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Introduction
Fragile X syndrome (FXS) is the most common inherited form
of intellectual disability, resulting from a trinucleotide repeat
expansion (full mutation > 200 CGG repeats) in the
5′-untranslated region of the fragile X mental retardation 1
(FMR1) gene located at Xq27.3. This expansion results in hypermethylation of the FMR1 gene promoter and the subsequent reduction or absence of the gene’s protein product
(FMRP), ultimately causing cognitive and behavioral impairments characteristic of the syndrome (Fu et al. 1991; Tassone
et al. 1999). For example, a lack of FMRP production is associated with abnormal brain development and function in affected people and animal knockout (KO) models of the
disorder (Barnea-Goraly et al. 2003; Hessl et al. 2004; Bagni
and Greenough 2005; Lightbody and Reiss 2009). The severity
of brain dysfunction and resulting cognitive and behavioral
impairment varies across people with FXS and may partly be
related to amount of FMRP production (Keysor and Mazzocco
2002; Reiss and Dant 2003).
Along with intellectual disability, the presence of signiﬁcant problems of hyper arousal, social anxiety, withdrawal,

social deﬁcits, and gaze aversion have been well documented
in FXS (Bregman et al. 1988; Cohen et al. 1988; Cohen et al.
1991; Hagerman et al. 1991; Hessl et al. 2001; Hessl et al.
2005; Reiss and Freund 1992). However, research on the
brain basis of these behaviors in individuals with FXS has
been limited, especially in children and adolescents for whom
these deﬁcits can be particularly impactful. There have been a
few studies focusing on the pronounced gaze aversion characteristic of young children with FXS, suggesting that enhanced
and sustained amygdala activity in response to direct gaze
may underlie the gaze aversion observed in children with FXS
(Garrett et al. 2004; Watson et al. 2008). No prior studies have
investigated possible linkages between neural mechanisms of
emotional problems and FMR1 genetic factors in children and
adolescents on the FX spectrum, although a recent study reported a signiﬁcant relationship between FMR1 gene
expressions and frontostriatal activation to other cognitive
functions, such as executive control, in adolescents with FXS
(Hoeft et al. 2007). Two recent studies from our group have
shown dosage response of FMR1 gene expression on
emotional dysfunctions in adults with the fragile X (FX) premutation (55–200 CGG repeats), where we found signiﬁcant
relationships between amygdala activity to emotional stimuli
and abnormal elevation of FMR1 mRNA (Hessl et al. 2007)
and reduced FMRP (Hessl et al. 2011) in adult men with the
FX premutation.
The aforementioned studies suggest atypical amygdala
activity in response to gaze and emotional processing in individuals on the FX spectrum; namely, sustained amygdala
activity to direct gaze in children with FXS and reduced amygdala activity to emotional facial expression in FX premutation
carriers. In order to evaluate the role of the amygdala in FX,
however, it is necessary to understand the functional role of
the amygdala in typical development. The amygdala is a key
region of the brain known to play a crucial role in fear processing (Davis 1992; Adolphs et al. 1995). Both human and
animal studies have demonstrated amygdala involvement in
the acquisition, storage, and expression of conditioned fear
learning (Phelps and LeDoux 2005; LeDoux 2007). Moreover,
recent studies of the amygdala have shown that this structure
is involved in several aspects of social cognition, such as recognizing emotion in faces, judging the trustworthiness of a
person, and generating a sense of personal space (Adolphs
2010). In addition to brain imaging studies, lesion studies
support the role of the amygdala in social cognition and fear
processing as well. For instance, patients with amygdala
lesions have demonstrated deﬁcits in fear conditioning
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Mutations of the fragile X mental retardation 1 (FMR1) gene are the
genetic cause of fragile X syndrome (FXS). The presence of signiﬁcant socioemotional problems has been well documented in FXS
although the brain basis of those deﬁcits remains unspeciﬁed. Here,
we investigated amygdala dysfunction and its relation to socioemotional deﬁcits and FMR1 gene expression in children and adolescents on the FX spectrum (i.e., individuals whose trinucleotide CGG
repeat expansion from 55 to over 200 places them somewhere
within the fragile X diagnostic range from premutation to full
mutation). Participants performed an fMRI task in which they
viewed fearful, happy, and scrambled faces. Neuroimaging results
demonstrated that FX participants revealed signiﬁcantly attenuated
amygdala activation in Fearful > Scrambled and Fearful > Happy
contrasts compared with their neurotypical counterparts, while
showing no differences in amygdala volume. Furthermore, we found
signiﬁcant relationships between FMR1 gene expression, anxiety/
social dysfunction scores, and reduced amygdala activation in the
FX group. In conclusion, we report novel evidence regarding a
dosage response of the FMR1 gene on fear-speciﬁc functions of the
amygdala, which is associated with socioemotional deﬁcits in FXS.
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amygdala activity in response to fear-related events (i.e.,
Fearful > Happy and Fearful > Scrambled contrasts) compared
with their neurotypical counterparts. Also, we hypothesized
that fear-related amygdala functioning in our FX spectrum
group would be negatively correlated with their socioemotional deﬁcits. Finally, we expected to ﬁnd, in the FX group, a
dosage response of FMR1 gene expression such that amygdala activation for processing fear-related stimuli would be
related to the degree to which the FMR1 gene is behaving
normally.
Materials and Methods
Participants
Eighteen children and adolescents on the FX spectrum (FX group;
mean age: 14.0 years, SD = 2.97; Female: 12) and 20 neurotypical agematched controls (NT group; mean age: 13.7 years, SD = 3.24; Female:
10) with normal or corrected-to-normal vision participated in the
experiment. The FX group consisted of girls with full mutation and
boys and girls with mosaicism: 9 girls with full mutation, 3 girls with
methylation mosaicism (i.e., all cells containing a full mutation, but
with varying methylation patterns), 5 boys with methylation mosaicism, and 1 boy with size mosaicism (i.e., some cells containing a full
mutation and some containing a premutation). Allele status was conﬁrmed for all participants by FMR1 DNA testing. Two participants in
the FX group (i.e., 2 girls with full mutation) and 4 participants in the
NT group (i.e., 3 girls and 1 boy) were excluded from further analyses
due to excessive movement (>3 mm) in the MRI scanner. Group
demographic statistics and FMR1 data are shown in Table 1. Participants in the FX group were recruited and clinically evaluated at the
UC Davis MIND Institute, and control participants were recruited
through letters to families, ﬂiers, and word of mouth in Northern California. The Institutional Review Board at the University of California,
Davis, approved the experimental protocol. Prior to the experiment,
each participant’s caregiver provided informed written consent, and
all were compensated with $25 for our fMRI experiment, which lasted
for ∼1 h. Screening for MR safety was also completed on the day of
scanning to ensure eligibility for MRI. Ten FX participants in our
sample were taking medications (7 were on stimulants, 2 were on
antidepressants, and 2 were taking medications for ADHD symptoms). Participants received a battery of neuropsychological tests (detailed below) to assess intellectual ability and social and emotional
deﬁcits.
Neuropsychological Assessments
Cognitive ability was assessed for each participant based on Full-Scale
IQ (FSIQ) using 1 of 4 scales: the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler 1999), Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV; Wechsler 2004), Wechsler Adult
Intelligence Scale, Third Edition (WAIS-III; Wechsler 1997), or the
Stanford–Binet Intelligence Scales, Fifth Edition (Thorndike et al.
1986). Social dysfunction was measured based on caregiver-report
scores from the Social Responsiveness Scale (SRS; (Constantino and
Todd 2005). In addition, each participant’s anxiety level was assessed
by caregivers using the Anxiety Depression and Mood Scale (ADAMS;
Esbensen et al. 2003), which consisted of 5 subscale scores: General
Anxiety, Social Avoidance, Depression, Manic/Hyperactive, and Obsessive/Compulsive Behavior. For the FX group only, autism phenotype features were also assessed with the Autism Diagnostic
Observation Schedule Module 3 or 4 depending on the participant’s
expressive language level (ADOS; Lord et al. 1989). Finally, to diagnose anxiety disorders in FX participants, the Kiddie-Schedule for Affective Disorders and Schizophrenia (K-SADS; Puig-Antich and
Chambers 1978) was administered by trained clinicians. All neuropsychological assessments were administered at the UC Davis MIND institute. Some of the participants could not complete the assessments on
the day of the study but agreed to ﬁll out the questionnaires and
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(Bechara et al. 1995) and the perception of fear in both facial
expressions (Adolphs et al. 1994) and voices (Scott et al. 1997).
Furthermore, amygdala lesions in humans early in life produce
impairments in identifying emotional facial expressions, particularly those depicting fear (Adolphs et al. 1994).
Although the amygdala has been recognized as a core
brain region for social cognition and fear processing, ﬁndings
on the structural and functional features of the amygdala in
FXS have been somewhat inconsistent. For example, some researchers found reduced amygdala volumes in children with
FXS (Gothelf et al. 2008; Hazlett et al. 2009), whereas other
researchers found no signiﬁcant differences in amygdala
volumes between children with FXS and matched controls
(Kates et al. 1997; Hoeft et al. 2008). In functional imaging
research, some studies revealed ampliﬁed and sustained
amygdala activation in young children with FXS associated
with gaze aversion (Garrett et al. 2004; Watson et al. 2008),
while abnormal amygdala activity related to gaze processing
was not evident in adults and adolescents with FXS (Dalton
et al. 2008). With regards to emotion processing, Hagan et al.
(2008) tested adults with FXS on a facial-emotion judgment
test using happy, sad, and neutral faces. Although the researchers reported signiﬁcantly reduced anterior cingulate
cortex (ACC) activity for emotional faces in the FXS group
compared with the control group, no signiﬁcant group differences in amygdala activation were reported. Using a
face-encoding task with fearful faces, Holsen et al. (2008) also
did not ﬁnd differences in amygdala activation between adolescents and young adults with FXS and their matched controls.
However, studies on men with the FX premutation revealed
signiﬁcant reduction in amygdala activation in response to the
emotional expression (i.e., “fearful > scrambled faces” and
“emotion faces (fear and anger) > shapes”) compared with
their neurotypical counterparts (Hessl et al. 2007, 2011).
One of the possible reasons for such inconsistent ﬁndings
on amygdala function in FXS may be the wide range of experimental designs and the diversity among the patient groups
tested. That is, some studies focused on gaze aversion in individuals with FXS (e.g., Garrett et al. 2004), whereas others investigated face or emotion processing in general (e.g., Hagan
et al. 2008). Furthermore, previous studies only recruited one
speciﬁc group of participants on the FX spectrum, such as
girls with FXS (Garrett et al. 2004), boys with FXS (Watson
et al. 2008), women with FXS (Hagan et al. 2008), or men
with the FX premutation (Hessl et al. 2007, 2011). By contrast,
in the present study, we recruited a range of FX participants
including female children and adolescents with the FX full
mutation and male and female children and adolescents with
mosaicism (i.e., a “FX spectrum” group). In the case of mosaicism, the FMR1 gene is not fully methylated and some FMRP
may be produced. Likewise, in the case of full mutation
females, FMRP may be produced depending on the percentage of cells that have the normal X chromosome as the active
X chromosome (Abrams et al. 1994). Taking advantage of
having a group of FX participants who are all producing
some amount of FMRP, in the current study, we have focused
our questions on the fear-related function of the amygdala in
FX spectrum samples and its relationship to both the FMR1
gene and socioemotional deﬁcits.
In the present study, we hypothesized that children
and adolescents on the FX spectrum would show reduced

