
Glucocorticoid regulation and neuroanatomy in fragile x 
syndrome

Jennifer L. Bruno1,†, David S. Hong1, Amy A. Lightbody1, S.M. Hadi Hosseini1, Joachim 
Hallmayer1, Allan L. Reiss1,2,3,†

1Department of Psychiatry and Behavioral Sciences, Stanford University, Stanford, CA 94304. 
USA.

2Department of Radiology, Stanford University, Stanford, CA 94304. USA.

3Department of Pediatrics, Stanford University, Stanford, CA 94304. USA.

Abstract

Fragile X syndrome (FXS) is the leading known inherited cause for intellectual disability. Due 

to mutations in the FMR1 gene, affected individuals are at risk for serious cognitive and 

behavioral symptoms and developmental disability. Clinical presentation varies considerably, 

and investigation of genetic factors not directly related to FMR1 may help better understand 

variability. The present study examined the BclI polymorphism of the glucocorticoid receptor gene 

NR3C1 in 43 individuals with FXS (28 females, age 16 to 25). Females with FXS who presented 

with one or more G alleles demonstrated attenuated symptoms of anxiety/depression (p=0.038) 

and externalizing behaviors (p=0.042) relative to individuals with the C/C allele. In the combined 

sample (males and females) structural neuroimaging data differentiated individuals with a G allele 

from those with the C/C genotype (p<0.001). Key components of anxiety/fear neurocircuitry 

(amygdala, insula) contributed more (relative to other regions) to the model differentiating groups. 

These results indicate that GR polymorphisms are associated with an altered pattern of behavioral 

and brain development in FXS. This information is important for understanding and treating mood 

disorders and altered brain development among individuals with FXS. With further research, these 

findings could be informative for understanding anxiety and mood disorders more broadly.
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Introduction

Fragile X syndrome (FXS) is considered a model system for examining gene-brain

environment interactions due to the well-established genetic and neurobiological basis 

for this condition. FXS, is caused by a single gene mutation on the long arm of the X 

chromosome. This mutation results in expansion of CGG repeats and reduced production of 

the FMR1 gene protein product - the fragile X mental retardation protein (FMRP). FMRP is 

critical for several functions involved with synaptic plasticity and dendritic pruning(Cea-Del 

Rio et al., 2020; Feuge et al., 2019; Swanger and Bassell, 2011).

Due to reduced production of FMRP, individuals with FXS are at risk for a range 

of cognitive(Quintin et al., 2015), behavioral(Klaiman et al., 2014) and neurobiological 

outcomes(Alnæs et al., 2014). Some hallmark features include weaknesses in executive 

function, emotion regulation, attention deficit/hyperactivity and social cognition. However, 

clinical presentations are variable, and heterogeneity originates from several sources. 

First, females with FXS tend to be less affected than males and females present with 

higher profiles of cognitive and adaptive functioning (Bartholomay et al., 2019). Yet 

females present with a characteristic set of socioemotional challenges including anxiety 

and depression(Bailey et al., 2008). Within females, variability has been partly attributed 

to genetic factors related to the FMR1 mutation. For instance, altered levels of FMRP, 

caused by downstream effects of the FMR1 mutation, are related to social withdrawal and 

anxious/depressed behavior(D Hessl et al., 2001). Higher levels of FMRP are associated 

with more typical patterns of brain activation among females(Bruno et al., 2014). Within 

each sex, a distinct set of non-genetic factors, including characteristics of the home and 

educational environment are associated with behavioral outcomes(D. Hessl et al., 2001). 

However, genetic characteristics not directly related to FMR1 have received relatively little 

attention in this context. If identified, gene-gene interactions involving FMR1 could help 

predict outcomes, identify subtypes, and aid in designing/testing targeted therapies.

Genes regulating glucocorticoid function are especially relevant because FMRP regulates 

proteins involved with glucocorticoid feedback including annexin-(Sun et al., 2001) and 

glucocorticoid receptor (GR) α(Miyashiro et al., 2003). The FMR1 knockout mouse 

demonstrates elevated glucocorticoid levels in association with stress(Markham et al., 2006). 

Indeed, additional research points to aberrant hypothalamic-pituitary-adrenal (HPA) axis 

functioning. In particular, diurnal salivary cortisol levels are higher in children with FXS 

relative to levels in unaffected siblings, and levels of cortisol were significantly associated 

with behavioral problems in individuals with FXS(Hessl et al., 2002). Further, abnormal 

cortisol levels are related to social behavior(Hall et al., 2006; Hessl et al., 2006), suggesting 

perturbation of the cortisol regulatory system may represent a parallel mechanism implicated 

in the FXS phenotype.

To probe the role of GR function in FXS, we examined the BclI polymorphism of GR gene 

NR3C1 (rs41423247) in adolescents and young adults. The adolescent/young adult period 

represents a critical time in brain development (Casey et al., 2019) especially with respect 

to stress pathway development influenced by GR expression (Sinclair et al., 2011). The BclI 
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restriction site polymorphism is a C/G substitution in intron 2. Prior research suggests that 

the G allele confers greater sensitivity to cortisol feedback relative to the C allele(Wüst et 

al., 2004). We hypothesized that the presence of the G allele (and, greater sensitivity to 

cortisol feedback) may be associated with developmental outcomes in individuals with FXS. 

