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Abstract
Background: The profile of cognitive and behavioral variation observed in individuals with fragile X syndrome (FXS),
the most common known cause of inherited intellectual impairment, suggests aberrant functioning of specific brain
systems. Research investigating animal models of FXS, characterized by limited or lack of fragile X mental retardation
protein, (FMRP), has linked brain dysfunction to deficits in the cholinergic and glutamatergic systems. Thus, we sought
to examine in vivo levels of neurometabolites related to cholinergic and glutamatergic functioning in males and
females with FXS.
Methods: The study participants included 18 adolescents and young adults with FXS, and a comparison group of
18 individuals without FXS matched for age, sex and general intellectual functioning. Proton magnetic resonance
spectroscopy (MRS) was used to assess neurometabolite levels in the caudate nucleus, a region known to be
greatly enlarged and involved in abnormal brain circuitry in individuals with FXS. A general linear model
framework was used to compare group differences in metabolite concentration.
Results: We observed a decrease in choline (P = 0.027) and in glutamate + glutamine (P = 0.032) in the caudate
nucleus of individuals with FXS, relative to individuals in the comparison group.
Conclusions: This study provides evidence of metabolite differences in the caudate nucleus, a brain region of
potential importance to our understanding of the neural deficits underlying FXS. These metabolic differences may
be related to aberrant receptor signaling seen in animal models. Furthermore, identification of the specific
neurometabolites involved in FXS dysfunction could provide critical biomarkers for the design and efficacy
tracking of disease-specific pharmacological treatments.
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Background
Fragile X syndrome (FXS), the most common cause of
inherited intellectual disability, affects approximately 1
in 5,000 males and 1 in 10,000 females [1]. FXS results from
a trinucleotide CGG repeat expansion on the long arm of
the X chromosome (locus Xq27.3) [2], hypermethylation of
the fragile X mental retardation 1 (FMR1) gene promoter
region and reduced production of the fragile X mental
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retardation protein (FMRP). Reduced FMRP expression
has been linked to increased density of immature dendritic
spines and abnormal dendritic morphology in humans with
FXS [3] and mouse models of FXS (Fmr1-knockout (KO)
mouse) [4]. FMRP is implicated in a variety of neurobiological functions, including the mammalian target of rapamycin (mTOR) [5] and the extracellular signal-regulated
kinase 1/2 (ERK1/2) pathways [6].
Reduced FMRP results in a constellation of behavioral
and cognitive impairments, including specific weaknesses
in social cognition, communication and executive function
[7-9], in addition to neurological abnormalities. One of
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the most replicated neuroanatomical findings is greatly
and bilaterally enlarged caudate nucleus in FXS [10-12].
The caudate, via connections with the frontal lobe, is
involved in impulse control and attention [13], key executive functions known to be deficient in individuals
with FXS [9]. Accordingly, recent functional magnetic
resonance imaging (fMRI) research in individuals with
FXS has found evidence for alterations in the frontostriatal
circuitry underlying executive function skills, including
working memory and attention/inhibition [14].
Other neuroimaging research implicates specific neurotransmitter systems involving choline, glutamine and
gamma-aminobutyric acid (GABA) [15,16]. Research examining metabolic systems in FXS has burgeoned following the finding that silencing FMRP in the Fmr1-KO
mouse results in amplified signaling through specific G
protein coupled receptors (GPCRs) – group I metabotropic glutamate receptors (mGluR1 and mGluR5) [17]
and muscarinic acetylcholine receptors (mAChRs) [18].
Potential therapeutic interventions have been suggested
based on genetic and pharmacological manipulations,
which regulate GPCR signaling in Fmr1-KO mice, and
subsequently result in reduction of some maladaptive
behaviors associated with FXS [18,19]. Identification of
affected brain systems in humans with FXS can provide
links between the direct biological consequences of FMRP
silencing and the neurobiological/behavioral/cognitive
phenotypes of FXS, as well as provide endpoints for
monitoring pharmacological intervention.
To date, examination of specific brain systems in humans
with FXS is very limited. One in vivo investigation of
neurometabolite levels in males with FXS reported reduced choline/creatine ratios in bilateral dorsolateral prefrontal cortex [15], an integral part of the corticostriatal
executive functioning network in which aberrant functioning has been demonstrated in humans with FXS [14].
The present study sought to examine neurometabolite
levels in a broader sample of individuals with FXS, including both females and males, to address the hypothesis that similar neurometabolic profiles are present in
both sexes. Females, like males with fragile X syndrome,
have reduced FMRP, and disadvantageous cognitive and
behavioral symptoms, albeit to a lesser degree than their
male counterparts [20]. Furthermore, structural brain
abnormalities, including enlarged caudate nucleus, are
present in both males and females with FXS, although
some reports indicate less severe abnormalities for
females [10,21-23]. An innovative component of the
current study is that individuals with FXS were compared to individuals without FXS matched for age, sex
and general intellectual functioning. Thus significant
differences observed in neurometabolite profiles would
be primarily linked to FXS and not cognitive functioning in general.
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We examined the caudate nucleus because previous evidence has indicated this region’s importance to our understanding of the neurobiological basis of FXS [10-12,14,24].
Metabolic concentrations for the major proton metabolites were estimated with in vivo single-voxel proton
magnetic resonance spectroscopy (MRS) and included
N-acetylaspartate (NAA), creatine, choline, myo-inositol,
glutamate, and glutamine + glutamate (Glx). We hypothesized that individuals with FXS, including females, would
display lower levels of choline and glutamate-related
metabolites relative to the comparison group.

