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Fragile X syndrome (FXS) is the most common cause of inherited intellectual disability.

FXS is caused by functional loss of the Fragile X Protein (FXP), also known as Fragile

X Mental Retardation Protein (FMRP). In humans and animal models, loss of FXP leads

to sensory hypersensitivity, increased susceptibility to seizures and cortical hyperactivity.

Several components of the GABAergic system, the major inhibitory system in the brain,

are dysregulated in FXS, and thus modulation of GABAergic transmission was suggested

and tested as a treatment strategy. However, so far, clinical trials using broad spectrum

GABAA or GABAB receptor-specific agonists have not yielded broad improvement of

FXS phenotypes in humans. Here, we tested a more selective strategy in Fmr1 knockout

(KO) mice using the experimental drug BAER-101, which is a selective GABAA α2/α3

agonist. Our results suggest that BAER-101 reduces hyperexcitability of cortical circuits,

partially corrects increased frequency-specific baseline cortical EEG power, reduces

susceptibility to audiogenic seizures and improves novel object memory. Other Fmr1

KO-specific phenotypes were not improved by the drug, such as increased hippocampal

dendritic spine density, open field activity and marble burying. Overall, this work shows

that BAER-101 improves select phenotypes in Fmr1 KO mice and encourages further

studies into the efficacy of GABAA-receptor subunit-selective agonists for the treatment

of FXS.

Keywords: Fragile X syndrome, FXS, FMRP, GABA, EEG, audiogenic seizures, novel object recognition, UP states

INTRODUCTION

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability and
often associated with autism, anxiety, irritability, and attention deficit hyperactivity disorder (1).
Although many potential small molecule candidates have been tested in clinical studies (2–4), there
is currently no effective approved treatment of FXS.

FXS is caused by a trinucleotide (CGG) repeat expansion in the 5’UTR of the FMR1 gene leading
to its transcriptional silencing and loss of a single protein, the Fragile X Protein (FXP), also known
as Fragile X Mental Retardation Protein (FMRP). FXP has many functions including, but not
limited to, control of mRNA transport, translation, and stability, as well as binding to and regulating
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ion channels, and DNA repair (5). Fmr1 knockout (KO) mice,
the most frequently used animal model for FXS, display many
phenotypes reminiscent of the human condition. They show, for
example, hyperactivity, altered social preference, and impaired
cognition, and are widely used to investigate pathological
mechanisms of FXS and to preclinically test novel therapeutic
strategies (6).

A particularly prominent characteristic of loss of FXP in
humans and animal models is excessive brain activity. Studies
in mice demonstrate that loss of functional FXP leads to altered
and increased neuronal and circuit excitability, manifest, for
example, in impaired synaptic plasticity, elevated neocortical
activity and increased susceptibility to audiogenic seizures (7).
Notably, humans with FXS are more prone to develop epilepsy
than the general population (8), exhibit sensory hypersensitivity
(9), and recent EEG studies have shown increased gamma
power activity, altered neuronal synchronization and impaired
connectivity in the neocortex of individuals with FXS (10, 11).
Together, these findings suggest that altered circuit excitability is
a disease-relevant and translational phenotype in FXS.

While the underlying molecular mechanisms of increased
neuronal activity are not fully understood, there is substantial
evidence for altered inhibitory transmission in FXS caused
by changes in the γ-aminobutyric acid (GABA)ergic system
(12–14). There are two classes of GABA receptors, the
heteropentameric anion-permeable GABA type A (GABAA)
receptor, which mediates fast inhibition (15), and the G-protein
coupled GABA type B (GABAB) receptor, which mediates slow
inhibition (16). GABAA receptors consist of combinations of
19 different subunits (17). MRNA and protein of several of
these receptor subunits are reduced in Fmr1 KO mouse brain
(18–21) and in humans (22). Moreover, expression of the rate-
limiting GABA-synthesizing enzyme glutamic acid decarboxylase
(GAD) is altered in Fmr1 KO mice but the direction of
the dysregulation is unclear and appears to depend on the
brain region (18, 20, 23).

Based on these studies, GABA receptors were evaluated as
potential therapeutic targets in FXS. These studies have mostly
used receptor subunit-non-specific agonists of either GABAA

or GABAB receptors (24, 25). Despite positive results using
a GABAB agonist, arbaclofen (R-Baclofen, STX209) the active
racemic enantiomer of baclofen, in the FXS mouse model
(26), a large Phase III trial in individuals with FXS with this
drug did not meet the defined endpoint criteria (24). Similarly,
ganaxolone, a GABAA agonist did not lead to significant clinical
improvements in humans (25) following positive preclinical
reports (27). Interestingly, with both arbaclofen and ganaxolone,
treatment-associated positive effects were noted in post-hoc
subgroup analyses. This supports the therapeutic promise of
targeting the GABAergic system in FXS, but also highlights
the need to evaluate alternative, more selective GABA receptor
modulators while working to build a priori justification of
potentially targeting specific subgroups of persons with FXS with
a specific GABA modulator.