Since aberrant cortisol regulation has been previously linked to behavioral outcomes(Hall et 

al., 2006; Hessl et al., 2006, 2002), we examined whether the presence of the G allele was 

associated with adaptive behavior and socio-emotional functioning. Altered brain structure 

has been linked to specific behaviors in individuals with FXS(Wolff et al., 2013). Therefore, 

we examined whether the presence of the G allele was associated with altered brain structure 

using multivariate pattern classification. Given that our primary hypotheses were related to 

the presence of the G allele in the context of FXS in general we include both male and 

female participants.

Methods

Participants included 43 individuals with FXS (28 females) age 16 to 25 years (mean=21.44, 

Table 1). Participant ethnicities included 39 Caucasian, 1 Pacific Islander and 3 mixed-race. 

Participants were recruited across the United States and Canada through advertisements, 

referrals and word of mouth. Research was conducted at Stanford University Medical 

Center. Participants and/or their caregivers gave written informed consent according to the 

Declaration of Helsinki. Assent was obtained from all particpants under the age of 18. 

Stanford University’s Institutional Review Board approved all protocols. Genetic diagnoses 

were confirmed via Southern blot DNA analysis (>200 CGG repeats on the FMR1 gene and 

evidence of aberrant methylation). Blood was drawn from each individual to estimate FMRP 

percentage. Lymphocytes were distinguished from other blood cell types by morphology; 

200 lymphocytes were scored and the percentage of lymphocytes containing FMRP was 

assessed by immunostaining techniques(Willemsen et al., 1997) (Kimball Genetics, Denver). 

FMR1 gene activation ratio (fraction of cells with FMR1 gene active) was also available 

for 23 females based on the southern blot DNA analysis. We performed correlation analysis 

between FMRP and activation ratio to further validate the FMRP measure (r=0.721, p 

<0.001). Eighteen individuals were taking psychoactive medications (Table 1).

Saliva samples were collected using DNA Genotek’s Oragene collection kits in order 

to assess BclI polymorphisms via PCR analysis. DNA was purified and extracted 

according to standardized protocols (dnagenotek.com). The following primers were used for 

amplification: 5′-TGC TGC CTT ATT TGT AAA TTC GT-3′ and 5′-AAG CTT AAC AAT 

TTT GGC CAT C-3′.(Bachmann et al., 2005) Following BclI digestion overnight fragments 

were separated on 2% agarose gels (CC - two bands (117 and 222 bp); CG - three bands 

(117, 222 and 335 bp); GG - undigested (335bp).

We divided participants into two groups based on the presence or absence of the G allele. 

Twenty individuals (13 females) presented with the C/C version of the polymorphism 

(hereafter referred to as the C/C group), and 23 individuals (15 females) presented with 

one or more G alleles (C/G (N=19) or G/G (N=4), hereafter referred to as the G group). All 

cognitive and behavioral assessments and imaging analyses were conducted by individuals 

blind to BclI polymorphism status.
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All participants were free from MRI contraindications, met screening including the ability 

to hold still and minimal sensitivity to loud noises, and were trained to hold motionless in 

the scanner(Barnea-Goraly et al., 2014). Participants were part of an ongoing longitudinal 

investigation(Bray et al., 2011; Gothelf et al., 2008). The present study represents the first 

examination of GR polymorphisms in this population.

General intellectual functioning (IQ) was assessed via the Wechsler Abbreviated Scale 

for Intelligence(Wechsler, 1997) (age >/=17 years) or the Wechsler Intelligence Scale 

for Children(Wechsler, 1991) (age <17 years). Behavior was assessed using the Vineland 
Adaptive Behavior Scales, 2nd Edition(Sparrow et al., 2005) caregiver interview and the 

Child Behavior Checklist (CBCL)(Achenbach, 1991). Although the CBCL was designed for 

children it was used for all individuals to maintain consistency within the current study and 

with prior measures in the larger longitudinal study. Females completed self-report measures 

including the Beck Anxiety Inventory (BAI)(Beck et al., 1988), the Multidimensional 

Anxiety Scale for Children (MASC)(March et al., 1997) and the Beck Depression Inventory 

- II (BDI)(Beck et al., 1996).

Statistical analyses of behavioral data

Primary analyses were conducted on a combined sample of males and females. Given 

the aforementioned sex-differences associated with FXS and sex differences associated 

with HPA axis reactivity(Kajantie and Phillips, 2006), subsequent analyses were conducted 

within the female subset of our sample. The male subset was too small to allow for 

statistical comparisons. Group differences (C/C group vs. G group) were examined for each 

measure using ANCOVA. There was a wide range of IQ scores within each group and IQ 

was controlled in group comparisons of behavior. Raw CBCL scores were used as many 

individuals were outside of the assessment’s age range (6–18 years) and T scores (based 

on age) would be inappropriate. Analyses of CBCL raw scores were controlled for age in 

addition to IQ. Exploratory correlations between behavioral measures and levels of FMRP 

among females within each group were performed. Due to the limited range of FMRP 

among males, associations with FMRP were not explored (male FMRP=2–20% with the 

exception of one male with FMRP=60%; female FMRP=14.5–90%).