Methods
The participants included 27 adolescents and young adults
with FXS (confirmed via evidence of full FMR1 mutation
on DNA testing utilizing standard Southern blot techniques; mean age = 20.79 years, SD = 3.38, 18 females),
and a comparison group of 24 individuals without FXS
(confirmed via genetic screening [25]; mean age = 19.64 years,
SD = 2.82, 13 females). Participants in the comparison
group were diagnosed with idiopathic developmental
delay, intellectual disability or learning disability, and were
matched to the FXS group for age, sex and general intellectual level (Ps >0.10). Potential participants in the comparison group were excluded for any other known genetic
condition, premature birth, low birth weight, or a history
of severe psychiatric, neurological or medical disorder.
Participants were free from magnetic resonance imaging
(MRI) contraindications. Participants were recruited across
the USA and Canada through advertisements, referrals,
word of mouth and from our database. Participants
and/or their parents gave written informed consent and
assent to participate in the study. All protocols were approved by the Institutional Review Board at Stanford
University, CA, USA.
Participant medications were grouped into three classes:
1) stimulants; 2) selective serotonin reuptake inhibitors
(SSRIs); and 3) atypical antipsychotics, anticonvulsants
and other drugs affecting neurological functioning. The
association of medication class with metabolite concentration was assessed via multiple regression, separately
in each participant group. One participant in the FXS
group was taking the acetylcholinesterase inhibitor donepezil. Given this drug’s intended effect on the cholinergic
system we considered this participant a potential outlier
for all subsequent analyses.
General intellectual function was assessed via the
Wechsler Abbreviated Scale of Intelligence (age 17 years
or older) [26] or the Wechsler Intelligence Scale for
Children (age younger than 17 years) [27]. Executive
functioning was assessed via the Contingency Naming
Test (CNT), a measure of processing speed and inhibition
[28]. Parent ratings included the Aberrant Behavior
Checklist [29] which measures problem behaviors and
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the Achenbach Adult or Child Behavior Checklist attention subscale which measures attention problems [30,31].
Participants were scanned on a 3 Tesla MRI Scanner
(GE Signa, Milwaukee, WI, USA) at the Lucas Center
for Neuroimaging, Stanford University, using one of two
custom single-channel quadrature head coils (one head
coil was decommissioned midway through the study).
A T2-weighted gradient echo spiral pulse sequence
(TE1 = 17 ms, TE2 = 85.0 ms, TR = 4000 ms, FOV = 24 cm,
slice thickness = 5 mm, gap = 0 mm, slices = 19, frequency
x phase = 256 × 192) was used to produce an image on
which a 1.5 cm isotropic voxel was prescribed, encompassing as much of the right caudate head as possible
(Figure 1). Given the voxel’s cubic shape and its size
(larger than the caudate head) the voxel included portions of the adjacent lateral ventricle, the surrounding
periventricular and frontal white matter, and the anterior aspect of the putamen. Due to scanning duration
limitations we were only able to examine one region of
interest and we chose the right hemisphere given its
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strong implication in FXS-deficient executive functioning networks [14].
Single-voxel MRS of this region was acquired via constanttime point-resolved spectroscopy (CT-PRESS; average
TE = 139 ms, n1 = 129, Δt½ = 0.8 ms) [32]. The resulting
spectra were analyzed with MATLAB (Natick, MA, USA)
as described previously [33]. Metabolite signals, determined by peak integration (with an interval of ±6 Hz), included the major proton metabolites, NAA (2.01 ppm),
creatine (3.03 and 3.93 ppm), choline (3.24 ppm), myoinositol (3.58 ppm), glutamate (2.36 ppm) and Glx
(3.78 ppm) (Figure 2). An acquisition was acquired without water suppression to measure tissue water content
(including cerebrospinal fluid (CSF)), which was then used
to normalize concentrations of each metabolite thus
accounting for tissue fraction in the voxel [33,34].
Spectra were included only if the signal-to-noise ratio
(SNR) of the NAA peak was equal to or greater than 15
and the spectral line width was less than 20 Hz. Nine
spectra from participants in the FXS group and seven

Figure 1 Example voxel placement. MRS voxel (black square) displayed on high resolution T1-weighted image for one example participant (from
the comparison group). (A) Axial, (B) coronal and (C) sagittal. We placed 1.5 cm isotropic voxels over the head of the right caudate nucleus. Voxels
were placed to maximize caudate head tissue. Note: original voxel was positioned on T2-weighted image, but high resolution T1-weighted image is
shown here for enhanced resolution in sagittal and coronal planes. A, anterior; I, inferior; L, left; MRS, magnetic resonance spectroscopy; P, posterior;
R, right; S, superior.
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Figure 2 Example spectra. Example spectra for one individual from the comparison group (left) and one individual from the FXS group (right).
Signal is in arbitrary units. Cho, choline; Glu, glutamate; Glx, glutamine + glutamate; mI, myo-inositol; NAA, N-acetylaspartate; tCr, creatine.