Table 1
Group demographic and FMR1 data
NT
Mean (SD)

Range

N

Mean (SD)

Range

t (P)

16
9
None
None
10
None
15
15

14 (3.2)
28.2 (4.1)
N/A
N/A
111.8 (17.7)
None
40.3 (5.5)
0.6 (1.2)

8–17
16–32
N/A
N/A
88–137
34–51
0–4

16
16
10
6
16
16
15
12

14 (3.0)
N/A
0.58 (0.20)
0.51 (0.29)
80.3 (17.2)
5*
61.5 (15.7)
6.8 (4.3)

9–18
222–1367
0.17–0.83
0.14–0.84
53–117
N/A
39–92
1–14

N/A
N/A
N/A
−4.5 (<0.001)
N/A
4.99 (<0.001)
4.82 (<0.001)

15

0.5 (1.2)

0–4

12

7.2 (5.5)

1–18

4.08 (0.002)

15

0.5 (1.4)

0–5

12

3.3 (4.3)

0–13

2.17 (0.05)

15
15
None

0.6 (1.0)
0.1 (0.4)
None

0–3
0–1
N/A

12
12
14

3.3 (2.9)
1.1 (2.1)
10*

0–9
0–6
N/A

3.06 (0.009)
1.58 (0.142)
N/A

IQ measures (WASI, WISC-IV, WAIS-III, Stanford–Binet Intelligence Scales); Social Responsiveness scale (SRS) t-scores criteria: severe (≥76), mild to moderate (60 ≤ x ≤ 75), normal (59≤).
*indicates number of people who had each disorder at the time of the study.

return them via mail. Nonetheless, we could not obtain full compliance for data that was not collected during the participant’s visit.
Table 1 presents the scores from the neuropsychological tests as well
as the number of participants who completed each of the neuropsychological assessments. All of the statistical tests including the
between-group analyses and correlation analyses on demographic,
neuropsychological, brain volumes, and eye tracking data, and the
regression analyses of brain activity and FMR1 gene expression/
behavioral data were conducted using IBM SPSS statistics 20 (http://
www.ibm.com/software/analytics/spss/products/statistics).
Molecular Genetic Measures
CGG Repeat Size
Seven of NT controls opted out of the blood draw portion of the
study and thus their molecular standing could not be veriﬁed.
However, their performance on all standardized measures conﬁrmed
their diagnosis of typical development. For the remaining 9 NT participants and all of the 16 FX participants, genomic DNA was isolated
from peripheral blood lymphocytes using standard methods (Puregene Kit; Gentra Inc). CGG sizing and methylation status were assessed by Southern Blot and polymerase chain reaction (PCR)
analyses as detailed in Tassone et al. (2008). Analysis and calculation
of the repeat size for both Southern Blot and PCR analysis were
carried out using an Alpha Innotech FluorChem 8800 Image Detection System (Tassone et al. 2008).
FMR1 % Unmethylation and Activation Ratio
Activation ratio (AR) was calculated for female participants on the FX
group, which represents the percentage of cells that have the normal
allele on the active X chromosome (Abrams et al. 1994). AR was
measured as described in Tassone et al. 1999. It has been demonstrated that a number of cognitive functions (e.g., as measured by performance IQ) are positively correlated with AR (Abrams et al. 1994;
Tassone et al. 1999) in females with the full mutation. Furthermore,
researchers have found a strong and positive correlation between AR
and FMRP levels in a large sample of females with FXS (Tassone et al.
1999; Loesch et al. 2004; Godler et al. 2010). For males, FMR1%
methylation was calculated using Southern Blot analysis (Tassone
et al. 2008). As in the case of AR, a strong positive relationship has
been found between FMRP levels and FMR1% unmethylation in
mosaic males as the cells with an unmethylated FMR1 gene are able
to produce FMRP though with lower efﬁciency (Feng et al. 1995;
Tassone et al. 1999; Kenneson et al. 2001; Primerano et al. 2002; de
Vries et al. 2003). The reverse values of the % methylation were used
for further analyses (i.e., 1 − [FMR1% methylation]: FMR1%