Image acquisition, processing and statistical analyses

High-resolution T1-weighted anatomical images were acquired at 3 Tesla (echo time=6ms; 

repetition time=35ms; flip angle=45°; field of view=24cm; slice thickness=1.5mm, 124 

coronal slices; matrix=256×192; acquired resolution=0.94×1.25×1.5mm). One of two 

custom single-channel quadrature head coils were used (one head coil was decommissioned 

during the study). The number of participants scanned with each head coil did not differ 

between groups (X2=0.818, df=1, p>0.10), and head coil type was used as a covariate in 

imaging analyses. FreeSurfer 5 (http://surfer.nmr.mgh.harvard.edu/) was used to delineate 

86 grey matter regions (68 cortical, 16 subcortical, 2 cerebellum, Appendix), and compute 

measures of regional thickness/volume. FreeSurfer is a surface based segmentation pipeline 

that preserves anatomical variation at the individual level and provides reliable segmentation 

of cortical, subcortical and cerebellar structures(Dale et al., 1999). FreeSurfer derived 

surfaces were examined and adjusted by editors with inter-rater reliability ≥ 0.95 (http://
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surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial) until the surfaces satisfactorily delineated 

both the grey/white boundary and pial surface. Image quality requirements included lack 

of artifacts induced by subject motion, blood flow, or wraparound and approximately 19% of 

scans in the longitudinal study were unusable due to such artifacts.

Freesurfer cortical thickness and subcortical/cerebellar volume metrics were used as data 

elements (Bray et al., 2011; Bruno et al., 2017; Gothelf et al., 2008; Saggar et al., 

2015). Cortical thickness metrics may represent a superior endophenotype for neurogenetic 

syndromes when compared to cortical volume.(Panizzon et al., 2009) Thus, all cortical 

structures were summarized according to thickness. Subcortical and cerebellar structures 

were summarized according to volume, the only available metric in the FreeSurfer 

parcellation.

Regional measures were normalized to remove effects of overall brain size, head coil type, 

sex and age using residuals from linear regression. Due to the different scale for cortical 

thickness (~2–4 mm) and subcortical/cerebellar volumes (several hundred mm3) additional 

normalization included dividing the value for each region by the absolute value of the 

maximum residual for that region.(Bruno et al., 2017) The resulting values were between −1 

and 1 for each of 86 regions.

We used support vector machine learning (SVM)(Christopher J.C. Burges (Bell 

Laboratories, 1998) to assess differences in the overall pattern of structural brain variation 

between C/C and G groups. SVM is a flexible technique that automatically classifies data 

elements based on linear separation in multidimensional space and can accommodate any 

type of high-dimensional data. Data elements included metrics from 86 Freesurfer-derived 

brain regions (Appendix). A set of linearly uncorrelated components was extracted from 

these elements via principle component analysis. All principal components were input as 

features in the subsequent SVM. A leave-one-out cross validation was performed to test 

classification accuracy. Features for n-1 participants comprised a dataset that was used to 

train a linear support vector pattern classifier (with a fixed regularization parameter C=1) 

to correctly identify region of interest variation patterns of the nth participant and was 

repeated n times. Recursive feature elimination (RFE) was used to reduce the number 

of features and avoid overfitting. During RFE, the bottom 30% of features, based on 

the absolute value of their weights, were excluded in an iterative process until model 

performance started degrading. The RFE procedure was done within each cross-validation 

set (i.e. nested RFE) to avoid bias in classification accuracy. Prediction accuracy, sensitivity, 

specificity and positive predictive values were calculated. Permutation testing (n=1000) was 

used to estimate p values for each metric. We also examined the weights of each region’s 

contribution to the classification algorithm to identify regions that were more important for 

distinguishing between groups. An arbitrary threshold (weight2 >/= 0.1) was used to indicate 

the 25 regions with highest contribution to the classification. Separate SVM analysis was 

performed within the female subset of participants (N=28) and was similar to the primary 

analysis. We considered this analysis exploratory due to the small sample size and model 

parameters differed from the primary analysis as noted. Principle component analysis was 

used to extract an optimal set of linearly uncorrelated components that accounted for 80% of 

the variance. Recursive feature elimination was used to exclude the bottom 10% of features, 
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based on the absolute value of their weights, in an iterative process until model performance 

started degrading.

Results

There were no group differences in the number of individuals taking psychoactive 

medication overall or within each class (within the whole sample or females only, all 

p>0.10, Table 1, Table 2). The C/C and G groups did not differ on age, ethnicity, IQ, 

FMRP% or Vineland scores (Table 1, all p’s>0.10). Three individuals from the C/C group 

(1 male and 2 female) and two females from the G group were missing CBCL scores. 