spectra from participants in the comparison group were
eliminated, resulting in a final sample size of 18 participants with FXS (14 females) and 18 participants in the
comparison group (ten females). These smaller groups
did not differ in age, sex or general intelligence (Ps >0.10),

and all subsequent reporting includes only this final
sample (Table 1).
The coordinate location of the MRS voxel was used to
prescribe a corresponding 1.5 cm isotropic voxel on
each participant’s T2-weighted anatomical image. Brain

Table 1 Cognitive measures and medications
Measure

Group

N

Mean

Minimum

Maximum

SD

Age

FXS

18

20.54

15.39

25.85

3.57

Comparison

18

19.80

16.59

25.85

2.61

FXS

18

80.22

46

119

21.08

Comparison

18

72.56

46

100

18.77

Performance IQ

FXS

18

72.78

48

118

18.46

Comparison

18

76.89

55

121

20.36

Full Scale IQ

FXS

18

74.56

44

119

20.61

Comparison

18

72.72

48

111

19.68

Contingency Naming Test (CNT)

FXS

16

17.73

6.61

47.65

10.32

Comparison

16

17.02

4.29

36.00

9.93

Verbal IQ

Aberrant Behavior Checklist
Achenbach attention

FXS

15

19.33

0

90

24.85

Comparison

17

19.65

0

74

19.68

FXS

17

59.65

50

83

9.36

50

75

6.70

Comparison

17

62.35

N

Percent (%)

FXS

4

22.22

Comparison

3

16.67

Stimulants

FXS

2

11.11

Comparison

7

38.88

Other

FXS

4

22.22

Comparison

0

0

FXS

10

27.78

Comparison

10

27.78

Medications
SSRI

Medication-free

Standard scores are reported for Verbal, Performance and Full Scale IQ; higher scores indicate better performance. The CNT score is the number of items correct
(out of 27) divided by the time to completion; higher scores indicate better performance. Raw scores are reported for the Aberrant Behavior Checklist; higher scores
indicate greater prevalence of aberrant behavior. Achenbach attention refers to the Adult or Child Behavior Checklist attention subscale, T scores are reported for this
test (range = 1 to 100, mean = 50); higher scores indicate greater attention problems. CNT Contingency Naming Test, FXS fragile X syndrome, IQ intelligence quotient,
Other, atypical antipsychotics, anticonvulsants and other drugs affecting neurological functioning; SSRI selective serotonin reuptake inhibitor.
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extraction and segmentation tools from the Oxford
Centre for Functional MRI of the Brain (Oxford, UK;
FSL, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) were used to segment each T2-weighted image, and calculate the percentage of each tissue type (grey matter, white matter, CSF)
within each MRS voxel.
Our primary analysis compares metabolite ratios relative to creatine (3.03 ppm), but we also report absolute
values as a secondary analysis. A general linear model
framework was employed to evaluate group differences
in metabolite concentrations and performance on cognitive/
behavioral assessments. Our primary goal was to compare
group differences in choline and glutamate-related metabolites; comparisons of NAA and myo-inositol are included as
exploratory analyses. Thus, multiple comparison correction
was not warranted. Although the number of participants
scanned with each head coil type did not differ between
groups (χ2 = 0.468, P >0.10), head coil type was related to
within group metabolite concentration and was therefore
added as a covariate in analyses of metabolite concentration.
The MRS voxel contained a greater proportion of grey
matter (P = 0.015) and a correspondingly smaller proportion of CSF (P = 0.035) for individuals with FXS relative
to individuals in the comparison group; white matter
proportions did not differ (P >0.10, Table 2). SNR and
line width did not differ between groups (Ps >0.10). The
model assessing group differences in metabolite concentration ratios included group (FXS versus comparison)
as the independent variable, metabolite concentration
ratio as the dependent variable, and head coil type and
Table 2 Metabolite concentrations
Metabolite concentrations

Group

NAA/creatine

FXS

Glutamate/creatine
Choline/creatinea
myo-inositol/creatine
Glx/creatinea

Mean

SD

1.23

0.15

Comparison

1.38

0.24

FXS

0.19

0.13

Comparison

0.20

0.11

FXS

0.78

0.11

Comparison

0.87

0.14

FXS

0.14

0.05

Comparison

0.13

0.06

FXS

0.20

0.10

Comparison

0.26

0.10

FXS

0.35

0.03

Comparison

0.33

0.02

FXS

0.34

0.04

Voxel composition (% total volume)
Grey mattera
White matter
Cerebrospinal fluid (CSF)a
a

Comparison

0.33

0.02

FXS

0.31

0.06

Comparison

0.34

0.03

Significant group difference. CSF cerebrospinal fluid, FXS fragile X syndrome,
Glx glutamine + glutamate, NAA N-acetylaspartate.

grey matter percentage as covariates. Due to the high
variability in absolute metabolite values we used the nonparametric Mann–Whitney U test, and thus were unable
to account for head coil type and grey matter percentage
as covariates at the group level for these absolute values,
but metabolite concentrations were normalized for voxel
tissue fractions at the individual level. We assessed within
group relationships between metabolite concentration
ratios and cognitive/behavioral assessment scores with
two-tailed Pearson’s correlations.