The investigational drug BAER-101 (formerly known as
AZD7325) is a selective GABA receptor modulator that activates
the α2 and α3 subunits of the GABAA receptor. This specific

pharmacologic profile leads to potential potent anxiolytic actions
without the common sedative impact of non-selective GABAA

agonists such as benzodiazepines (28). Here, we tested the
effect of BAER-101 treatment on cortical circuit hyperexcitability,
behavioral phenotypes, and memory in Fmr1 KO mice. Our
results suggest that low-dose BAER-101 may be beneficial
to normalize circuit hyperexcitability and improve object
recognition memory but did not improve anxiety- and repetitive
behavior-related phenotypes in Fmr1 KO mice. These studies
encourage more detailed analyses in the mouse model and in
humans to evaluate the potential benefits of BAER-101 and other
GABAA subunit-selective agonists in FXS.

MATERIALS AND METHODS

Animals
Fmr1 KO mouse breeding colonies (29, 30) were established in
the Rodent Barrier Facility at Cincinnati Children’s Hospital
Medical Center (CCHMC) and at University of Texas
Southwestern (UTSW). All protocols were approved by the
Institutional Animal Care and Use Committees at CCHMC or
UTSW. Mice for this study were housed under 14/10 (CCHMC)
or 12/12 (UTSW) light/dark cycle at controlled temperature
and humidity. Test subjects were generated from the mating of
female Fmr1+/− mice (30) with male WT mice on a C57BL/6J
background. Male mice from these pairings were used as test
subjects for juvenile audiogenic seizure tests and the adult
behavior battery and extracellular signal-related kinase (ERK1/2)
analysis. Mice used for neocortical slice recordings or EEG
analysis and dendritic spine morphology were also generated by
breeding female Fmr1+/− mice to male WT mice on a C57BL/6J
background, but the Fmr1 KO strain was originally obtained
from the Jackson Laboratories (Bar Harbor, ME) (29). While the
two Fmr1 KO mouse strains used here are slightly different in
how they were generated, they both do not express FXP. All
mice were genotyped on postnatal day (P) 10–28 by ear clip and
weaned on P28. Male Fmr1 KO and WT littermates were used
for experiments and group housed throughout testing (with
dam and litter of 2–4 per cage). Audiogenic seizures and UP
state analyses were performed at P21 because Fmr1 KO mice
in C57BL/6J background are only susceptible to audiogenic
seizures during early development and UP states neocortical
slices are most robust at this age (31). Behavior, EEG, ERK1/2,
and dendritic spine analyses were done in adult (2–4 months
old) mice. Electrode and transmitter implanting as well as
many of the behavioral assays are difficult or impossible during
juvenile periods.

Drug and Drug Dosing
BAER-101 (4-amino-8-(2-fluoro-6-methoxy-phenyl)-N-propyl-
cinnoline-3-carboxamide hydrogen sulfate, formerly AZD7325)
was obtained from AstraZeneca (Europe), and the vehicle
Sulfobutylether-Beta-Cyclodextrin (SBECD) was supplied by
AstraZeneca (US). SBECD is a pharmaceutical grade agent that
is used as a solubilizing agent in drugs currently on the market
in the US (Voriconazole). Mice were treated with either 3 mg/kg
(high dose) or 1 mg/kg (low dose) of BAER-101 in 0.05% SBECD
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or vehicle (0.05% SBECD) in a volume of 5 ml/kg (3BAER,
1BAER, or VEH, respectively). Drug doses were based on IC50
values and recommendations communicated by AstraZeneca and
mimicked the parallel human trial design that likewise included
a high and a low dose group. Juvenile mice (3 weeks) were
dosed by oral gavage one time, 30min prior to the start of the
audiogenic seizure test. For mice in the adult behavior battery,
dosing commenced 10 days prior to the start of behavior analysis
with treatment continuing during behavior testing. The 22 gauge
gavage needles were 1.5” needles with 1.25mm ball (Cadence
Science catalog # 7920). A gavage dosing volume of 5 ml/kg was
used to reduce the amount of SBECD exposure. On behavior
testing days, dosing was staggered such that a period of 0.5 h
would separate the dose and start of behavior for eachmouse. For
EEG analyses, mice implanted with cortical EEG electrodes and
wireless transmitters were treated daily with 1 mg/kg BAER-101
or vehicle for 10 days either by oral gavage as described above
or by providing the drug in a single-serve portion of peanut
butter (32). The mice were observed to ensure they consumed
the entire peanut butter, which usually took 1–2min but always
under 5min. We used this method successfully in the past to
deliver drugs (32). We changed drug administration methods
from oral gavage to single-serve peanut butter to avoid disturbing
the transmitter and electrode implants. We did not detect an
effect of dosing method on EEG measurements in the limited
number of mice tested (data not shown).