These individuals were excluded from the CBCL analysis. There were no significant group 

differences in CBCL total, Internalizing Behavior, Externalizing Behavior or individual 

subscale scores (all p’s >0.10).

Group comparisons for IQ, Vineland, FMRP and CBCL, were repeated within the female 

subset of participants (Table 2). We found significantly higher scores for the C/C group 

on the CBCL anxiety/depression subscale (F(1,20)=4.92, p=0.038, ηp2 = 0.197) and the 

externalizing subscale (F(1,20)=4.73, p=0.042, ηp2 = 0.191). One female participant in 

the C/C and one in the G group demonstrated inconsistent responses on the MASC 

(inconsistency index>/=10) and these scores were excluded from analysis. Scores in the C/C 

group were higher for the MASC Tense/Restless subscale of the physical symptom domain 

(Table 3, F(1,23)=5.82, p=0.024, ηp2 = 0.201) but there were no significant group differences 

for other scales or the overall total anxiety scale (all p’s >0.10). There were no significant 

group differences in BDI or BAI scores (all p’s >0.10). All other group comparisons within 

females were not significant (all p’s >0.10, with one exception: p=0.084 for the CBCL rule 

breaking behavior subscale).

Within females in the G group, there was a significant negative relationship between 

FMRP and anxiety as measured by the MASC (physical symptoms subscale rs=−0.552, 

p=0.041, somatic symptoms subscale rs=−0.609, p=0.021, Figure 1). There was a trend for 

a negative relationship between FMRP and BAI scores (rs=−0.495, p=0.061). There were 

no significant relationships between FMRP and anxiety/depression measures among females 

in the C/C group (all p’s>0.10). No other associations with FMRP were significant within 

either group of females. Correlation strength (following Fisher’s r to Z and subsequent 

comparison(Myers and Sirois, 2006)) between FMRP and the MASC physical symptom 

scale was significantly greater among females in the G group relative to females in the 

C/C group (Z=1.97, p=0.024). There was a trend for increased correlation strength between 

FMRP and the MASC somatic subscale (MASC somatic Z=1.43, p=0.076) and between 

FMRP and the BAI (z=1.55, p=0.06) among females in the G group.

The SVM pattern classification was able to discriminate between C/C and G groups using 

a leave one out approach. RFE indicated the model with 14 features was optimal with 

classification accuracy of 88.4% (p<0.001), sensitivity of 85.0% (p=0.001), specificity of 

91.3% (p<0.001), positive predictive value of 90.7% (p<0.001) and negative predicative 

value of 85.9% (p>0.10). Regions with the highest contribution to the classification accuracy 

included bilateral subcortical, frontal, temporal and parietal regions (Figure 2, Table 4). We 

Bruno et al. Page 6

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also performed post-hoc univariate between-group comparisons for each of these regions 

controlling for overall brain size, head coil type, sex and age using ANCOVA (Table 4). 

RFE among female participants indicated the model with 9 features was optimal with 

classification accuracy of 67.9% (p=0.046), sensitivity of 61.5% (p>0.10), specificity of 

73.3% (p<0.026), positive predictive value of 69.8% (p=0.029) and negative predictive value 

of 65.6% (p=0.078). Regions with the highest contribution to the classification accuracy 

included bilateral subcortical, frontal, temporal parietal and occipital regions (Table 5).

Exploratory correlations were performed, within-group, between the thickness/volume of 

regions identified with the highest contributions and behavioral measures demonstrating 

significant group differences or relationships with FMRP. These analyses were undertaken 

for females only because they were based on significant results among females. Results are 

presented in Table 4.

Discussion

The present study represents the first investigation of the GR (NR3C1) BclI polymorphism 

and its relationship with behavior and brain development in FXS. Findings included lower 

levels of anxiety and externalizing behaviors, each comparison associated with a large effect 

size(Cohen, 1969), among females with one or more G allele. Polymorphism status was 

not associated with adaptive behavior, cognition or FMRP. Within our mixed sex sample, 

patterns of regional grey matter thickness/volume were able to distinguish individuals with 

at least one G allele from those with the C/C polymorphism. Key components of anxiety/

fear neuro-circuitry were highlighted as contributing more (relative to other regions) in 

the model differentiating between individuals with or without a G allele. These findings 

constitute evidence that, within individuals with FXS, the presence of one or more G alleles 

may be protective and is associated with altered developmental outcomes evidenced by 

behavior and brain. Findings are related to mood and anxiety in particular, suggesting that 

further understanding of GR polymorphism and interactions with FMRP will be important 

for identifying and treating anxiety in individuals with FXS.

We hypothesized that the presence of the G allele would have a protective effect 

among individuals with FXS, allowing them to compensate for aberrant glucocorticoid 

feedback(Miyashiro et al., 2003). Behavioral outcomes in females supported this hypothesis. 