Results
All results are presented for the 18 participants in each
group with useable spectra. Age, cognitive test scores
and parent reports of behavior did not differ between
groups (all Ps >0.10, Table 1). Of this final set of participants, eight individuals in each group were taking
medications in one or more of the classes listed: 1)
stimulants; 2) SSRIs; and 3) atypical antipsychotics, anticonvulsants and other drugs affecting neurological functioning. The number and percentage of individuals in
each group taking each class of medication is presented in
Table 1. Within the FXS group, three individuals were
taking SSRIs only, five individuals were taking medications
in class 3 only, two individuals were taking both stimulants
and SSRIs, and three individuals were taking both SSRIs
and medications in class 3. Within the comparison group,
five individuals were taking stimulants only, one individual
was taking an SSRI only, one individual was taking a medication in class 3 only, and three individuals were taking
both stimulants and SSRIs.
We observed reduced choline/creatine ratios (P = 0.027)
and Glx/creatine ratios (P = 0.032) in the FXS group relative to the comparison group (Table 2, Figure 3). There
was a trend for reduced NAA/creatine in the FXS group
(P = 0.082); glutamate/creatine and myo-inositol/creatine
concentrations did not differ (Ps >0.10). The pattern of
results and significance did not change with the individual taking donepezil excluded: the FXS group displayed
reduced choline/creatine (P = 0.015) and Glx/creatine
(P = 0.025); NAA/creatine, glutamate/creatine and myoinositol/creatine levels did not differ (Ps >0.10). When
comparing absolute values we observed reduced choline
(P = 0.010), Glx (P = 0.031) and NAA (P = 0.012) in the
FXS group relative to the comparison group. Glutamate,
myo-inositol and creatine concentrations did not differ
(Ps >0.10).
Choline/creatine and Glx/creatine ratios were also compared between female only subgroups (14 females in FXS
group, ten females in comparison group), which did not
differ in age or general intellectual functioning (Ps >0.10).
For females only, the FXS group displayed significantly lower choline/creatine (P = 0.027) and Glx/creatine
(P = 0.043) levels relative to the comparison group. Statistical
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Figure 3 Metabolite concentration by group. Metabolite concentrations are in arbitrary units, relative to creatine. * indicates significant group
difference. FXS group N = 18; comparison group N = 18. Group means are indicated by horizontal line. FXS, fragile X syndrome; NAA, N-acetylaspartate.

analyses were not undertaken for male subgroups due
to sample size (four males in FXS group, eight males in
comparison group), although effect sizes for between
group differences in choline/creatine and Glx/creatine
levels were similar to those for females (choline/creatine
Glass’s Δ female = 0.569, male = 0.513; Glx/creatine Glass’s
Δ female = 0.546, male = 0.604).
Within group analysis of medication effects on each
metabolite ratio indicated that metabolite concentration
was not significantly related to medication status in either
group (all Ps >0.10). Group comparisons of metabolite
concentration were repeated including only medicationfree individuals (ten individuals in each group). Choline/
creatine and Glx/creatine levels were lower for the FXS
group, but the differences did not reach significance
(Ps >0.10).
As an exploratory analysis we examined within group
correlations between metabolites for which we found a
significant group difference – choline/creatine and Glx/
creatine – age, and cognitive/behavioral scores. There
were no significant correlations within either group (all
Ps >0.10); results did not change when excluding the
participant taking donepezil (Ps >0.10).

Discussion
The present study employed single-voxel MRS to examine in vivo neurometabolite concentrations in humans
with FXS and provides direct evidence of altered metabolite concentration in the caudate nucleus. We demonstrate significantly reduced levels of choline/creatine and
Glx/creatine in a group of males and females with FXS,
relative to a group of individuals without FXS who were
matched for age, sex and general intellectual functioning. These results are in line with the only previously
published human FXS MRS study [15] and they corroborate previous reports of altered neurometabolic functioning
in animal models of FXS [16]. Aberrant neurometabolite