unmethylation) as an analog of the AR for male participants in the FX
group. Because both AR and FMR1% unmethylation indicate the % of
cells carrying an unmethylated allele (i.e., transcriptionally active
allele), higher values for these 2 variables represent the degree of
functional activity of the FMR1 gene.
Imaging Methods and Analyses
Brain Image Acquisition
All imaging data were acquired on a Siemens 3 Tesla Trio scanner
with Echospeed gradients and a Siemens 8-channel whole head coil
located at UC Davis Imaging Research Center. Visual stimuli were projected onto a screen and viewed on an MR compatible mirror
mounted above the participant’s head. Head motion was restricted
with a pillow and foam inserts. For each participant, an anatomical
scan was acquired using a high-resolution T1-weighted MPRAGE sequence (TR = 2170 ms, TE = 4.82 ms, ﬂip angle = 7°, FOV = 256 × 256
mm, 192 slices, 1.0 mm slice thickness) for the purpose of manual
segmentation and to aid in localization, coregistration, and normalization of functional data. After the anatomical scan, 2 functional runs
were acquired for each participant. During the functional runs,
imaging was performed using a T2*-weighted gradient echo planar
pulse sequence (TR = 2000 ms, TE = 13 ms, ﬂip angle = 84°). Each
brain volume was composed of 38 transverse slices (FOV = 220 × 220,
matrix = 64 × 64, 3.4 × 3.4 × 3.4-mm resolution) aligned to the AC–PC
line, collected interleaved, inferior to superior. For all functional runs,
data from the ﬁrst 2 volumes were discarded to allow for stabilization
of magnetic ﬁelds.
Image Processing and Statistical Analyses
Imaging data were preprocessed using SPM 5 (Wellcome Department
of Cognitive Neurology, London) run within Matlab (Matlab Mathwork, Inc., Natick, MA). For preprocessing, data were slice-time corrected for acquisition order (referenced to the ﬁrst slice), realigned,
and unwarped to correct for motion across runs. Next, the images
were spatially normalized (with trilinear interpolation and preserving
the intensities of the original images) to the SPM EPI template corresponding to the MNI (Montreal Neurological Institute) deﬁned standardized brain space, and then spatially smoothed with a Gaussian
kernel of 5-mm FWHM. Motion estimates were not included as covariates in the preprocessing steps for the fMRI data analysis because all
participants who were included in the analyses moved less than 3 mm
in x, y, or z planes. The time series were high pass ﬁltered at 128 s.
Statistical analyses were performed using the general linear model
for event-related designs in SPM 5. For each participant, a whole-brain
voxelwise analysis was conducted in which individual events were
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Age
CGG repeat size
AR
FMR1 % unmethylation
FSIQ
ASD (ADOS)
SRS total t-score
ADAMS
General anxiety
ADAMS
Social avoidance
ADAMS
Depression
ADAMS Manic/hyperactive
ADAMS Obsessive/compulsive
Anxiety disorders based on K-SADS

FX

N

modeled as a canonical hemodynamic response. Each event type was
ﬁrst modeled for each participant using a ﬁxed effects analysis. Then,
the resulting least squares parameter estimates of the height of the
modeled hemodynamic response for each condition were entered
into random effects analyses. In order to determine the presence of
signiﬁcant clusters of activation, the joint expected probability distribution method (Poline et al. 1997) was used yielding a clusterwise
signiﬁcance level of P < 0.05, corrected for multiple comparisons.
Group statistical maps were generated using a 1-sample t-test (height
threshold z > 2.33, P < 0.01, extent threshold P < 0.05, at least 220 consecutive voxels). Group contrast maps were generated using a
2-sample t-test (height threshold z > 1.96, P < 0.05, extent threshold
P < 0.05, at least 1200 consecutive voxels).

Total Cerebral Volume
In order to calculate TCV, each case was manually edited using Mayo
Biomedical Imaging Resource Analyze version 9.0 and 10.0. TCV was
calculated with the exclusion of nonbrain structures, and the brainstem, the cerebellum, and the ventricles were identiﬁed and excluded
using a Gaussian cluster multispectral thresholding tool.
fMRI Face Processing Task
The stimulus and task design were selected based on previous studies
of the amygdala response to emotional facial expression (Thomas
et al. 2001; Hessl et al. 2007) and modiﬁed to examine “fear-speciﬁc”
activation of amygdala in an event-related design (Fig. 1). To test fear-

Eye Tracking
Eye tracking data were collected concurrently with the fMRI face processing task using a long-range infrared eye tracking system (Applied
Science Laboratories, Bedford, MA) and analyzed using Eyenal 6.0
(Eyetracker, North Sydney, Australia). An area of interests (AOI) was
deﬁned as a rectangle covering the whole face stimulus region for
each face stimulus (Fearful, Happy, and Scrambled). Additionally,
based on previous studies on the gaze patterns in FXS (Dalton et al.
2005; Dalton et al. 2008; Holsen et al. 2008), 2 AOIs were deﬁned as
rectangles covering the eye and mouth regions, separately, for the 2
emotion expression stimuli (Fearful and Happy). The gaze time to
each AOI on each trial was deﬁned as the amount of total time spent
in milliseconds (minimum 50 ms) in which participant’s gaze was
ﬁxated on each AOI. For each participant, the total gaze time to the
whole face, the eye, and the mouth region was calculated as the
average of gaze time within each of the 3 predeﬁned regions for each
face per run, then averaged across both runs.

Results

Figure 1. Trial sequence in the face-processing task. Participants saw a fearful,
happy, or scrambled version of a calm face in each trial, and no overt response was
required. Each stimulus was presented for 1500 ms followed by jittered interstimulus
interval (ISI) of 500, 2500, or 4500 ms, containing a central ﬁxation circle. The
images were converted to grayscale here for presentation purpose.
4 Amygdala function in the fragile X spectrum • Kim et al.