Neocortical Slice Preparation and UP State
Recordings
Slices from somatosensory barrel cortex (400µm thick) were
prepared using an angled block on a vibratome as described (31).
Slices were incubated for 1 h at 32◦C in artificial cerebrospinal
fluid (ACSF: 126mM NaCl, 3mM KCl, 1.25mM NaH2PO4,
26mM NaHCO3, 2mM MgCl2, 2mM CaCl2, and 25mM d-
glucose), followed by perfusion with modified ACSF for 45min
(as above, but with 5mM KC, 1mM MgCl2, and 1mM CaCl2).
For drug treatment, 1 or 3µM of BAER-101 was added
during the entire 45min in modified ACSF. Using 0.5 MΩ

tungsten microelectrodes, spontaneously occurring UP states
were recorded extracellularly from layer 4 of the primary
somatosensory cortex for 10min, amplified 10,000-fold, sampled
at 2.5 kHz, and filtered on-line between 300Hz and 5 kHz. UP
state analysis was done with custom LabVIEW software. Briefly,
recordings were offset to 0, rectified and a low-pass filter was set
at 0.2Hz cutoff frequency. The detection threshold was set at 4-
fold of the root mean square noise. The beginning of an UP state
was defined as events in which the amplitude remained above
threshold for at least 200ms. The end of the UP state was defined
as a decrease of the amplitude below the threshold for >600ms,
whereas two events within 600ms were defined as one single UP
state. In the figure, n is the number of slices.

Electrode Implanting
Electrode implanting and EEG recording were performed as
described (33). Briefly, 6–8 week-old male Fmr1 KO mice and
littermate WT controls were implanted with single-channel
wireless transmitters for EEG monitoring [TA11ETA-F10, Data

Science International (DSI), St. Paul, MN] under isoflurane
anesthesia. Mice were given analgesics (Carprofen) prior to and
after the surgery, and surgical sites were disinfected with 2%
Chlorhexidine. Dorsoventral coordinates were measured from
bregma and two holes were drilled at AP = −2mm, L = ±

4.0mm. The two leads of the transmitter were inserted into the
burr holes on top of the dura (∼1mm) and sealed with GLUture
(Zoetis Inc., Kalamazoo,MI). The wireless transmitter was placed
subcutaneously behind the neck. The assembly was secured with
dental cement (Lang Dental, IL). After the cement had dried,
the incision was closed using surgical sutures (Coviden, Dublin,
Ireland) and sealed with GLUture. Mice were injected with 1ml
saline, placed on a heating pad, and monitored during recovery.

EEG Recording and Analysis
After electrode implantation, mice were housed in individual
cages placed on wireless receiver plates (RPC1; DSI). EEG
data received from the telemetry system were recorded with
DATAQUEST A.R.T software and sampled at 500Hz, providing
readouts for frequencies between 1 and 200Hz (maximal
sampling rate of the wireless transmitter TA11ETA-F10).
Video was continuously recorded in parallel (Axis 221, Axis
communication) and synchronized with the EEG signal. Daily
treatment with 1 mg/kg BAER-101 or vehicle started 9–12 days
after the surgery to allow for recovery and lasted for 10 days.
Brains were collected 1–2 h after the last drug dose and processed
for Golgi-Cox staining (see below). EEG data were analyzed with
NeuroScore software (DSI) for 9 consecutive days starting at
the day of the first dose and ending on the day of the ninth
dose. A 5-min period of recording (free of excessive movement
and grooming behavior to avoid artifacts) was selected from
individual mice within 1–3 h of treatment (∼12–2 pm each day).
For EEG power analyses, the raw EEG signal was exported in
10 s epochs and subjected to Fast Fourier Transformation to
generate power bands. The data were pooled from 10 s epochs for
a total of 5min duration per day and screened to remove artifacts.
Averages from 5min segments of 9 treatment days are shown.
The EEG signal was split into power bands of the following
frequencies: delta (δ, 0.5–4Hz), theta (θ, 4–8Hz), alpha (α, 8–
12Hz), sigma (6, 12–16Hz), beta (β, 16–24Hz) and gamma
(γ, 24–80Hz) (34). Power bands were compared between the
Fmr1 KO andWT BAER-101- and vehicle-treated mice. Separate
analyses were performed after normalization of individual power
bands to total power. A total of 27 mice were implanted with
electrodes for this study, 2 died before or during treatment and
2 mice were used for a pilot study trying different drug doses
and thus were removed from analysis. Of the remaining 23, 6
mice had to be removed because of EKG signal or highly noisy
EEG (1WT vehicle-treated, 1WT BAER-101-treated, 2 Fmr1KO
vehicle-treated and 2 Fmr1 KO BAER-101-treated mice).