levels may underlie some of the clinical symptoms seen in
FXS and they may be related to aberrant receptor signaling seen in animal models [17,18].
FXS has previously been associated with greatly enlarged caudate size [10-12] and aberrant frontostriatal
executive functioning networks [14,24]. We provide evidence for altered metabolite concentrations, further elucidating atypical caudate neurobiology in FXS. Given the
caudate’s role in learning, memory and executive functions [13], aberrant metabolite levels in this region may
mediate some of the behavioral and cognitive deficits
associated with FXS. Although the precise effects of FMRP
on neurometabolism are not fully understood, recent findings indicate that lack of FMRP results in aberrant functioning of specific GPCRs, mAChRs and mGluRs [17,18],
which are highly expressed in striatal circuits [35]. Therefore, the altered neurometabolite levels reported here may
be related to hypersensitive mAChR and mGluR signaling.
Additionally, FMRP plays a role in regulating calciumdependent potassium (BK) channels, which are highly
expressed in striatal circuits and may also contribute to
altered metabolite levels [36]. The direct causal pathway
between hypersensitive receptor functioning, BK channel
dysregulation and decreased metabolite levels revealed by
MRS has yet to be determined, but our results provide an
important, although indirect, link.
Glutamate, glutamine and GABA contribute to the
Glx peak at 3.78 ppm, although the contribution of GABA
is extremely small [37]. Glutamate and glutamine levels
are indirectly related to glutamatergic signaling, which is
critical for synaptic plasticity and learning [38]; thus,
decreased Glx may be a biomarker for learning deficits
associated with FXS. A pilot study examining premutation
carriers of the FMR1 gene did not find glutamatergic abnormalities in this condition [39], which is associated with
between 55 to 200 CGG repeats and generally normal,
though potentially variable overall FMRP production [40].
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However, decreased levels of MRS visible Glx have been
reported for individuals with autism spectrum disorders
(ASD) [41], a set of behaviorally defined disorders in
which cognitive and behavioral symptoms overlap with
those observed in FXS [42]. As with FXS, animal models
of ASD have revealed functional abnormalities in both
excitatory (glutamate) and inhibitory (GABA) systems
[43-45]. These findings suggest some degree of common
neurobiological alteration despite differential origin for
cognitive and behavioral symptoms in FXS (reduced
FMRP) and idiopathic ASD (variable unknown causes).
MRS examinations of ASD have reported decreased
levels of NAA [46,47], which has not been previously
shown in FXS, although we did report a trend for lower
NAA/creatine ratios and lower absolute NAA in FXS.
Future studies comparing ASD to FXS directly may be
needed to understand common and divergent neurobiological underpinnings.
The MRS visible choline peak at 3.22 ppm includes
phosphocholine and glycerophosphocholine, phospholipids
involved in membrane synthesis and integrity, which are
markers of cellular density [48]. Decreased choline within
the FXS group may be indicative of decreased overall cellular density in the caudate. Free choline, the precursor for
acetylcholine, represents a relatively small portion of the
MRS visible choline peak, yet this peak correlates with
in vivo acetylcholine measured in rat brain [49]. This
animal research suggests reduced choline may indicate
altered acetylcholine levels in humans, but more evidence
is needed to determine the reliability of MRS signal as a
marker of acetylcholine level. Such a non-invasive marker
would be extremely useful for the study of FXS given the
evidence for altered acetylcholine receptor signaling in
Fmr1-KO mice [18].
Our primary results suggest that choline and Glx differences are present in both males and females with FXS.
Analysis for females only confirms that females with FXS
have significantly reduced choline and Glx which, in
context with previous research demonstrating altered
metabolite levels in males [15], indicates that these
neurometabolic systems may be viable candidates for
pharmacological treatment endpoints in both sexes. We
did not have a large enough sample of male participants
to draw conclusions regarding males, but similar effect
sizes for male and female participants indicate that similar altered metabolite concentration may exist in both
sexes. Future studies with larger sample sizes in each
sex are essential for expanding knowledge in this area.
We explored the relationship between neurometabolite
concentration and cognitive/behavioral functioning within
each group, but found no significant correlations. The
measures of cognitive/behavioral functioning we utilized
may not have been sensitive enough to detect such relationships and we did not include specific measures of
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learning or memory, which may be related to choline [50]
and glutamine [38] metabolism. Furthermore, sex differences or medication usage may have obscured the relationship between cognitive/behavioral functioning and
metabolite concentration. Larger sample sizes, wider age
ranges and longitudinal data points are required to clearly
elucidate such complex brain/behavior relationships.
The nature of our study population dictated inclusion
of participants taking medication and, although there was
no within group relationship between metabolite concentration and medication usage, we cannot rule out the
possibility that medication has some effect on metabolite
concentration. Our post hoc analysis including only
medication-free individuals showed a trend for lower
choline/creatine and Glx/creatine for the FXS group,
but differences did not reach significance. Including
only medication-free individuals biased our sample toward higher functioning individuals in each group and
reduced the statistical power. Larger-scale investigations
are required to adequately address the relationships among
metabolite concentration, medication usage and phenotypes associated with FXS.
We present metabolite data referenced to creatine, a
metabolite widely used as a reference in human MRS,
because its concentration remains stable regardless of
changes in energy metabolism or disease progression [51],
although research suggests creatine levels may be altered
in the Fmr1-KO mouse [16]. Therefore, we conducted a
secondary analysis using absolute water referenced values
for each metabolite and noted significant group differences in choline and Glx, as well as in NAA. We interpret
the difference in NAA with caution, since we were not
able to account for group level covariates in the analysis
of absolute concentration and we noted only a trend for
lower values in the FXS group on the NAA/creatine
ratio. Importantly, we did not find a significant group
difference in creatine, supporting the use of that metabolite as a reference in our analysis. We were unable to quantify GABA or glutamine concentrations individually, or to
examine more than one region of interest, given our
limited time frame for MRI data acquisition. Future investigations employing higher magnet strength, spectral
editing and multi-voxel imaging may further elucidate
the neurometabolic alterations in FXS.

