causing fragile X has been determined in males and females with FXS. Moreover,
consistent with some earlier findings that fragile X individuals manifesting autistic behaviours
were more cognitively affected (Bailey et al., 1998, 2000; Denmark et al., 2003; Rogers et al.,
2001), we provide evidence for this relationship using a quantitative approach with a gold
standard instrument, the ADOS-G.

By using the distribution of test scores, instead of diagnostic thresholds to separate AD and
non-AD categories, we have assumed that the problem of co-morbidity extends far beyond the
limits imposed by strict diagnostic criteria for AD. This assumption is justified considering the
results from earlier studies, which have shown that elements of autistic behaviours, such as
perseveration of speech, hand stereotypes, tactile defensiveness, and poor eye contact, occur
in the majority of individuals with FXS (Bailey et al., 1998; Denmark et al., 2003; Hagerman,
2002). The continuum of autistic manifestations has been further supported by the results of
earlier studies reporting the occurrence of ASD in some proportion of premutation carriers
(Aziz et al., 2003; Clifford et al., 2006; Farzin et al., 2006; Goodlin-Jones et al., 2004).

In this study we illustrate a broad spectrum of autistic behaviours, by presenting a continuity
of distributions of the major ADOS-G domain scores within the full mutation category and
overlapping with those in the premutation category. We therefore suggest that studies of co-
morbidity of autism with other defined developmental abnormalities, including fragile X,
would be more effective if they extended beyond a clear-cut distinction between “autistic’ and
‘non-autistic’ categories, and considered the distributions of full range autism behaviour scores,
as well as diagnostic thresholds based on algorithm-processed scores. Such an approach, which
allows for more analytical options, has recently been adopted by Kaufman et al. (2004), who
have demonstrated strong relationships between the severity of autism in FXS assessed by the
ADI-R, and adaptive behaviour as assessed by the Vineland Adaptive Behaviour Scales
(Sparrow et al., 1984).

The most important outcome of our analysis based on regression is the unprecedented finding
that the two major domain scores of the ADOS-G and their sum are strongly related, in the
FXS sample, to the level of FMRP deficit, which is a unique feature of this syndrome, and
reflects the level of dysfunction of the FMR1 gene. Cognitive deficits are a characteristic,
although unlike FMRP, not unique, feature of the fragile X phenotype, and our results also
showed highly significant correlations between the 1Q scores and the major ADOS-G domain
scores, in both males and females with full mutation. Considering the close relationships
between 1Q scores and FMRP deficits in FXS (Loesch etal., 2004), it was of interest to ascertain
if cognitive status or FMRP levels were stronger predictors of the level of autistic behaviours
considered in this study. Our results have clearly shown that, overall, the level of cognitive
impairment is a major correlate of autistic behaviours in fragile X syndrome.
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It was of particular interest to identify those specific cognitive deficits which were the strongest
predictors of autistic behaviours in FXS. Our results from regression of the ADOS scores on
the executive function test scores showed that verbal fluency (COWATT) had, unlike the
STROOP measure, a significant effect on the COM domain, and the sum of COM and RSI, in
males and sexes combined, independent of an overall cognitive deficit represented by FSIQ
scores. A relationship of these scores with BDS, which examines motor control, may be
explained by the effect of motor dysfunction, which isa common feature of autism (Ghaziuddin
& Butler, 1998; Manjiviona & Prior, 1995).

In addition, some evidence for the proposal that specific cognitive deficits are closely
associated with autistic behaviour in FXS is available from our (unpublished) results of
regression of Wechsler subtest scores (adjusted for FSIQ) on the ADOS-G major domain
scores, inasmaller (Australian only) sub sample of males and females combined. This analysis
demonstrated a significant effect of verbal comprehension, vocabulary and matrix reasoning
on the COM domain of the ADOS.

Relationships between autism diagnosis and the level of intellectual impairment in FXS have
been reported in earlier studies. Bailey et al. (1998) and Demark et al. (2003) found that
individuals with FXS with a lower 1Q were more likely to be diagnosed with autism, and that
all of the non-verbal children with a diagnosis of FXS fell in the autistic range on the CARS
(Bailey et al., 1998). Moreover, Philofsky et al. (2004) found that significant comprehension
deficits were related to autism in boys with FXS. Using a quantitative approach, Kaufman et
al. (2004) also found a significant relationship between the degree of autistic manifestations,
assessed by ADI-R major domain scores, and language comprehension in a pre-selected sample
of boys with FXS and autism.

The evidence provided above, combined with the fact of a widespread occurrence of autism
in a number of chromosomal (Fombonne et al., 1997; Gillberg, 1998; Muhle et al., 2004) and
genetic (Dykens & Volkmar, 1997; Fombonne et al., 1997; Muhle et al., 2004) mental
retardation syndromes, favour the conclusion that there may be a neural mechanism common
to all co-morbid forms of autism, leading to both specific intellectual impairments and autism
behaviours. However, there have been no systematic studies, to our knowledge, concerned with
the assessment of the relationship between the level of cognitive deficits in various forms of
co-morbid autism to support or refute this claim. The concept of common mechanism may also
apply to idiopathic, including high functioning, autism where, even in an absence of obvious
intellectual impairment, there may exist some more subtle cognitive deficits, such as verbal
perception, that closely correlate with autism manifestations.