Neuropsychological and Molecular Data
Independent samples t-tests were conducted in order to test
differences between the NT and FX groups in their demographic and neuropsychological test results. Table 1 shows
descriptive and inferential statistics on participants’ FMR1
genetic, demographic, and neuropsychological test scores. As
expected, the FX group showed signiﬁcantly lower FSIQ than
the NT group (mean differences (MD) = −31.49, t(24) = −4.50,
P < 0.001). Furthermore, the FX group revealed signiﬁcantly
higher scores on the SRS than the NT group (MD = 40.67, t
(17.05) = 4.91, P < 0.001), indicating social deﬁcits in FX participants in our study. Also, analyses on ADAMS scores indicated emotional dysfunction for FX participants compared
with NT: 4 of the 5 subscales showed signiﬁcantly higher
scores for FX than NT, namely: ADAMS General Anxiety—
MD = 6.15, t(12.35) = 4.824, P < 0.001; Social Avoidance—
MD = 6.63, t(11.90) = 4.08, P = 0.002; Depression—MD = 2.8, t
(12.75) = 2.17, P = 0.05; and Manic/Hyperactive—MD = 2.65, t
(13.10) = 3.06, P = 0.009. Five FX participants (2 full mutation
females, 1 mosaic female, and 2 mosaic males) had ADOS
scores beyond the autism spectrum cutoff (7).
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Amygdala Volume
Amygdala volumes were calculated via operator-guided manual segmentation using Mayo Biomedical Imaging Resource Analyze version
9.0 and 10.0. The tracing protocol was developed from anatomical exploration of postmortem human brains using histological sections of
tissue cut and oriented perpendicularly to the axis of the hippocampus. For a more thorough description of the tracing protocol, see
Schumann et al. 2004. The reliability of the tracer had been previously
veriﬁed using a 10 case set, with reliability values of 99.1% for the left
amygdala and 99.1% for the right amygdala. Once segmented, amygdala volumes were corrected using each participant’s total cerebral
volume (TCV).

speciﬁc amygdala function, rather than emotion-related amygdala
function in general, we added happy expressions as control stimuli in
addition to fearful expressions and directly compared brain activity
elicited by the 2 salient but different emotion expressions. Speciﬁcally, participants saw fearful, happy, or scrambled versions of a calm
face in each trial (selected from the NimStim Emotional Face Stimuli
database; Tottenham et al. 2009). Hair and ears were stripped from
each image to remove any nonfacial features. Each stimulus was presented for 1500 ms followed by jittered interstimulus interval (ISI) of
500, 2500, or 4500 ms, containing a central ﬁxation circle. Each run
consisted of 120 trials (40 trials per each face type) and each stimulus
was presented twice during the functional run. Participants were instructed to look carefully at each picture during the functional runs.
Because participants in the current study included children and adolescents with the FX full mutation as well as those with FX mosaicism,
we chose a passive viewing paradigm with no overt response to
reduce demands of the task to as low as possible (i.e., to prevent excluding some participants with the full mutation due to task difﬁculty). The passive viewing task with a rapid presentation of emotion
face stimuli has been successfully used in our previous studies to
activate bilateral amygdala (e.g., Hessl et al. 2007). Each participant
completed 2 functional runs of this task and each run lasted for 8 min
and 10 s.

Table 2
Statistics for gaze time for each AOIs and the differences between NT and FX groups
Contrast

Fearful (F)
Happy (H)
Scrambled (S)
F-H
F-S

Whole face (ms)

Eye (ms)

Mouth (ms)

NT

FX

MD

t (P)

NT

FX

MD

t (P)

NT

FX

MD

t (P)

815
852
746
−38
69

639
630
566
9
73

176
222
179
−47
−4

1.3 (0.22)
1.5 (0.14)
1.2 (0.26)
−0.80 (0.43)
−0.09 (0.93)

289
279
N/A
10
N/A

240
206
N/A
34
N/A

48
73
N/A
−25
N/A

0.55 (0.59)
0.82 (0.43)
N/A
−0.85 (0.41)
N/A

117
125
N/A
−13
N/A

140
138
N/A
9
N/A

−23
−13
N/A
−22
N/A

−0.76 (0.45)
−0.03 (0.98)
N/A
−1.3 (0.22)
N/A

Eye and Mouth AOIs were deﬁned for “Fearful” and “Happy” faces only because “Scrambled” face does not have discrete areas of eye and mouth. “t” and “P” values are from independent samples
t-tests between the NT and the FX group.

Eye Tracking Results
Eye tracking data were collected and analyzed for 7/16 FX
and 12/16 NT participants. The data for the remaining participants were not collected due to mechanical malfunctions or
difﬁculties with data collection (e.g., problems with corneal
reﬂection or calibration). First, a 3 (stimulus type—Fearful,
Happy, Scrambled; within-subject factor) × 2 (group—NT, FX;
between-subject factor) mixed ANOVA for the gaze time on
the whole face AOI was run. The results showed a main effect
of stimulus type (F(2,34) = 6.07, P = 0.006), suggesting that
participants looked at emotional face stimuli (i.e., fearful and
happy faces) signiﬁcantly longer than scrambled face stimuli.
Neither the main effect of group (F(1,17) = 1.86, P = 0.191)
nor the interaction between stimulus type and group (F
(2,34) = 0.489, P = 0.617) were signiﬁcant, suggesting that
gaze time to different stimulus types was not affected by FX
diagnostic status. Next, to examine whether the gaze time to
each AOI (i.e., eye and mouth) in each emotional face (i.e.,
fearful and happy) was different between the NT and FX
groups, an additional 2 (stimulus type—fearful, happy;
within-subject factor) × 2 (AOI—eye, mouth; within-subject
factor) × 2 (group—NT, FX; between-subject factor) mixed
ANOVA was conducted. Only the main effect of AOI was signiﬁcant (F(1,17) = 6.83, P = 0.018) indicating that participants
looked at the eye regions signiﬁcantly longer than the mouth
region regardless of stimulus type or their diagnostic status.
The main effect of group (F(1,17) = 0.301, P = 0.591), 2-way
interactions between AOI and group (F(1,17) = 1.20,
P = 0.288), between the stimulus type and group (F
(1,17) = 1.66 P = 0.215), and between AOI and the stimulus
type (F(1,17) = 2.43, P = 0.137) as well as a 3-way interaction
among AOI, the stimulus type, and the group (F(1,17) = 0.008,
P = 0.930) were all nonsigniﬁcant. Finally, a set of independent samples t-tests conﬁrmed that the gaze time to each AOI

Table 3
Descriptive statistics for total cerebral volume (TCV) and amygdala volumes

3

TCV (mm )
L Amygdala (mm3)
R Amygdala (mm3)
L Amygdala after correction (%)
R Amygdala after correction (%)

NT

FX

1 207 299 (113 634)
1849 (282)
1991 (279)
0.15 (0.02)
0.17 (0.02)

1 153 246 (155 378)
1841 (263)
1981 (324)
0.16 (0.02)
0.17 (0.02)

Numbers in parentheses indicate standard deviation.

was not signiﬁcantly different between the NT and the FX
groups (Table 2).
Total Cerebral and Amygdala Volumes
Descriptive statistics for TCV and amygdala volumes are
shown in Table 3. Amygdala volumes for each participant
were corrected for their TCV volume. Independent samples
t-tests revealed no signiﬁcant differences between FX and NT
groups in TCV (MD = −54 053, t(30) = −1.12, P = 0.270), right
amygdala (MD = 0.007, t(30) = 0.88, P = 0.384), nor left amygdala (MD = 0.007, t(30) = 0.97, P = 0.340). Moreover, none of
the brain volumes (TCV, left, or right amygdala) showed signiﬁcant correlation with AR/% unmethylation scores in the FX
group (all P > 0.05). Finally, in both groups, none of the correlations between social and emotional deﬁcit scores (SRS and
ADAMS) and brain volumes (TCV, left, and right amygdala)
were signiﬁcant (all P > 0.05).
Functional Imaging Results
Within-Group Analyses
WFU Pick Atlas Tool Version 2.4 (Lancaster et al. 1997; 2000;
Maldjian et al. 2003) and Talairach Client (Version 1.1; Research Imaging Center, University of Texas Health Science
Center, San Antonio, TX) were used to determine the anatomical loci of observed activation in all of the functional imaging
results. Table 4 lists brain regions showing signiﬁcant activation in the NT group for each contrast of interest. As
hypothesized, the NT group showed signiﬁcant bilateral
amygdala activation when viewing fearful facial expressions
compared with scrambled faces (Fig. 2A). They also showed
robust activation in brain regions associated with face processing, social cognition, and emotional processing: namely, the
right fusiform gyrus, right insula, left anterior cingulate (AC),
left putamen, and bilateral orbitofrontal gyrus. When viewing
happy faces compared with scrambled faces, however, the NT
group did not show signiﬁcant activation in the amygdala
Cerebral Cortex 5
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To examine relationship between scores from neuropsychological assessments and FMR1 gene expression (i.e., AR/% unmethylation) in the FX group, correlation analyses were
conducted. There was a marginally signiﬁcant negative correlation between FMR1 gene expression and scores from the
SRS (r = −0.51, P = 0.052), suggesting the greater the degree
to which the FMR1 gene is behaving normally, the smaller the
deﬁcit in social responsiveness. Among the ADAMS subscales,
the social avoidance scale showed signiﬁcant negative correlation with FMR1 gene expression (r = −0.74, P = 0.006).
Finally, there was a positive but nonsigniﬁcant correlation
between FSIQ and FMR1 gene expression (r = 0.48, P = 0.07)
in the FX group.