Dendritic Spine Analysis
Dendritic spines from mice that underwent EEG analysis
were visualized using the FD Rapid Golgi-Stain Kit from FD
Neurotechnologies, Inc. (Columbia, MD) as we have done before
(35). Briefly, brains were harvested 2–3 h after the last dose
of BAER-101 or vehicle, Golgi impregnated, and then cut
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into 160µm thick slices. The slices were stained following the
manufacturer’s protocol and imaged with a 60x oil objective
using a Nikon inverted microscope. Secondary apical dendrites
(50–150µm length, ≥100µm distant from the soma) of the
hippocampal CA1 (bregma −1.8 to −2.2) were analyzed using
ImageJ (NIH). Eleven to 15 dendrites from five to seven mice
per condition were analyzed. Statistical analyses were based on
dendrite number. Note that several mice from this cohort could
not be used for EEG analyses as stated above but were used
for dendritic spine analyses. All mice used for dendritic spine
analysis had cortical surface electrodes implanted as described
above and were treated with either 1 mg/kg BAER-101 or vehicle
for 10 days.

Juvenile Audiogenic Seizure Test
Male Fmr1 KO and WT littermates were housed with their
litter and dam and were treated via oral gavage with vehicle
(VEH), 1 mg/kg BAER-101, or 3 mg/kg BAER-101 30min prior
to assessment. The audiogenic seizure test consisted of a 2min
priming tone (120 dB siren), which does not typically induce
seizure behavior, followed by 1min of silence and then a second
tone (120 dB siren) lasting an additional 2min (36). Each mouse
was tested alone in a static mouse cage free of bedding. A
Mugger Stopper Plus personal alarm was used to generate the
tone and was placed on the filter cage lid with the speaker
facing down into the cage. The battery was replaced often to
ensure the sound intensity was always at maximum. During
the second tone, behavioral response was scored as 0, 1, 2, 3,
or 4 with 0 indicating no altered behavior, 1 indicating wild-
running, 2 indicating clonic seizure (rapid limb flexion and
extension), 3 indicating tonic seizure (static limb extension), and
4 indicating the most severe response of death (37). No seizure
behavior was observed during the priming tone for this cohort of
mice. Seizure severity during the second tone was calculated by
using a mouse’s most severe response number. Seizure severity
was analyzed by the Exact Wilcoxon Rank sum test for non-
parametric data. Treatment group (WT+VEH, WT+1BAER,
WT+3BAER, KO+VEH, KO+1BAER, KO+3BAER) was used
with exact probabilities calculated to determine pairwise group
comparisons. These group comparisons were corrected using the
false discovery rate (FDR) method.

Adult Behavior Battery
Behavior was assessed during the light portion of the light/dark
cycle and food and water were available ad libitum except
during active behavior testing. Mice began testing on day 11 of
treatment. To minimize the impact of stress during behavioral
testing, mice were transported across the hallway to the Rodent
Behavior Core and dosed with VEH, 1BAER, or 3BAER and
allowed 30min in the testing room to acclimate before behavior
assessment. Elevated zero maze was the only exception in which
mice were brought into the testing room one at a time just
prior to being placed on the maze in order to get an accurate
anxiety assessment. Mice were tested in only one paradigm per
day, except for locomotor activity and marble burying, which
were performed on the same day. Behavior was evaluated in
the following order so that tests easily influenced by stress