Among females, the presence of the G allele was associated with lower self- and caregiver

reported anxiety symptoms. Significant differences were found for self-reported physical 

symptoms of anxiety (MASC) and, in particular, on the Tense/Restless subscale which 

includes items such as “I feel restless and on edge”, “I get shaky or jittery”, “I am 

jumpy”. Caregiver report also indicated lower scores in association with the G allele on 

the CBCL anxiety/depression subscale which includes a broad range of symptoms, e.g. 

“fears school”, “nervous, tense” and “feels too guilty.” Perhaps individuals with FXS are 

better at identifying physical symptoms of anxiety relative to social anxiety or separation/

panic symptoms. A more comprehensive caregiver and/or child interview (e.g. the Anxiety 

Disorders Interview Schedule(Silverman et al., 2001)) and observational measures(Mian et 

al., 2015) will be important to further specify the interplay between genetic factors and 

mood symptoms.

Bruno et al. Page 7

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, females with the G allele also demonstrated significantly lower scores on 

the CBCL Externalizing domain. This domain is associated with problems that involve 

other people and their expectations and it is distinct from the Internalizing domain 

which captures anxious/depressed behaviors. Externalizing behavior problems may represent 

another domain that is protected by the presence of the G allele. Alternatively, elevated 

externalizing problem behaviors in individuals with the C/C polymorphism could represent 

downstream effects of mood (anxiety/depression) symptoms. The aforementioned behavioral 

results do not survive conservative correction for multiple comparisons but, because each 

of our comparisons were within separate behavior domains and were hypotheses-driven, 

multiple comparison correction may be overly conservative. These behavioral results should 

be considered preliminary until further replication. We also point out that effect sizes (ηp2) 

for each significant comparison were in the “large” range (Cohen, 1969). Consideration of 

effect sizes in conjunction with p-values is critical to the overall interpretation of quantitative 

research results (Sullivan and Feinn, 2012).

Self-reports of anxiety and depression were only collected for females who have higher 

levels of functioning and ability to complete such measures. However, caregiver report of 

anxiety/depression via the CBCL was included and we found no group differences in this 

scale within our mixed sex sample. One limitation of the present study was the relatively 

small number of males participating (N=15 vs N=23 females) thus we did not undertake 

group comparisons (C/C group vs. G group) for the male subset of participants. Given that 

the present study required participants to complete an MRI scan, our sample was biased 

to include more females than males as males with FXS tend to present with more severe 

cognitive and behavioral symptoms(Bartholomay et al., 2019). One potential explanation for 

the significant association between the G allele and reduced mood symptoms in females 

is a potential interaction with GR polymorphisms and FMRP. Females have higher levels 

of FMRP due to the presence of a second, unaffected X chromosome(Bartholomay et al., 

2019). There may be a threshold level of FMRP that is required in order for the protective 

effects of the G allele to be realized. This hypothesis is also supported by our correlation 

results demonstrating decreasing anxiety symptoms in association with increasing FMRP 

only among individuals with the G allele. Significant associations in this group were present 

with the physical symptoms and the somatic subscale of the MASC as well as a trend for 

a negative association between FMRP and self-report of anxiety on the Beck inventory. 

GR polymorphisms may indeed have significant effects on behavioral outcomes in males 

with FXS who have much lower levels of FMRP and studies with larger sample sizes 

and additional outcomes would be informative to further understand sex-specific effects. 

Additionally, although we have validated our FMRP measure with activation ratio in a 

subsample of our female participants, our quantification of FMRP in peripheral blood cells 

presents a challenge for interpretation. Future studies that have the potential to quantify 

FMRP levels directly in the brain will be important for further validation of our findings.

Extant research has demonstrated clear abnormalities in stress reactivity in FXS, which is 

correlated to circulating steroid levels(Hessl et al., 2002; Wisbeck et al., 2000). While a 

definitive mechanism of action for this observation has remained elusive, prior work shows 

that FMRP directly binds GRα mRNA, with resultant reductions in GRα protein in neural 
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dendrites in FMR1 knockout mice(Miyashiro et al., 2003). The relative decrease in GRα 
availability in postsynaptic neurons may underlie the decreased cortisol sensitivity observed 

in FXS and associated impairment in the HPA feedback circuit. Here, we report a novel 

finding where the BclI polymorphism appears to somewhat ‘rescue’ or attenuate putative 

dysregulation of the glucocorticoid feedback loop, at least at the level of anxiety-related 

behavior. Interestingly, increased sensitivity associated with the G allele may confer a 

degree of protection against opposing effects on the cortisol system driven by reduced 

FMRP, presenting a compelling target for further investigation and possible intervention for 

stress-related psychiatric symptoms such as anxiety and depression.

Results also indicate that GR polymorphisms have a significant association with brain 

development in the full study sample (males and females). Specifically, using SVM, we 

demonstrated that the overall pattern of variation in thickness/volume was able to distinguish 

between the presence or absence of a G allele (C/C vs G groups). Within this overall 

significant model, regions with higher overall contribution included components of an 

interconnected anxiety/fear network, namely the amygdala, orbitofrontal gyrus, inferior 

frontal gyrus (pars orbitalis), middle frontal gyrus, anterior cingulate, parahippocampal 

gyrus, insula and fusiform gyrus(Banks et al., 2007; Brühl et al., 2014; Davidson, 2002; 

Etkin and Wager, 2007; Paulus and Stein, 2006).