Table 4
Brain regions showing signiﬁcant activation in the NT group
Contrast

Brain regions

No. of voxels in cluster

Peak coordinates

t Value

Corrected P value of cluster

Fear > Scrambled

R orbitofrontal gyrus/IFG
R medial frontal gyrus
L anterior cingulate
L orbitofrontal gyrus/IFG
R parahippocampal gyrus
R IFG
L rectus/IFG
R amygdala
R insula
R fusiform gyrus
R inferior temporal gyrus
R inferior occipital gyrus
R middle occipital gyrus
R middle temporal gyrus
R Cerebellum
L orbitofrontal gyrus/IFG
L amygdala
L parahippocampal gyrus
L Putamen
L caudate
L fusiform gyrus
L anterior cingulate
R orbitofrontal gyrus
L putamen
L medial frontal gyrus
R superior frontal gyrus
R insula/IFG
L superior frontal gyrus
R superior frontal gyrus
L insula
L superior temporal gyrus
R amygdala
R anterior cingulate
L insula/IFG
L amygdala
L inferior occipital gyrus
L fusiform gyrus
L middle temporal gyrus
L middle occipital gyrus
L middle temportal gyrus
L cerebellum
R fusiform gyrus
R cerebellum
R medial frontal gyrus
R rectal gyrus
L superior frontal gyrus
L medial frontal gyrus
R orbitofrontal gyrus
L rectal gyrus
R anterior cingulate
L orbitofrontal gyrus

5342

28 22 −20
8 52 4
−6 16 −10
−32 32 −6
22 8 −26
44 26 −8
−14 28 −16
28 −2 −24
38 8 −4
42 −44 −18
48 −68 −6
48 −82 −8
42 −74 0
40 −58 −2
38 −64 −22
−24 18 −14
−24 2 −26
−28 6 −22
−20 12 2
−14 12 10
−42 −42 −24
−10 36 30
36 22 −8
−26 4 8
−10 34 38
16 44 32
34 14 −20
−20 44 34
18 44 40
−34 18 −10
−34 6 −22
22 2 −20
12 28 20
−30 12 −20
−20 2 −20
−40 −78 −8
−42 −40 −24
−52 −32 −2
−34 −92 −6
−52 −24 −14
−14 −42 −24
40 −64 −18
32 −64 −16
4 45 2
2 40 −24
−12 56 −2
−10 50 −10
20 40 −20
−8 32 −24
6 32 −10
−48 42 −8

7.93
6.82
5.56
5.34
4.92
4.85
4.78
4.61
3.37
6.28
5.95
5.23
5.18
4.81
3.41
6.03
5.78
4.35
4
3.68
5.71
8.74
6.64
6.56
6.22
5.88
5.76
5.75
5.62
5.44
5.28
5.14
5.13
5.13
4.12
7.71
6.11
4.89
4.18
3.38
2.69
3.84
3.79
4.43
4.3
3.74
3.5
3.47
3.46
3.29
2.77

<0.001

Happy > Scrambled

437

275
6933

1084

250
386

<0.001

0.002

0.039
<0.001

<0.001

0.036
0.001

All clusters signiﬁcant at P <0.05 corrected.

although they showed signiﬁcant activation in the bilateral orbitofrontal gyrus and right fusiform gyrus. The NT group also
revealed robust activation in the bilateral amygdala (Fig. 2A),
bilateral AC, right orbitofrontal gyrus, bilateral insula, and
bilateral fusiform gyrus when viewing fearful faces compared
with happy faces. There was no suprathreshold cluster found
in the NT group for happy faces compared with fearful faces.
In contrast to the NT group, participants in the FX group
showed no suprathreshold clusters in any of the 4 contrasts of
interest.
Between-Group Analyses
As predicted from the within-group analyses, the control
group showed signiﬁcantly greater activation than the FX
group in several brain areas associated with emotion and
social cognition when viewing fearful faces compared with
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other types of stimuli (Table 5). Speciﬁcally, the NT group revealed greater activity in bilateral amygdala (Fig. 2B), bilateral
AC, and bilateral insula compared with the FX group in the
contrast of Fearful > Scrambled faces. Also, for the Fearful >
Happy contrast, NT participants activated bilateral amygdala
(Fig. 2B), left fusiform, bilateral AC, and bilateral insula signiﬁcantly greater than the FX group. Unlike the response to
fearful expressions, the NT group did not show greater activation than the FX group in any of the brain areas related to
emotion processing when viewing happy faces compared
with other types of stimuli. Instead, the NT group revealed
greater activation than the FX group in nonemotion-related
areas, such as right precuneus, superior/middle occipital
gyrus, and right superior temporal gyrus (STG) in the
Happy > Scrambled contrast. Finally, no suprathreshold clusters survived for the Happy>Fearful contrast for the NT>FX.
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Fear > Happy
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Table 5
Brain regions showing greater activation in the NT group than the FX group
Brain regions

No. of
voxels
in
cluster

Peak
coordinates

t
Value

Corrected
P value of
cluster

Fear > Scrambled

R parahippocampal
gyrus
R putamen
L amygdala
L parahippocampal
gyrus
R caudate
L caudate
L insula
R insula
R amygdala
L anterior cingulate
L inferior frontal
gyrus
L superior
temporal gyrus
R medial frontal
gyrus
R anterior
cingulate
R middle frontal
gyrus
L superior frontal
gyrus
L medial frontal
gyrus
L fusiform gyrus
R caudate
R anterior
cingulate
L superior
temporal gyrus
R superior
temporal gyrus
R insula
L Putamen
R Putamen
L anterior cingulate
R amygdala
L insula
L amygdala
R precuneus
R middle occipital
gyrus
R superior
temporal gyrus
R middle temporal
gyrus