were completed early during the behavior battery: elevated
zero maze (EZM), locomotor activity, marble burying, acoustic
startle habituation, prepulse inhibition of startle, novel object
recognition (NOR), rotarod. We also performed an adhesive
removal assay and a pole descend assay as described (38, 39)
before the rotarod assay but these experiments did not show
genotype or drug effects, have not been shown to be altered
in Fmr1 KO mice before and are thus not reported in the
manuscript. Apparatus surfaces were cleaned with Process NPD
(Steris) before testing started and between mice. Sample sizes
of treatment groups were as follows: WT vehicle: n = 23, WT
1BAER: n = 25, WT 3BAER: n = 24, Fmr1 KO vehicle: n = 21,
Fmr1 KO 1BAER: n = 20, Fmr1 KO 3BAER: n = 20. Mice were
tested in 3 separate cohorts. Mice that were excluded from the
analysis, if any (e.g., because they could not complete the task,
were sick or died), are indicated under each assay below.

Elevated Zero Maze
The EZM was used to assess anxiety-like behavior as described
with modification of the maze size (40). Briefly, mice were
transported from the housing room to the testing room
individually and placed on the apparatus. The experimenter
exited the room immediately after placing themouse in one of the
closed quadrants of the apparatus. A camera mounted above the
maze connected to a computer located outside the roomwas used
to observe and score, in real-time, time in open quadrants and
number of open arm entries (transitions during a single 5min
trial) (ODLog, Macropod Software). The test room was dimly
lit (30 lux) to encourage exploration of the test environment.
One Fmr1 KO vehicle-treated mouse, 2 Fmr1 KO 3BAER-treated
mice and 2 WT 3BAER-treated mice were excluded from the
EZM analysis.

Locomotor Activity
Locomotor activity was measured in infrared photocell activity
chambers (41 × 41 cm; PAS Open Field, San Diego Instruments,
SanDiego, CA) for 1 h. Total Distance was recorded during 5min
intervals for a total of 60min and analyzed with a 3-way ANOVA
with repeatedmeasures. Room lights were at full level (1,200 lux).

Marble Burying
Immediately after spontaneous locomotor activity assessment,
mice were moved to an adjacent room and tested in a marble
burying task. Through unpublished observations we found that
assessing marble burying directly following locomotor activity
elicits the most reliable degree of burying in control animals.
Briefly, mice were placed in a standard rat cage containing
10 cm (depth) of woodchip bedding. Twenty marbles were evenly
distributed on the surface of the bedding using a template in four
rows of five. Mice were individually placed in the cage for 10min
and scored for the number of marbles at least 2/3 buried at the
end of the testing session.

Novel Object Recognition
A solid black enclosure with dimensions 19.5 cm L × 40 cm W
× 35 cm H was used to assess NOR. During the familiarization
phase, mice were presented with two identical objects for a total
of 5min. Mice were returned to their cage and left undisturbed
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for 30min. Next, mice were placed back in the enclosure with a
novel object and one identical copy of the familiarization phase
object. Pilot mice had no inherent preference for any of the
objects used in this test (data not shown). The amount of time
each mouse spent paying attention to the familiar and novel
objects during the familiarization and test phases was recorded
using OD Log (Macropod Software) for the 5min duration of
each phase. Time spent paying attention was recorded when the
mouse was oriented toward the object with snout within 1 cm of
the object or when forepaws were up against the object. Mice in
these cohorts did not climb on top of the objects used for this
test. The discrimination index (DI; novel object time—familiar
object time/novel object time+ familiar object time) was used to
determine the degree of object memory. Dim lighting conditions
(20 lux) were used to reduce anxiety and encourage object
exploration during both phases. DI during the test phase was
analyzed by 2-way ANOVA.

Acoustic Startle Habituation and Prepulse Inhibition

(PPI)
Acoustic startle habituation and PPI were assessed in a
sound-attenuating test chamber (SR-LAB apparatus; San Diego
Instruments, San Diego, CA) as described with modifications
(41). Mice were placed in an acrylic cylindrical holder that was
mounted on a platform with a piezoelectric force transducer
attached to the underside of the platform. For both habituation
and PPI, a 5min acclimation period preceded test trials. For
habituation, each mouse received 50 repeated 20ms 120 dB
SPL mixed frequency sound bursts (1.5ms rise time, analyzed
in 5 blocks of 10 trials). Maximum startle amplitude for each
trial (Vmax; measured in arbitrary units; a.u.) was analyzed by
repeated measures 3-way ANOVA. For PPI, each animal received
a 5 × 5 Latin square sequence of trials that were of 5 types:
startle stimulus (SS) with no prepulse, 73 dB prepulse + SS, 77
dB prepulse + SS, or 82 dB prepulse + SS. The startle signal
was a 20ms 120 dB SPL mixed frequency sound burst (1.5ms
rise time). Prepulses preceded the startle-eliciting stimulus by
70ms (onset to onset). The startle recording window was 100ms.
Background noise level was 70 dB. Each set of 25 trials was
repeated 4 times for a total of 100 trials. The inter-trial interval
averaged 14 s and varied randomly from 8 to 20 s. Vmax at each
prepulse level was analyzed by 3-way mixed factor ANOVA with
genotype and drug as between factors and PPI trial type as a
within factor. Two Fmr1 KO vehicle-treated mice, 1 WT 1BAER-
treated mouse, and 1 WT 3BAER-treated mouse were excluded
from PPI and startle analyses.