Conclusions
We have demonstrated a significant decrease in choline
and a combined measure of glutamate and glutamine in
the caudate of individuals with FXS, as compared to individuals matched for age, sex and intellectual functioning.
These findings corroborate previous reports that FXS is
associated with deficits in choline and glutamate-related
neurometabolites. Further research is required to determine the exact causal pathway between limited FMRP and
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altered neurometabolism, as well as the relationship between in vivo metabolite concentrations and hypersensitive cholinergic and glutamatergic receptor functioning
reported in animal models. Identification of the specific
neurometabolic changes involved in FXS dysfunction could
produce critical biomarkers for utilization in diseasespecific pharmacological treatments. Targeted pharmacological treatments aimed at correcting the neurometabolic
system deficits associated with FXS would represent an
immense improvement over current therapies used to
ameliorate behaviors associated with the disorder. Our
results and animal research [16] suggest multiple neurotransmitter system involvement; thus, more than one
targeted treatment may be required to adequately address all the behavioral and cognitive issues associated
with FXS. Neurobiological imaging modalities such as
MRS may help elucidate mechanisms and neural circuits by which absent or reduced FMRP relates to the
behavioral and cognitive deficits associated with FXS.
Abbreviations
ASD: Autism spectrum disorders; CSF: Cerebrospinal fluid; CT-PRESS: Constanttime point-resolved spectroscopy; CNT: Contingency naming test; TE: Echo
time; ERK: Extracellular signal-regulated kinase; FOV: Field of view; FMR1: Fragile
X mental retardation 1; FMRP: Fragile X mental retardation protein; FXS: Fragile
X syndrome; fMRI: Functional magnetic resonance imaging; GPCR: G protein
coupled receptors; GABA: Gamma-aminobutyric acid; Glx: Glutamine +
glutamate; IQ: Intelligence quotient; KO: Knockout; MRI: Magnetic resonance
imaging; MRS: Magnetic resonance spectroscopy; mTOR: Mammalian target of
rapamycin; mGluR: Metabotropic glutamate receptor; mGluR1: Metabotropic
glutamate receptor 1; mGluR5: Metabotropic glutamate receptor 5;
mAChR: Muscarinic acetylcholine receptor; NAA: N-acetylaspartate;
TR: Repetition time; SSRI: Selective serotonin reuptake inhibitor; SNR: Signal-tonoise ratio.
Competing interests
ALR disclosed consulting for Novartis (Basel, Switzerland) for biomarkers of FXS
based on neuroimaging data. JLB, EWS, EMQ, MR, SP, DS, DM, MG and AAL
reported no biomedical financial interests or potential conflicts of interest.
Authors’ contributions
JLB carried out the statistical analysis and drafted the manuscript. ALR
conceived of the study, participated in its design and coordination, and
helped to draft the manuscript. EWS, EMQ, MR, SP and AAL recruited
participants, collected the data, and helped to analyze the data and draft the
manuscript. DS, DM and MG contributed to MRS pulse sequence design,
spectroscopy data analysis and interpretation. All authors read and approved
the final manuscript.
Acknowledgements
This work was supported by the National Institute of Health (NIH5R01MH50047 to ALR, and T32-MH19908 to ALR and JLB). We wish to thank the
families who participated in this research.
Author details
1
Center for Interdisciplinary Brain Sciences Research, Stanford University, 401
Quarry Road, Stanford, CA 94305-5795, USA. 2Department of Radiology,
Stanford University, 300 Pasteur Drive, Stanford, CA 94305-5105, USA.
3
Neuroscience Program, SRI International, 333 Ravenswood Avenue, Menlo
Park, CA 94025-3493, USA. 4Department of Pediatrics, Stanford University, 300
Pasteur Drive, Stanford, CA 94305-5208, USA.
Received: 18 April 2013 Accepted: 14 August 2013
Published: 28 August 2013