Components of the anxiety/fear network have been previously associated with the FXS

specific neuro-phenotype and the amygdala may be especially affected. For example, the 

fmr1 knockout (KO) mouse shows deficits in amygdala inhibitory tone(Olmos-Serrano 

et al., 2010). Human neuroimaging research also indicates both structural and functional 

abnormalities of the amygdala(Gothelf et al., 2008; Kim et al., 2014), and anatomical 

differences in the insula(Cohen et al., 2011) and PFC(Bray et al., 2011). Further, our group 

has revealed a deficit in habituation of neural responses to facial stimuli in anterior cingulate 

and fusiform gyrus(Bruno et al., 2014). Thus, the presence of the G allele, and greater 

sensitivity to cortisol feedback, may modify the influence of FMRP on anxiety-related 

neural circuitry. This altered course of brain development may represent an important 

intermediary mechanism between the presence of the G allele and reduced anxiety/mood 

symptoms. In support of this hypothesis correlations among females indicated that volume 

or thickness of a unique subset of highlighted brain regions was related to anxiety symptoms 

and externalizing behaviors in each group. Specifically, within the G group, left caudate 

volume, and thickness of the left paracentral gyrus, left temporal pole, right insula and 

right precuneus were positively related to anxiety symptoms. Right parahippocampal gyrus 

thickness and right inferior parietal gyrus thickness were negatively related to anxiety. 

Finally, right temporal pole thickness was negatively related to externalizing behavior 

and right palladium volume was positively related to externalizing behavior. Within the 

C/C group right amygdala volume and right supramarginal gyrus thickness correlated 

positively with anxiety symptoms. Left rostral middle frontal gyrus thickness correlated 

negatively with externalizing behavior and right precuneus thickness correlated positively 

with externalizing behavior.

We also note similar brain-based classification results using SVM in a female-only model. 

Although the model was significant, accuracy was lower among this reduced sample 
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(N=28). Regions highlighted by the female-only model include anxiety/fear circuitry, 

i.e. the amygdala, insula and orbitofrontal gyrus, which were also highlighted by the 

model including males and females. Unique regions were also highlighted indicating sex

specific patterns of brain morphology in association with the G allele. The subset of male 

participants in the present study (N=15) was not sufficient for SVM analysis. Additional 

studies with larger samples of each sex will be important for bearing out sex differences 

in association with GR polymorphisms. Consideration of additional genetic factors is also 

relevant. For example, brain structure has been previously linked to monoamine oxidase A 

promoter polymorphisms in boys with FXS(Wassink et al., 2014).

Our behavioral and brain imaging assessments were conducted in adolescence/young 

adulthood and we cannot specify how and when FMRP and GR polymorphisms interact 

to alter outcomes. FMRP is known to have long-range effects on both brain and 

behavior development; thus, one hypothesis is that the G allele is protective and interacts 

with FMRP from an early stage producing a different trajectory of brain development. 

Longitudinal studies will be important for understanding interactions between FMRP 

and GR polymorphisms across development, potentially identifying critical developmental 

windows when interventions may be maximally effective. Further, additional studies 

designed to elucidate the potential impact of GR polymorphisms in the general population as 

well as other clinical populations are warranted.

The present study describes the association between GR polymorphisms and both behavior 

and brain-based outcomes among adolescents/young adults with FXS. We found evidence 

for protective effects of the G allele in terms of behavioral outcomes in females. We also 

demonstrate an association between the G allele and altered patterns of brain structure 

that highlight anxiety/fear circuitry. The present findings lend understanding to the diverse 

clinical outcomes associated with FXS and can also help pave the way for designing 

targeted therapies for this population. Therapies may be targeted to individuals with 

specific polymorphisms at critical developmental windows and/or designed to correct 

aberrant development of specific aspects of anxiety/fear circuitry. Furthermore, anxiety 

and depression represent some of the most common psychiatric diagnoses irrespective 

of neurogenetic syndromes. Continued investigation of gene-gene interactions involving 

FMRP and GR in the context of brain and behavior developmental is of critical import for 

understanding and treating mood disorders for individuals with and without FXS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Correlations with FMRP and anxiety measures
Relationships between anxiety measures and fragile X mental retardation protein (FMRP) 

for females are shown for each group (G group vs C/C group). FMRP is shown as a 

percentage. MASC = multidimensional anxiety scale for children, T scores are depicted. 

Beck anxiety = the Beck anxiety inventory, raw scores are depicted. See Supplement for 

color version of this figure.
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Figure 2. Brain regions highlighted in the support vector machine learning model.
Multi view surface rendering depicting cortical regions that were highlighted in the support 

vector machine learning (SVM) model. Shading indicates regions contributing to the model 

with a squared weight >/= 0.1. Shading in bar indicates value of squared weight. Not 

pictured are subcortical regions (left caudate, left pallidum, right amygdala, right pallidum). 