Rotarod
There were four trials each test day, and 2 days of testing. Mice
were tested in bins, so all mice went through trial 1 before starting
trial 2. Intertrial interval was a minimum of 10min. The rod
accelerated from 4 to 40 rpm over the first 180 s. The latency to
fall from the rod, or a complete full rotation without walking,
was recorded as the dependent variable and measured by the
computer connected to the laptop. If a mouse did not fall off the
rod, the full 300 s score was recorded. The investigator placed the

mouse facing the back of the apparatus onto the stationary rod
before the test was started.

Extracellular Signal-Regulated Kinase
(ERK1/2) Quantification
Following the adult behavior battery, mice continued to be
treated for 3–5 additional days prior to sacrifice. Care was
taken to minimize stress on the final day of treatment in
which dosing occurred 30min prior to sacrifice. Mice were
removed from their cage, which was kept in their permanent
housing room and transferred directly to necropsy one at
a time. Decapitation occurred within 30 s from removal of
the mice from the housing room. Brains were removed and
maintained on ice. For ERK1/2 quantifications, the hippocampus
was removed from one hemisphere and rapidly frozen onto
a stainless-steel plate over dry ice. Once frozen, brain tissue
was transferred to a microfuge tube and stored at −80C until
assayed. For total protein determination, the hippocampus
was homogenized in ice-cold RIPA buffer (500 µl and 100 µl,
respectively), with the fresh addition of HALT phosphatase
inhibitor cocktail (ThermoScientific) and protease inhibitor
cocktail (Sigma) and assayed using the Pierce BCA Protein Assay
Kit (ThermoScientific) according to manufacturer’s instructions.
Samples were diluted to 50µg/ml for phosphorylated ERK1/2
(pERK1/2) and 2.5µg/ml for ERK1/2 total prior to analysis.
pERK1/2 and ERK1/2 total were analyzed by semiquantitative
SimpleStep ELISAs (enzyme-linked immunosorbent assay;
ABCAM; phosphoERK1/2 pT202/Y204, ab176640 and ERK1/2
Total, ab176641) according to manufacturer’s instructions. Data
were verified to fall within the linear range of the standard
curve that was run on each plate and mean optical densities of
duplicate samples was used for calculations. ERK1/2 total and the
ratio of pERK1/2 over ERK1/2 total normalized to WT+VEH
were analyzed by 2-way ANOVA with genotype (WT or Fmr1
KO) and drug (VEH, 1 mg/kg, or 3 mg/kg BAER-101) as factors.

Statistical Analysis
Behavioral data and ERK1/2 phosphorylation were analyzed
using mixed linear factorial analysis of variance (ANOVA; Proc
Mixed) with the exception of seizure severity score in which the
Exact Wilcoxon Rank sum for non-parametric data was used
(SAS v9.4, SAS Institute, Cary, NC). Significant main effects and
interactions were followed-up with pairwise group comparisons
using the False Discovery Rate (FDR) method to control for
multiple comparisons (42). Specific details relating to between
and within factors and repeated measures were briefly described
above with specifics detailed in the Results. Data are shown as
least squares (LS) mean ± standard error of the mean (SEM) for
model consistency with the exception of seizure severity, EEG
power, UP states, and dendritic spine density, in which ordinary
means and SEM are shown. UP states and dendritic spine density
were analyzed with 2-way ANOVA and EEG data were analyzed
with ordinary 2-way ANOVAormixed-effects analysis (restricted
maximum likelihood, REML) because of missing values, followed
by Tukey’s post-hoc tests when significant interactions were
observed using GraphPad Prism v8.1 or v9.0. Sample sizes
are detailed in the Results section, and/or figure legends. All
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behavioral coding, slice analyses, dendritic spine counting, and
molecular assays were performed by experimenters blind to
genotype and treatment group. A p < 0.05 was considered
significant and trends are reported at p < 0.1. Statistically
significant differences in pairwise comparisons are reported in
the figure and the figure legends. Details about sample sizes
and statistical tests for each experiments are also provided in
Supplementary Table 1.