2235

16 −10 −12

3.47

0.002

18 6 −12
−18 −2 −12
−16 −12 −12

3.3
3.22
3.15

12 14 10
−12 14 10
−40 2 −6
36 8 8
20 −2 −12
−24 42 16
−50 26 8

3.12
2.93
2.55
2.31
2.18
3.27
3.11

−46 16 −14

3.05

12 52 6

2.96

8 42 6

2.89

32 48 30

2.6

−26 54 18

2.57

−8 58 16

2.52

−38 −40 −24
6 18 14
12 30 18

4.7
3.83
3.75

−50 6 6

3.72

58 6 2

3.67

46 8 4
−24 4 10
18 8 −8
0 6 22
24 2 −24
−36 6 0
−20 2 −20
28 −64 30
32 −84 10

3.66
3.6
3.41
3.34
3.1
3.08
2.29
3.3
3.18

64 −54 10

2.74

46 −64 12

2.68

Fear > Happy

As expected from the within-group analyses, the FX group
did not show any suprathreshold clusters in any of the contrasts of interest when compared with the control group.
Relationships Between FMR1 Gene Expression,
Neuropsychological Scores, and Brain Activation
To examine the relationships between FMR1 gene expression,
severity of socioanxiety deﬁcits, and fear-related brain activity
in the FX group, a series of multiple regression analyses were
conducted using AR/% unmethylation in the FX group, and
scores from the SRS and the ADAMS general anxiety in both
the NT and FX groups. We report regions that corresponded
to areas found to be signiﬁcant in our between-group analyses, which also are associated with emotional processing
(i.e., bilateral amygdala, bilateral AC, and bilateral insula).
The regions of interest (ROIs) for the bilateral amygdala, AC,
and insula were anatomically deﬁned using the WFU Pick
Atlas Tool Version 2.4 (Lancaster et al. 1997, 2000; Maldjian
et al. 2003), and peak voxels in those ROIs were determined
in each contrast of interest (i.e., Fearful > Happy and Fearful >
Scrambled) using multiple regression analysis module in
SPM5. To estimate how much variance was accounted for by
each variable of interest, parameter estimators (β coefﬁcients)
were extracted from each ROI using a 4-mm sphere centered
on the coordinate of maximum activation in each region and
regression analyses were conducted with the variables of interest. To rule out the possible effect of FSIQ on neural
activity, FSIQ was used as a nuisance covariate in the multiple
regression analyses.
The results from the regression analyses supported our
hypothesis about a dosage response of the FMR1 gene on
fear-related emotion processing of the amygdala. Speciﬁcally,
we found a signiﬁcant positive correlation between AR/% unmethylation and right amygdala activation in the FX group in
the Fearful > Scrambled contrast (r = 0.56, β = 0.63, P = 0.037;

Happy > Scrambled

1935

8472

2702

0.006

<0.001

<0.001

All clusters signiﬁcant at P <0.05 corrected.

Fig. 3A), after regressing out the effect of FSIQ. Furthermore,
after accounting for variance associated with FSIQ, AR/% unmethylation signiﬁcantly predicted left and right amygdala
activation in the Fearful > Happy contrast in the FX group
(r = 0.68, β = 0.71, P = 0.008, and r = 0.62, β = 0.70, P = 0.018,
respectively; Fig. 3B and C). No other contrasts showed signiﬁcant relationships between the FMR1 gene expression and
amygdala activation, suggesting that the dose response of
FMR1 gene on amygdala activation is speciﬁc to the fearrelated function of the amygdala. In addition to the amygdala,
AR/% unmethylation signiﬁcantly predicted the right AC activation in the Fearful > Happy contrast in the FX group after
regressing out the effect of FSIQ (r = 0.64, β = 0.67, P = 0.014,
Fig. 3D). All of the effects remained signiﬁcant even when the
effect of FSIQ was not controlled out.
Next, to examine relationship between social and anxiety
deﬁcits and fear-related brain activation, a set of regression
analyses were conducted using scores from the SRS and the
Cerebral Cortex 7
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Figure 2. (A) Bilateral amygdala activation in the NT group. Bilateral amygdala
regions were more active in response to fearful faces than to scrambled (left) or to
happy faces (right) in the NT group. (B) Results from the between-group analyses.
The NT group showed signiﬁcantly greater activation in the bilateral amygdala than
the FX group both in the Fearful > Scrambled contrast (left) and in the
Fearful > Happy contrast (right).

Contrast

ADAMS general anxiety scale in both NT and FX groups. The
analytic procedures were identical to the regression analyses
using AR/% unmethylation scores, described above. The
results from the regression analyses indicate that the score
from the general anxiety scale was a signiﬁcant predictor for
the fear-related amygdala activation in the FX group. That is,
a signiﬁcant negative correlation was found between ADAMS
general anxiety scores and left amygdala activation in the
Fearful > Scrambled contrast (r = −0.67, β = −0.77, P = 0.024;
Fig. 4A) after removing the effect of FSIQ. Furthermore, there
was a strong negative correlation between ADAMS general
anxiety scores and the right amygdala activation in the
Fearful > Happy contrast (r = −0.72, β = −0.74, P = 0.012;
Fig. 4B), after accounting for variance associated with FSIQ.
Measurement of social deﬁcit also showed signiﬁcant relationships with the fear-related amygdala activation in the FX
group. After regressing out FSIQ, SRS scores were negatively
correlated with left and right amygdala activation (r = −0.57,
β = −0.69, P = 0.032 and r = −0.59, β = −0.76, P = 0.025,
respectively; Fig. 4C and D) in the Fearful > Scrambled
contrast, indicating a negative relationship between the severity of social deﬁcits and fear-related amygdala activation. Such
relationships between amygdala activation and socioemotional
8 Amygdala function in the fragile X spectrum • Kim et al.

deﬁcit scores were not found in the NT group probably due
to a lack of variation in the deﬁcit scores in the control group.
Finally, no other signiﬁcant correlations were found in other
brain regions, such as AC and insula, with social and anxiety
deﬁcit scores in either group.
Relationship Between Gaze Time to the Eye Region and Brain
Activation
Finally, we tested the relationship between the gaze time to
the eye region and neural activity in brain regions associated
with socioemotional processing (i.e., amygdala, insula, and
AC) in the Fearful > Happy contrast in both NT and FX
groups. Because our main contrast of interest for the brain
activity was the “Fearful > Happy” contrast, corresponding
contrast values for the gaze time to the eye regions (i.e., gaze
time differences to the eye regions in Fearful > Happy) was
used as a regressor and FSIQ was used as a nuisance variable.
The analytic procedures were identical to the regression analyses described above. The results from the multiple regression
analyses showed no signiﬁcant relationship between brain
activity in any of the ROIs and the gaze time differences to the
eye regions in the Fearful > Happy contrast in either the NT or
the FX group, indicating that the gaze time differences to the
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Figure 3. (A) A scatter plot showing a positive correlation between FMR1 gene expression and right amygdala activation in the FX group in the Fearful > Scrambled contrast.
(B) Scatter plots showing a positive correlation between FMR1 gene expression and activation in the left amygdala in the FX group in the Fearful > Happy contrast. (C) Scatter
plots showing a positive correlation between FMR1 gene expression and activation in the right amygdala in the FX group in the Fearful > Happy contrast. (D) Scatter plots
showing a positive correlation between FMR1 gene expression and activation in the right anterior cingulate in the FX group in the Fearful > Happy contrast.