See Supplement for color version of this figure.
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Table 1.

Descriptive statistics for C/C and G groups

C/C C/G or G/G

N (female) 20 (13) 23 (15)

Medication (any) 6 12

Atypical antipsychotic 2 4

SSRI 4 7

Stimulants 2 5

Other 3 2

Mean SD Mean SD P-value Effect size

Age 21.72 2.88 21.21 3.09 >0.10 d = 0.176

FMRP% 36.05 24.79 38.26 26.28 >0.10 d = 0.088

Full Scale IQ 74 23 72 18 >0.10 d = 0.118

Vineland Adaptive Behavior 62.20 17.88 63.57 20.89 >0.10 ηp2 = 0.005

Child Behavior Checklist

Total 37 22 35 30 >0.10 ηp2 = 0.008

 Internalizing 12 9 12 10 >0.10 ηp2 = 0.006

  Anxious/Depressed 7 5 5 5 >0.10 ηp2 = 0.035

  Anxious/Withdrawn 4 3 4 3 >0.10 ηp2 = 0.027

  Somatic Complaints 2 2 3 3 >0.10 ηp2 = 0.037

  Social Problems 4 3 5 4 >0.10 ηp2 = 0.012

  Thought Problems 2 2 2 3 >0.10 ηp2 = 0.000

  Attention Problems 7 4 6 5 >0.10 ηp2 = 0.051

 Externalizing 9 8 8 8 >0.10 ηp2 = 0.026

  Rule Breaking Behavior 2 2 2 2 >0.10 ηp2 = 0.036

  Aggressive Behavior 7 7 6 7 >0.10 ηp2 = 0.011

N is presented for medication usage. Other medications include neuroleptics, and other drugs known to affect neurological functioning. Chi square 
indicated no significant group differences in the number of individuals taking medications overall or within each class (all p’s>0.10). FMRP = 
Fragile X mental retardation protein. Full Scale IQ is based on the Wechsler Abbreviated Scale for Intelligence (age >/=17 years) or the Wechsler 
Intelligence Scale for Children (age <17 years). Vineland Adaptive Behavior composite standard scores are reported. Raw scores are reported for 
the Child Behavior Checklist.
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Table 2.

Descriptive statistics for females across C/C and G groups

C/C C/G or G/G

N 13 15

Ethnicity (N)

  Caucasian 17 22

  Pacific Islander 1 0

  Mixed Race 2 1

  Medication (any) 5 8

  Atypical antipsychotic 2 2

  SSRI 4 4

  Stimulants 2 3

  Other 2 2

Mean SD Mean SD P-value Effect size

Age 21.82 2.65 21.05 3.46 >0.10 d = 0.260

FMRP% 46.16 22.48 51.37 19.25 >0.10 d = 0.261

Full Scale IQ 83 23 78 19 >0.10 d = 0.265

Vineland Adaptive Behavior 65.31 16.87 66.73 23.71 >0.10 ηp2 = 0.014

Child Behavior Checklist Total 40 25 32 35 >0.10 ηp2 = 0.079

 Internalizing 15 10 12 12 >0.10 ηp2 = 0.067

  Anxious/Depressed* 8 6 5 6 0.038 ηp2 = 0.197

  Anxious/Withdrawn 5 3 4 4 >0.10 ηp2 = 0.042

  Somatic Complaints 3 3 4 4 >0.10 ηp2 < 0.001

  Social Problems 5 3 5 4 >0.10 ηp2 = 0.003

  Thought Problems 2 2 2 3 >0.10 ηp2 = 0.004

  Attention Problems 7 4 5 6 >0.10 ηp2 = 0.054

 Externalizing* 10 9 6 8 0.042 ηp2 = 0.191

  Rule Breaking Behavior 2 2 1 2 0.084 ηp2 = 0.142

  Aggressive Behavior 8 8 5 7 >0.10 ηp2 = 0.129

N is presented for medication usage. Other medications include neuroleptics, and other drugs known to affect neurological functioning. Chi square 
indicated no significant group differences in the number of individuals taking medications overall or within each class (all p’s>0.10). FMRP = 
Fragile X mental retardation protein. Full Scale IQ is based on the Wechsler Abbreviated Scale for Intelligence (age >/=17 years) or the Wechsler 
Intelligence Scale for Children (age <17 years). Vineland Adaptive Behavior composite standard scores are reported.

*
Significant group difference and large effect size.
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Table 3.