RESULTS

Experimental mouse cohorts and the order in which assays were
conducted are stated in the method section and differ from how
they are discussed below.

BAER-101 Reduces Brain Hyperexcitability
in Fmr1 KO Mice
Individuals with FXS are hyperactive, hypersensitive to auditory
and visual stimuli, and have increased gamma frequency band
power in resting state dense-array EEGs (10, 11). This cortical
hyperexcitability is replicated in the mouse model on brain
network and behavioral levels. Because BAER-101, as a GABAA

agonist, is expected to enhance inhibitory signaling, we assessed
if the drug reduces hyperexcitable network activity in Fmr1 KO
mice by testing its effect on neocortical UP states, cortical EEG
abnormalities, and audiogenic seizures.

BAER-101 Normalizes Prolonged Up States
UP states, a type of persistent activity state of local neocortical
circuits, are prolonged in cortical slices of Fmr1 KO mice,
which reflects local circuit hyperexcitability (31, 43). Pre-
treatment of Fmr1 KO cortical slices with 1µM BAER-101
significantly reduced the duration of UP states in Fmr1 KO mice
compared with vehicle-treated Fmr1 KO slices [Figures 1A,B,
2-way ANOVA, ∗p(genotype) < 0.0001, ∗p(drug) = 0.004,
p(interaction) = 0.22; Sidak’s multiple comparisons post-hoc
tests, ∗∗∗p < 0.001; ∗p < 0.05]. UP state amplitude (Figure 1C)
was not significantly different between WT and Fmr1 KO
slices, but reduced by 1µM BAER-101 independently of
genotype [2-way ANOVA, p(genotype) = 0.2, ∗p(drug) = 0.015,
p(interaction) = 0.61]. UP state frequency (Figure 1D) was not
significantly different between WT and Fmr1 KO slices and not
affected by 1µM BAER-101 [2-way ANOVA, p(genotype) =

0.95, p(drug) = 0.71, p(interaction) = 0.12]. Incubation with
3µM BAER-101 reduced UP state duration even further but also
reduced UP state amplitude below WT levels (data not shown)
and was therefore not further analyzed. These results suggest that
selective GABAA modulation with BAER-101 reduces neocortical
circuit hyperactivity in FXS.

Susceptibility to Audiogenic Seizures Is Reduced by

Baer-101 in A Dose-Dependent Manner
Juvenile Fmr1 KO mice are susceptible to audiogenic induced
seizures whereas WT mice (C57BL/6 background) of all ages
and adult Fmr1 KO mice are mostly resistant. This increased
susceptibility to audiogenic seizures is reminiscent of sensory

hypersensitivity in individuals with FXS (44). Analysis of the
seizure severity score in response to a 120 dB sound stimulus
in 3-week old Fmr1 KO mice and WT littermates 30min after
one dose of vehicle, 1 mg/kg BAER-101, or 3 mg/kg BAER-
101 showed a significant effect of treatment (Kruskal-Wallis
statistic: 24.86, ∗p = 0.0001) (Figure 1E). Exact probabilities
were computed to determine pairwise comparisons corrected
using FDR and revealed significant increases in seizure severity
score in the vehicle-treated KO mice compared with all other
groups (∗p < 0.01 for all comparisons). These data support
the previously reported susceptibility to audiogenic seizures in
Fmr1 KO mice and indicate a significant treatment effect in
both the low and high dose BAER-101-treated Fmr1 KO mice
(1 and 3 mg/kg BAER-101). The higher dose of BAER-101 on
average decreased the seizure score even further compared with 1
mg/kg but there was no statistically significant difference between
the two doses (Figure 1E). These results suggest that selective
GABAA-modulation reduces sensory hyperexcitability in Fmr1
KOmice.