eye regions in the Fearful versus the Happy face conditions
did not account for greater neural activity in brain areas
associated with the socioemotional processing in the Fearful
face condition than the Happy face condition found in our
samples, particularly in the NT group. However, the results
should be considered with caution given that the eye tracking
dataset was incomplete.
Discussion
In the current study, we investigated fear-related amygdala
function in girls with the FX full mutation and boys and girls
with FX mosaicism using a passive viewing task with
emotional face stimuli. Standardized clinical assessment indicated that our FX group had signiﬁcant socioemotional problems, as well as signiﬁcantly greater social responsiveness
symptoms of autism spectrum disorder, compared with controls. Consistent with previous ﬁndings in FXS, the results
from volumetric analyses showed no signiﬁcant differences in
TCV between the NT and FX groups (Cohen et al. 2011;
Gothelf et al. 2008). In accordance with previous studies
(Kates et al. 1997; Hoeft et al. 2008), the size of bilateral
amygdala volumes were also strikingly similar between the
NT and FX groups in the current study although there has
been evidence that young children with FXS shows reduced
amygdala volumes compared with their typically developing

counterparts (Gothelf et al. 2008; Hazlett et al. 2009). Despite
the comparable amygdala size between the NT and FX
groups, the results from the functional imaging data in the
present study demonstrate abnormal amygdala activation in
the FX group when viewing fearful expressions compared
with other stimuli. Speciﬁcally, compared with the control
group, FX participants showed reduced amygdala activity in
response to fearful compared with happy or scrambled face
stimuli, along with attenuated activation in other brain
regions associated with emotion processing and social cognition, namely, insula and ACC. Importantly, the attenuated
amygdala activation in the FX group was fear speciﬁc because
the reduced amygdala activity in the FX group was not observed when participants were viewing happy compared with
other types of expressions. That is, unlike the healthy controls, FX participants did not show differentiated amygdala
activation speciﬁc to the fearful expression compared with
the other types of emotion or facial stimuli.
Results from the eye tracking analyses suggest that the
different amygdala activation patterns between the groups for
fearful compared with other types of facial expressions was
not due to different patterns of gaze time to each stimulus
type between the 2 groups. Although there was a tendency
that the NT group showed longer gaze time to all types of
face stimuli than the FX group (F(1,17) = 1.86, P = 0.191), the
interaction between the type of stimulus and group did not
Cerebral Cortex 9
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Figure 4. (A) A scatter plot showing a negative correlation between ADAMS general anxiety scores and left amygdala activation in the FX group in the Fearful > Scrambled
contrast. (B) A scatter plot showing a negative correlation between ADAMS general anxiety scores and right amygdala activation in the FX group in the Fearful > Happy
contrast. (C) A scatter plot showing a negative correlation between SRS scores and right amygdala activation in the FX group in the Fearful > Scrambled contrast. (D) A scatter
plot showing a negative correlation between SRS scores and left amygdala activation in the FX group in the Fearful > Scrambled contrast.
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that the amygdala is consistently engaged in response to
fearful expression, possibly reﬂecting its role for detecting
dangers in the environment (Adolphs et al. 1994; Morris et al.
1996; Canli et al. 2002). In particular, Canli et al. (2002)
found consistent bilateral amygdala activation to fearful faces
across participants, whereas the amygdala was variably
engaged to happy faces across participants as a function of
extroversion. Moreover, using PET, Morris et al. (1996) found
that the neural response in the amygdala was signiﬁcantly
greater to fearful as opposed to happy expressions. Recent
human and animal studies also support the idea of fearspeciﬁc function of the amygdala, by demonstrating amygdala
involvement in the acquisition, storage, and expression of
conditioned fear learning (Phelps and LeDoux 2005; LeDoux
2007). Based on such ﬁndings, and based on the higher
anxiety levels seen in children and adolescents with FXS, we
focused in the current study on fear-related amygdala function
and its relation to FMR1 gene expression and to behavioral
characteristics in our FX group. Consistent with previous
reports on the amygdala, our imaging results showed robust
amygdala activity speciﬁc to fearful expressions in healthy
controls, and such activity was signiﬁcantly reduced in the FX
group compared with their age-matched controls, indicating
abnormal amygdala functions responding to the fear-related
stimuli in children and adolescents on the FX spectrum.
Second, unlike previous studies of young adult males with
premutation, the current study tested girls with FX full
mutation and boys and girls with FX mosaicism, who reveal
signiﬁcantly higher levels of anxiety and greater social dysfunction compared with controls and the majority of premutation carriers. Taking advantage of having FX participants on a
continuous spectrum in terms of their genetic proﬁles, we
conducted a regression analysis using the patients’ gene
expression and amygdala activation and found a strong
dosage response of FMR1 gene on fear-related amygdala function. That is, the greater the extent to which the FMR1 gene is
behaving normally in a FX participant, the greater the amygdala activation triggered by fearful expressions. To our knowledge, this is the ﬁrst study that demonstrates fear-related
amygdala dysfunction and its relationship to the FMR1 molecular factors in children and adolescents on the FX spectrum.
Furthermore, we also found a negative relationship between
social and anxiety deﬁcits in FX participants and their fearrelated amygdala activation, indicating a signiﬁcant relationship between amygdala dysfunction and participants’ socioemotional functioning. Together, results from regression
analyses suggest that FMR1 gene expression may be a
common factor inﬂuencing both amygdala dysfunctions and
neuropsychiatric symptoms observed in the FX group.
Counter to the current ﬁndings on a negative relationship
between social and anxiety deﬁcits and fear-speciﬁc amygdala
activation in the FX group, prior fMRI research in FXS demonstrated a positive relationship between amygdala activation to
emotional faces and social deﬁcit scores (i.e., scores for
autism characteristics) in individuals with FXS (Dalton et al.
2008). Moreover, several studies on anxiety disorders (e.g.,
post-traumatic stress disorder, panic disorder, and social
anxiety disorder) have found hyperactivity of amygdala in the
patient group relative to controls (Etkin and Wager 2007;
Shah et al. 2009). Given the increased amygdala activation observed in studies with anxiety disorders and given the previous ﬁnding on a positive relationship between social deﬁcit
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even approach signiﬁcance (F(2,34) = 0.489, P = 0.617), indicating that the overall gaze time patterns toward different face
stimulus was not signiﬁcantly different between-groups.
Moreover, separate group comparison analyses on the gaze
time to discrete areas of face (i.e., the eye and the mouth
regions) showed no signiﬁcant differences between groups
on either region for either emotional face stimuli (i.e., fearful
and happy). Overall, eye tracking results thus suggest that the
increased amygdala activation for the fearful stimulus compared with the other types of stimulus (i.e., happy and
scrambled faces) found only in the NT group was not due to
the fact that NT participants looked at fearful expression or
the eye region in the fearful expression signiﬁcantly longer
than the other types of stimulus compared with the FX group.
Results from regression analyses with the gaze time differences to the eye region between the fearful and happy faces
and brain activity in the Fearful > Happy contrast further
support such interpretation as no relationship was found
between fear-speciﬁc amygdala activity and the gaze time
differences to the eye region in the Fearful > Happy contrast
in either groups.
In the present study, we also found signiﬁcant relationships
between FMR1 gene expression, socioemotional deﬁcits, and
fear-related amygdala function in children and adolescents on
the FX spectrum. In particular, we found that aberrant amygdala function in response to fearful expressions was strongly
associated with AR/% unmethylation after controlling for
FSIQ, indicating a dose response of FMR1 gene on fearrelated amygdala function. In addition, consistent with a previous ﬁnding on positive relationship between FMRP levels
and AC activation to emotional faces in females with FXS
(Hagan et al. 2008), we found a signiﬁcant positive correlation between right AC activity and AR/% unmethylation in
the FX group, suggesting that aberrant activation of the AC
may contribute to higher anxiety in individuals on the FX
spectrum. Importantly, however, a signiﬁcant relationship
with participant’s anxiety and social deﬁcit levels in the FX
group was only found with amygdala activity in response to
fearful expressions, after accounting for variance associated
with FSIQ. Our ﬁndings thus indicate signiﬁcant relationships
between abnormal fear-related amygdala functions, FMR1
gene expression, and socioemotional problems in children
and adolescents on the FX spectrum.
Recently, our group tested differences in amygdala function
for emotional processing in adult males with an FMR1 premutation allele (55–200 CGG repeats). In 2 separate studies,
reduced amygdala activation in response to emotional facial
expressions was observed in males with the FX premutation
compared with matched control participants (Hessl et al.
2007, 2011). Furthermore, aberrant amygdala activation was
found to be strongly associated with abnormal elevation of
FMR1 mRNA (Hessl et al. 2007) and reduced FMRP (Hessl
et al. 2011) in the premutation group. Although these 2
studies are closely related to the current study, there are
several key differences between these previous studies and
the present study.
First, unlike the previous studies, here we focused on fearrelated amygdala functions in FX by comparing different
emotional face stimuli. That is, we used both fearful and
happy expressions and directly compared amygdala activation
elicited by each emotional stimulus. Previous studies on
amygdala function in healthy individuals have demonstrated