In recent years, there has been an increasing interest in identification of more specific cognitive
deficits in “high functioning’ idiopathic autism (HFA). Goldstein et al. (1994) demonstrated
impairment in processing the meaning of complex sentences in HFA. Direct evidence for the
presence of a deficit in processing and integration of information in HFA has recently been
presented by Just et al. (2004), where these deficits were linked to impaired functional
connectivity between the hippocampus and amygdala. In support of these findings, deficits in
Theory of Mind (ToM), resulting from social perceptual disabilities, and thought to underpin
abnormal social behaviour in autism (Shaw et al., 2004; Tager-Flushberg et al., 1998; Tager-
Flushberg & Sullivan, 2000), have been linked to executive function impairments (Shaw et al.,
2004).

The notion that some specific neurodevelopmental deficit/s that may correlate with autistic
manifestation in both co-morbid and idiopathic forms of autism is also supported by numerous
examples of an overlap between the different forms of autism in brain developmental
anomalies. Hypoplasia of the cerebellar vermis occurs in a large subset of individuals with
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idiopathic autism (Courchesne et al., 1994), as well as in individuals affected with FXS
(Mostofsky et al., 1998; Reiss et al., 1991a, 1991b), where a relationship between autism
behaviours and decrease in cerebellar vermal lobules VI and VI region has been found in
affected females (Mazzocco et al.,1997). Moreover, the relevance of a dysfunction of the
amygdala, and of the associated frontal-subcortical circuits, to co-morbidity of autism with
either FXS (Hessl et al., 2004) or tuberous sclerosis (Asano et al., 2001; Smalley, 1998), have
been postulated on the basis of the occurrence of the same type of anomaly in idiopathic autism.
On the other hand, developmental insults to the amygdala have been linked to deficits in ToM
(Tager-Flushberg & Sullivan, 2000).

It is thus possible that the final pathway in autistic brain development may be universal
irrespective of the etiology per se, and it may involve particular circuitry or circuitries which
are related to sophisticated language and/or social skills and the integration of information
(Happe, 2003; Just et al., 2004; Sabbagh, 2004). The data presently available provide strong
support to the hypothesis that impairments in some cognitive skills and autistic behaviours are
both a consequence of perturbations of the same neural connections. However, future
multidisciplinary studies of the dynamics of autistic development may provide more specific
information as to whether some specific cognitive deficits, especially in the area of verbal
comprehension, may be more fundamental, and a significant contributor to autistic behaviours.
Although the studies based on FXS, or other syndromes associated with a widespread insult
to the brain, and thus global intellectual impairment, are of limited use in directly addressing
this issue, we have succeeded in demonstrating that cognitive impairment, especially in verbal
abilities, was the main predictor of communication and social interaction in FXS, followed by
FMRP deficits. This defines an entry point into the complex network of interdependent
processes through which autistic development arises and proceeds (Herbert, 2004). FXS offers
aunique molecular model for autism since FMRP regulates the translation of many other genes
that can influence both 1Q and social impairments, perhaps through deficits in synaptic
plasticity or other neurobiological mechanisms that may be common in other disorders that
cause autism. Therefore those proteins whose mRNASs are bound by FMRP should be natural
targets for further exploration.

Fragile X offers yet another opportunity for investigation of the relationships of the higher
cognitive abilities that may be linked to a ‘core’ deficit in autism, such as more sophisticated
language and social skills, with the level of autistic manifestations. This is because the carriers
of the fragile X premutation, as well as at least half of the females with FXS, are not
intellectually disabled, but they often manifest some higher order cognitive function deficits
(Loesch et al., 2002; Loesch et al., 2003), as well as a range of autism behaviours. By
considering a continuous distribution of autistic manifestations, subtle, more primary deficits
may be detected in such cases since they are not masked by a widespread developmental
disturbance seen in FXS full mutation males. Indeed, Mazzocco et al. (1993) found an
association between impairment in executive functioning and autistic behaviours in females
with FXS without obvious intellectual impairment, who are therefore testable for these skills.
Unfortunately, we were not able to explore these associations in the present study because our
sample of high functioning FXS females, and premutation carriers, was not sufficiently large.

Future studies based on a quantitative approach, and involving higher functioning individuals
with FXS, as well as individuals with other developmental conditions co-morbid with autism,
should also utilize recent developments in imaging techniques (Barnea-Goraly et al., 2003;
Herbert etal., 2004), which provide the unique opportunity to correlate the particular circuitries
defined at the anatomical or molecular level, with both cognitive and behavioural impairments
in different forms of autism.
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Figure 1.

Distribution of CSIT (ADOS-G) score in premutation and full mutation individuals, separately
for males and females (Australian and American data combined). Kernel density estimates
were used to smooth the distributions.
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Figure 2.

Illustration of the relationship between CSIT score of ADOS (SCORE) and FMRP levels in
the full mutation category for females and males separately and combined (Australian and
American data combined). The relationship is represented by plots of fitted values based on
negative binomial regression of CSIT score on FMRP levels.
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