Page 8 of 9

References
1. Coffee B, Keith K, Albizua I, Malone T, Mowrey J, Sherman SL, Warren ST:
Incidence of fragile X syndrome by newborn screening for methylated
FMR1 DNA. Am J Hum Genet 2009, 85:503–514.
2. Verkerk AJ, Pieretti M, Sutcliffe JS, Fu YH, Kuhl DP, Pizzuti A, Reiner O,
Richards S, Victoria MF, Zhang FP, Eussen BE, van Ommen GJB, Blonden LAJ,
Riggins GJ, Chastain JL, Kunst CB, Galjaard H, Caskey CT, Nelson DL, Oostra BA,
Warren ST: Identification of a gene (FMR-1) containing a CGG repeat
coincident with a breakpoint cluster region exhibiting length variation in
fragile X syndrome. Cell 1991, 5:905–914.
3. Irwin SA, Patel B, Idupulapati M, Harris JB, Crisostomo RA, Larsen BP, Kooy F,
Willems PJ, Cras P, Kozlowski PB, Swain RA, Weiler IJ, Greenough WT:
Abnormal dendritic spine characteristics in the temporal and visual
cortices of patients with fragile-X syndrome: a quantitative examination.
Am J Med Genet 2001, 98:161–167.
4. Penzes P, Cahill ME, Jones KA, VanLeeuwen JE, Woolfrey KM: Dendritic spine
pathology in neuropsychiatric disorders. Nat Neurosci 2011, 14:285–293.
5. Sharma A, Hoeffer CA, Takayasu Y, Miyawaki T, McBride SM, Klann E, Zukin RS:
Dysregulation of mTOR signaling in fragile X syndrome. J Neurosci 2010,
30:694–702.
6. Osterweil EK, Krueger DD, Reinhold K, Bear MF: Hypersensitivity to mGluR5
and ERK1/2 leads to excessive protein synthesis in the hippocampus of
a mouse model of fragile X syndrome. J Neurosci 2010, 30:15616–15627.
7. Murphy MM, Abbeduto L, Schroeder S, Serlin R: Contribution of social and
information-processing factors to eye-gaze avoidance in fragile X syndrome.
Am J Ment Retard 2007, 112:349–360.
8. Hall SS, Burns DD, Lightbody AA, Reiss AL: Longitudinal changes in
intellectual development in children with Fragile X syndrome. J Abnorm
Child Psychol 2008, 36:927–939.
9. Hooper SR, Hatton D, Sideris J, Sullivan K, Hammer J, Schaaf J, Mirrett P,
Ornstein PA, Bailey DP Jr: Executive functions in young males with fragile
X syndrome in comparison to mental age-matched controls: baseline
findings from a longitudinal study. Neuropsychology 2008, 22:36–47.
10. Bray S, Hirt M, Jo B, Hall SS, Lightbody AA, Walter E, Chen K, Patnaik S,
Reiss AL: Aberrant frontal lobe maturation in adolescents with fragile X
syndrome is related to delayed cognitive maturation. Biol Psychiatry
2011, 70:852–858.
11. Hazlett HC, Poe MD, Lightbody AA, Gerig G, Macfall JR, Ross AK, Provenzale J,
Martin A, Reiss AL, Piven J: Teasing apart the heterogeneity of autism: Same
behavior, different brains in toddlers with fragile X syndrome and
autism. J Neurodev Disord 2009, 1:81–90.
12. Hoeft F, Carter JC, Lightbody AA, Cody Hazlett H, Piven J, Reiss AL:
Region-specific alterations in brain development in one- to three-year-old
boys with fragile X syndrome. Proc Natl Acad Sci U S A 2010,
107:9335–9339.
13. Provost JS, Petrides M, Monchi O: Dissociating the role of the caudate
nucleus and dorsolateral prefrontal cortex in the monitoring of events
within human working memory. Eur J Neurosci 2010, 32:873–880.
14. Hoeft F, Hernandez A, Parthasarathy S, Watson CL, Hall SS, Reiss AL: Frontostriatal dysfunction and potential compensatory mechanisms in male
adolescents with fragile X syndrome. Hum Brain Mapp 2007, 28:543–554.
15. Kesler SR, Lightbody AA, Reiss AL: Cholinergic dysfunction in fragile X
syndrome and potential intervention: a preliminary 1H MRS study. Am J
Med Genet A 2009, 149A:403–407.
16. Davidovic L, Navratil V, Bonaccorso CM, Catania MV, Bardoni B, Dumas ME:
A metabolomic and systems biology perspective on the brain of the
fragile X syndrome mouse model. Genome Res 2011, 21:2190–2202.
17. Bear MF, Huber KM, Warren ST: Trends Neurosci 2004, 27:370–377.
18. Veeraragavan S, Bui N, Perkins JR, Yuva-Paylor LA, Carpenter RL, Paylor R:
Modulation of behavioral phenotypes by a muscarinic M1 antagonist in
a mouse model of fragile X syndrome. Psychopharmacology (Berl) 2011,
217:143–151.
19. Thomas AM, Bui N, Perkins JR, Yuva-Paylor LA, Paylor R: Group I
metabotropic glutamate receptor antagonists alter select behaviors in a
mouse model for fragile X syndrome. Psychopharmacology (Berl) 2012,
219:47–58.
20. Lightbody AA, Hall SS, Reiss AL: Chronological age, but not FMRP levels,
predicts neuropsychological performance in girls with fragile X
syndrome. Am J Med Genet B Neuropsychiatr Genet 2006, 141B:468–472.
21. Gothelf D, Furfaro JA, Hoeft F, Eckert MA, Hall SS, O'Hara R, Erba HW, Ringel J,
Hayashi KM, Patnaik S, Golianu B, Kraemer HC, Thompson PM, Piven J, Reiss AL:

Bruno et al. Journal of Neurodevelopmental Disorders 2013, 5:20
http://www.jneurodevdisorders.com/content/5/1/20

22.

23.

24.

25.

26.
27.
28.
29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.
43.

44.

45.