FXS without accounting for the effect of FSIQ (Dalton et al.
2008), our ﬁndings are in fact in accordance with other recent
ﬁndings on negative relationship between neural activity and
socioemotional deﬁcit measures in individuals on the FX
spectrum, such as studies on adults with FX premutation
(Hessl et al. 2007, 2011) and those on adolescents and young
adults with FXS (Holsen et al. 2008). Furthermore, recent
ﬁndings on deﬁcient inhibitory transmission in the amygdala
of FMR1-KO mice may also be of signiﬁcance in this context.
According to a recent report (Olmos-Serrano et al. 2010),
most interneurons in the basolateral amygdala express FMRP.
In addition to a decrease in inhibitory synapse numbers, this
study also found a robust reduction in both phasic and tonic
inhibition (Olmos-Serrano et al. 2010). Together, these
changes led to a lowering of inhibitory tone that in turn enhanced neuronal excitability. Similar to excitatory transmission (Suvrathan and Chattarji 2011; Suvrathan et al. 2010),
presynaptic defects also contribute to the reduction in inhibitory transmission (Olmos-Serrano et al. 2010). Such reduction
in inhibitory GABAergic tone, a major regulator of the neural
circuitry in the amygdala (Ehrlich et al. 2009), is consistent
with enhanced anxiety seen in both FXS humans and
FMR1-KO mice (Spencer et al. 2005). Thus, disruption of the
balance in excitatory and inhibitory transmission in the amygdala could give rise to divergent manifestations of emotional
symptoms related to fear and anxiety wherein lower inhibitory tone could be anxiogenic, whereas impaired plasticity at
excitatory synapses could speciﬁcally impair appropriate encoding of fear-related information.
Despite the novel ﬁndings on amygdala dysfunctions in
children and adolescents on the FX spectrum, there are some
limitations to the current study. First, it is important to note
that the FMR1 molecular genetic measures were ascertained
from blood samples, and therefore may not necessarily reﬂect
what would have been found in brain tissue. Second,
although the absence of interaction between the group, the
stimulus type, and AOIs in the eye tracking data suggest that
the reduced fear-speciﬁc amygdala activation in the FX group
cannot be explained by selectively decreased visual ﬁxation
on fearful face stimuli or on the eye region in the FX group
compared with the NT group, it must be noted that the incomplete eye tracking data from the participants (12 NT and 7
FX), weakens the power of these analyses. Third, we used
combined molecular data (i.e., AR and FMR1% unmethylation) as a covariate of interest for our analyses with FMR1
gene expression. Even though the 2 variables are closely
related to a person’s FMRP production, mosaic males’ FMRP
production might be less efﬁcient due to the absence of a
normal allele in their X chromosome. For this reason, we conducted an additional analysis using only data from the female
FX participants in our study, and found the same pattern of
regression results as reported in our study although the effect
was weaker than the original results. That is, analysis of
female FX participants’ data, alone, revealed a signiﬁcantly
positive correlation between their AR and bilateral amygdala
activity in the Fearful > Happy contrast, suggesting that the
dose response of the FMR1 gene on the fear-speciﬁc function
of amygdala was not driven merely by the male mosaic participants. Finally, although it is reasonable to assume that our
molecular variables are closely related to FMRP level in the
FX group, we cannot deﬁnitively conclude that amygdala dysfunction in the FX group is exclusively due to reduced FMRP
Cerebral Cortex 11
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scores and amygdala activity in FXS, the ﬁnding of decreased
amygdala activation observed in the current sample may seem
surprising. However, it is important to note that the positive
relationship between the social deﬁcit scores and amygdala
activity in the previous study (i.e., Dalton et al. 2008) ceased
to be signiﬁcant after accounting for the effect of FSIQ. Moreover, some studies with anxiety disorder or speciﬁc phobia
have in fact failed to ﬁnd amygdala hyperactivity in the
patient group (Wright et al. 2003) and others have even found
amygdala hypoactivity to fear-related stimuli in the patient
group (Pillay et al. 2006). Interestingly, a recent twin study examining risk factors for anxiety disorder and depression indicated both hyper- and hypoactivity in amygdala as a risk
factor for anxiety disorder (Wolfensberger et al. 2008).
Speciﬁcally, the authors demonstrated that amygdala hypoactivity was related to genetic factors of anxiety disorder,
whereas amygdala hyperactivity was related to environmental
factors of the disorder. Thus, our ﬁndings of amygdala hypoactivity in FX participants, who have higher anxiety and
whose disorder is deﬁned by their genetic proﬁle, are indeed
in accordance with such prior ﬁndings. In addition, it is
important to note that our task was speciﬁcally designed to
test fear-related functions of the amygdala in FXS. That is, we
found attenuated amygdala activity in the FX group not for
the emotional stimuli in general but for the contrasts of
Fearful > Scrambled and Fearful > Happy faces. These results
suggest that children and adolescents on the FX spectrum
exhibit amygdala dysfunction speciﬁcally related to its role of
being differentially activated by fear-related stimuli to prepare
for potential dangers (Canli et al. 2002; LeDoux 2007).
Earlier studies using the FMR1-knockout (KO) mouse, a
widely used animal model for FXS, may also be of relevance
to the ﬁndings of reduced fear-related amygdala activity in
the FX group in the current study. For instance, amygdaladependent fear learning has been shown to be impaired in
FMR1-KO mice (Paradee et al. 1999). One of the forms of synaptic plasticity that underlies classical fear conditioning is
long-term potentiation (LTP) mediated by metabotropic receptors (mGluR-LTP) at thalamic inputs to the lateral amygdala
(LA) (Rodrigues et al. 2002). Interestingly, recent electrophysiological analysis using whole-cell recordings in brain
slices found this form of mGluR-LTP to be deﬁcient in LA
principal neurons in FMR1-KO mice (Suvrathan et al. 2010).
Biochemical analysis suggested that the impaired LTP was
due to enhanced internalization of the AMPAR subunit,
GluR1. In addition to these postsynaptic deﬁcits, electrophysiological analysis demonstrated a lower probability of
pre-synaptic transmitter release at thalamic inputs to LA principal neurons in KO mice (Suvrathan et al. 2010). Taken together, these electrophysiological and biochemical results
point to both pre- and postsynaptic deﬁcits underlying impaired amygdala synaptic plasticity (Suvrathan and Chattarji
2011) that may contribute to impaired fear learning in KO
mice (Paradee et al. 1999). Such deﬁcits in transmission and
plasticity at excitatory synapses in the LA seen in the KO mice
may help explain the signiﬁcant reduction in fear-speciﬁc activation in the amygdala seen in FX individuals in our study.
In the present study, we also observed a somewhat paradoxical inverse relationship between fear-speciﬁc amygdala
activation and anxiety scores in the FX individuals. Although
a recent study showed a positive correlation between amygdala activation to emotional faces and social deﬁcit scores in
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