Anxiety and mood scales for female participants across C/C and G groups

C/C C/G or G/G
P-value Effect size (ηp2)

Mean SD Mean SD

Beck Anxiety Inventory 11 12 7 8 >0.10 0.050

Beck Depression Inventory 12 14 6 6 >0.10 0.117

Multidimensional Anxiety Scale

 Physical Symptoms Scale 46 15 40 7 >0.10 0.082

   Tense* 49 14 39 6 0.024 0.201

   Somatic 44 15 43 10 >0.10 0.005

 Harm Avoidance Scale 50 11 52 13 >0.10 0.006

   Perfectionism 52 8 51 14 >0.10 0.001

   Anxious coping 49 13 52 12 >0.10 0.018

 Social Anxiety Scale 52 13 50 10 >0.10 0.010

   Humiliation 52 12 49 13 >0.10 0.008

   Performance Fears 51 12 51 9 >0.10 0.001

  Separation/Panic Scale 56 17 57 13 >0.10 0.003

 Total Anxiety Scale 50 18 48 11 >0.10 0.016

 Anxiety Disorders Index 48 15 52 14 >0.10 0.014

Raw scores are reported for the Child Behavior Checklist. Raw scores are reported for the Beck Anxiety Inventory and Beck Depression Inventory. 
T scores are reported for the Multidimensional Anxiety Scale.

*
Significant group difference and large effect size.
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Table 4.

Regions highlighted in support vector machine learning model and correlations with behavioral measures

Left Hemisphere G vs 
C/C p-Val

Effect size 
(ηp2)

Correlations in C/C 
group Correlations in G group

Subcortical L caudate
↑

0.095 .074

MASC physical (rs= 0.542, p= 
0.037) and somatic (rs= 0.651, 
p= 0.009)

L pallidum ↓ 0.535 .010

Frontal L paracentral gyrus
↓

0.667 0.005
CBCL anx/dep (rs= 0.540, p= 
0.046)

L medial orbitofrontal gyrus ↑ 0.253 0.035

L rostral middle frontal gyrus
↑

0.088 0.077

CBCL externalizing 
(rs= −0.730, p= 
0.007)

Temporal L insula ↓ 0.037 0.112

L parahippocampal gyrus ↓ 0.116 0.065

L temporal pole
↓

0.946 0.000

MASC physical (rs= 0.573, p= 
0.026) and tense (rs= 0.640, p= 
0.010)

L entorhinal ↑ 0.258 0.034

L inferior temporal gyrus ↑ 0.459 0.015

L transverse temporal gyrus ↑ 0.072 0.085

Occipital L cuneus ↑ 0.645 0.006

Right hemisphere

Subcortical R amygdala

↓

0.463 .015

MASC physical (rs= 
0.569, p= 0.042) and 
somatic (rs= 0.693, 
p= 0.009)

R pallidum
↑

0.035 .114
CBCL externalizing (rs= 0.553, 
p= 0.040)

Frontal R paracentral gyrus ↑ 0.123 0.063

R rostral anterior cingulate ↓ 0.161 0.052

R pars orbitalis ↑ 0.280 0.031

R precentral gyrus ↓ 0.833 0.001

Temporal R insula
↓

0.031 0.120
CBCL anx/dep (rs= 0.580, p= 
0.030)

R parahippocampal gyrus

↓

0.005 0.191

MASC somatic (rs= −0.567, 
p= 0.027), CBCL anx/dep (rs= 
−0.636, p= 0.015), externalizing 
(rs= −0.779, p= 0.001),

R temporal pole
↑

0.423 0.017
CBCL externalizing (rs= − 
0.680, p= 0.007)

R fusiform gyrus ↑ 0.663 0.005

Parietal R inferior parietal

↓

0.051 0.099

BAI (rs= −0.572, p= 0.026), 
MASC physical (rs, −0.587, p= 
0.021), somatic (rs= −0.518, p= 
0.048)
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Left Hemisphere G vs 
C/C p-Val

Effect size 
(ηp2)

Correlations in C/C 
group Correlations in G group

R supramarginal

↓

0.852 0.001

BAI (rs= 0.654, p= 
0.015) and MASC 
tense (rs= 0.571, p= 
0.042);

R precuneus
↑

0.093 0.074
CBCL externalizing 
(rs= 0.642, p= 0.024).

CBCL anx/dep (rs= 0.591, p= 
0.026)

Regions were identified as having greatest contribution to the model based on a squared weight >/= 0.1. L = left, R = right. G vs. C/C indicates 
direction of difference between groups. ↑ indicates larger volume/thickness for the G group. ↓ indicates smaller volume/thickness for the G 
group. P-values and effect sizes refer to the univariate comparison between groups of for each region. CBCL = Child behavior checklist. anx/dep 
= anxiety/depression subscale. MASC = Multidimensional anxiety scale for children. Physical, somatic and tense indicate the subscales of the 
MASC. BAI = Beck anxiety inventory.
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Table 5.

Regions highlighted in female support vector machine learning model

Right Hemisphere Left Hemisphere

Subcortical caudate caudate

thalamus amygdala

ventral diencephalon ventral diencephalon

hippocampus hippocampus

Frontal precentral gyrus medial orbitofrontal gyrus

paracentral gyrus pars opercularis

Parietal superior parietal gyrus superior parietal gyrus

pericalcarine supramarginal

inferior parietal

Temporal parahippocampal gyrus parahippocampal gyrus

insula

inferior temporal gyrus bank of the superior temporal sulcus

Occipital lingual gyrus lingual gyrus

cuneus

Regions were identified as having greatest contribution to the model based on a squared weight >/= 0.1.
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