Neuroanatomy of fragile X syndrome is associated with aberrant behavior
and the fragile X mental retardation protein (FMRP). Ann Neurol 2008,
63:40–51.
Eliez S, Blasey CM, Freund LS, Hastie T, Reiss AL: Brain anatomy, gender
and IQ in children and adolescents with fragile X syndrome. Brain 2001,
124:1610–1618.
Lee AD, Leow AD, Lu A, Reiss AL, Hall S, Chiang MC, Toga AW, Thompson PM:
3D pattern of brain abnormalities in fragile X syndrome visualized using
tensor-based morphometry. Neuroimage 2007, 34:924–938.
Menon V, Leroux J, White CD, Reiss AL: Frontostriatal deficits in fragile X
syndrome: relation to FMR1 gene expression. Proc Natl Acad Sci U S A 2004,
101:3615–3620.
Tassone F, Pan R, Amiri K, Taylor AK, Hagerman PJ: A rapid polymerase
chain reaction-based screening method for identification of all
expanded alleles of the fragile X (FMR1) gene in newborn and high-risk
populations. J Mol Diagn 2008, 10:43–49.
Wechsler D: Wechsler Abbreviated Scale of Intelligence. San Antonio: The
Psychological Corporation; 1999.
Wechsler D: Wechsler Intelligence Scale for Children. 3rd edition. San Antonio:
The Psychological Corporation; 1991.
Taylor H: Learning disabilities. In Behavioral Assessments of Childhood Disorders.
Edited by Mash EJ, Terdal LG. New York: Guilford Press; 1988:402–405.
Aman MG, Burrow WH, Wolford PL: The aberrant behavior checklist-community:
factor validity and effect of subject variables for adults in group homes.
Am J Ment Retard 1995, 100:283–292.
Achenbach TM, Rescorla LA, Achenbach TM, Rescorla LA: Manual for the
ASEBA Adult Forms & Profiles. Burlington: University of Vermont, Research
Center for Children, Youth, and Families; 2003.
Achenbach TM: Manual for the Child Behavior Checklist 4–18 and 1991 Profile.
Burlington: University of Vermont, Department of Psychiatry; 1991.
Dreher W, Leibfritz D: Detection of homonuclear decoupled in vivo proton
NMR spectra using constant time chemical shift encoding: CT-PRESS.
Magn Reson Imaging 1999, 17:141–150.
Mayer D, Zahr NM, Sullivan EV, Pfefferbaum A: In vivo metabolite
differences between the basal ganglia and cerebellum of the rat brain
detected with proton MRS at 3T. Psychiatry Res 2007, 154:267–273.
Zahr NM, Mayer D, Pfefferbaum A, Sullivan EV: Low striatal glutamate
levels underlie cognitive decline in the elderly: evidence from in vivo
molecular spectroscopy. Cereb Cortex 2008, 18:2241–2250.
Hersch SM, Gutekunst CA, Rees HD, Heilman CJ, Levey AI: Distribution of
m1-m4 muscarinic receptor proteins in the rat striatum: light and
electron microscopic immunocytochemistry using subtype-specific
antibodies. J Neurosci 1994, 14:3351–3363.
Deng PY, Rotman Z, Blundon JA, Cho Y, Cui J, Cavalli V, Zakharenko SS,
Klyachko VA: FMRP regulates neurotransmitter release and synaptic
information transmission by modulating action potential duration via BK
channels. Neuron 2013, 77:696–711.
Soares DP, Law M: Magnetic resonance spectroscopy of the brain: review
of metabolites and clinical applications. Clin Radiol 2009, 64:12–21.
Robbins TW, Murphy ER: Behavioural pharmacology: 40+ years of progress,
with a focus on glutamate receptors and cognition. Trends Pharmacol Sci
2006, 27:141–148.
Hallahan BP, Daly EM, Simmons A, Moore CJ, Murphy KC, Murphy DD:
Fragile X syndrome: a pilot proton magnetic resonance spectroscopy
study in premutation carriers. J Neurodev Disord 2012, 4:23.
Tassone F, Hagerman RJ, Taylor AK, Mills JB, Harris SW, Gane LW, Hagerman PJ:
Clinical involvement and protein expression in individuals with the FMR1
premutation. Am J Med Genet 2000, 91:144–152.
Bernardi S, Anagnostou E, Shen J, Kolevzon A, Buxbaum JD, Hollander E,
Hof PR, Fan J: In vivo 1H-magnetic resonance spectroscopy study of the
attentional networks in autism. Brain Res 2011, 1380:198–205.
Gabis LV, Baruch YK, Jokel A, Raz R: Psychiatric and autistic comorbidity in
fragile X syndrome across ages. J Child Neurol 2011, 26:940–948.
Coghlan S, Horder J, Inkster B, Mendez MA, Murphy DG, Nutt DJ: GABA
system dysfunction in autism and related disorders: from synapse to
symptoms. Neurosci Biobehav Rev 2012, 36:2044–2055.
Gogolla N, Leblanc JJ, Quast KB, Südhof TC, Fagiolini M, Hensch TK:
Common circuit defect of excitatory-inhibitory balance in mouse models
of autism. J Neurodev Disord 2009, 1:172–181.
Wang LW, Berry-Kravis E, Hagerman RJ: Fragile X: leading the way for
targeted treatments in autism. Neurotherapeutics 2010, 7:264–274.

Page 9 of 9

46. O'Brien FM, Page L, O'Gorman RL, Bolton P, Sharma A, Baird G, Daly E,
Hallahan B, Conroy RM, Foy C, Curran S, Robertson D, Murphy KC, Murphy DG:
Maturation of limbic regions in Asperger syndrome: a preliminary study
using proton magnetic resonance spectroscopy and structural magnetic
resonance imaging. Psychiatry Res 2010, 184:77–85.
47. Ipser JC, Syal S, Bentley J, Adnams CM, Steyn B, Stein DJ: 1H-MRS in autism
spectrum disorders: a systematic meta-analysis. Metab Brain Dis 2012,
27:275–287.
48. Ross AJ, Sachdev PS: Magnetic resonance spectroscopy in cognitive
research. Brain Res Brain Res Rev 2004, 44:83–102.
49. Wang XC, Du XX, Tian Q, Wang JZ: Correlation between choline signal
intensity and acetylcholine level in different brain regions of rat.
Neurochem Res 2008, 33:814–819.
50. Sarter M, Bruno JP, Givens B: Attentional functions of cortical cholinergic
inputs: what does it mean for learning and memory? Neurobiol Learn
Mem 2003, 80:245–256.
51. Yiannoutsos CT, Nakas CT, Navia BA, Proton MRS Consortium: Assessing
multiple-group diagnostic problems with multi-dimensional receiver
operating characteristic surfaces: application to proton MR spectroscopy
(MRS) in HIV-related neurological injury. Neuroimage 2008, 40:248–255.
doi:10.1186/1866-1955-5-20
Cite this article as: Bruno et al.: Aberrant basal ganglia metabolism in
fragile X syndrome: a magnetic resonance spectroscopy study. Journal
of Neurodevelopmental Disorders 2013 5:20.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