Low-Dose BAER-101 Reduces Increased Delta

Frequency Band Power but Does Not Correct

Increased Gamma Frequency Band Power in Fmr1

KO Mice
Resting gamma EEG power is increased in Fmr1 KOmice and in
humans with FXS (11, 45), suggesting a translationally relevant
phenotype. To test the effect of BAER-101 on resting-state brain
activity in the absence of FXP, we performed cortical surface EEG
recordings from the auditory cortex of Fmr1 KO mice and WT
littermates paired with video recordings for 9 consecutive days
during which mice were treated daily with either 1 mg/kg BAER-
101 or vehicle. EEG power was analyzed during a 5-min period
each day 1–3 h after dosing. The analysis period was chosen
based on the video recordings to ensure that mice were sitting
still to avoid artifacts caused by grooming or movement. These
analyses confirmed that resting gamma power is increased in the
auditory cortex of Fmr1 KO mice [Figure 2A, mixed-effects 3-
way ANOVA, ∗p(genotype)= 0.007]; but no significant effects of
day (p = 0.30), treatment (p = 0.93), or any interactions (all p >

0.3) were observed. Because we did not detect significant effects
of day or any significant interactions of day with genotype, drug,
or both, we compared the 9-day average with very similar results
[Figure 2B, 2-way ANOVA, ∗p(genotype) = 0.007; p(treatment)
= 0.98, p(interaction)= 0.33]. To account for variability in signal
intensity between mice and to better mimic human EEG analyses
we also calculated relative power by normalizing gamma power
to total power across all frequencies. While overall trends were
the same, no significant effect of genotype on relative gamma
power was observed [Figure 2C, 2-way ANOVA, p(genotype)
= 0.3; p(treatment) = 0.81; p(interaction) = 0.45]. A previous
study showed that apart from gamma power, delta power is
also increased in the auditory cortex of Fmr1 KO mice (45).
In line with these findings, we observed on average increased
delta power in Fmr1 KO mice compared with WT littermates
(Figures 2D–F). Analyses per day (Figure 2D) and averaged
across the 9-day recording period (Figure 2E) showed significant
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FIGURE 1 | BAER-101 reduces neocortical hyperexcitability and seizures in Fmr1 KO mice. (A–D) Increased duration of spontaneous UP states in neocortical slices

from Fmr1 KO mice is reduced to WT levels by bath application of 1µM BAER-101. (A) Representative extracellular multi-unit recordings from layer IV of acute

neocortical slices prepared from WT or Fmr1 KO mice and preincubated for 1–1.5 h in either BAER-101 (1µM) or vehicle (0.03% DMSO). (B) Increased duration of UP

states in Fmr1 KO slices is reduced by BAER-101 [2-way ANOVA with Sidak’s multiple comparison, p(genotype) < 0.0001, p(drug) = 0.004, p(interaction) = 0.22];

***p < 0.001; *p < 0.05. (C) Amplitude of UP states was reduced by BEAR-101 but not affected by genotype and no interaction was detected [2-way ANOVA,

p(genotype) = 0.2, *p(drug) = 0.015, p(interaction) = 0.61]. (D) UP state frequency was not affected by genotype or treatment [2-way ANOVA, p(genotype) = 0.95,

p(drug) = 0.71, p(interaction) = 0.12]. Sample sizes for UP states were as follows (slices): WT vehicle: n = 12, WT 1BAER: n = 15, Fmr1 KO vehicle: n = 12, Fmr1 KO

1BAER: n = 16. (E) Audiogenic seizures are significantly reduced by administration of 1 mg/kg and 3 mg/kg BAER-101 (1BAER and 3BAER, respectively), 30min

before testing (Kruskal-Wallis test, p = 0.0001; Wilcoxon rank pair-wise comparisons with FDR correction: *p < 0.01). Quantification of seizure scores suggests a

dose-dependent effect with stronger reduction with 3 mg/kg BAER-101. WT vehicle: n = 12, WT 1BAER: n = 10, WT 3BAER: n = 11, Fmr1 KO vehicle: n = 17,

Fmr1 KO 1BAER: n = 15, Fmr1 KO 3BAER: n = 13.

effects of treatment, reducing delta power independently of
genotype, but no other effects [2D, 3-way ANOVA, all p >

0.3, except for ∗p(treatment) = 0.047; 2E, 2-way ANOVA,
p(genotype) = 0.30, p(interaction) = 0.50, ∗p(treatment) =

0.045]. This suggests a selective effect of 1 mg/kg BAER-101
on delta but not gamma EEG power. Of note, there was a
trend toward a significant interaction between genotype and
treatment for relative delta power [Figure 2F, 2-way ANOVA
p(interaction) = 0.10] and a significant reduction of relative
delta EEG power in BAER-101 treated Fmr1 KO mice compared
with vehicle-treated Fmr1 KO mice but not for WT mice,
suggesting that the drug differentially affects relative delta power
depending on genotype (Figure 2F, Tukey post-hoc test, ∗p =

0.04). As reported previously (45), none of the other frequency
bands’ power (relative or absolute) was significantly different
in the auditory cortex of Fmr1 KO mice compared with WT
littermates (theta, alpha, sigma) with the exception of absolute
(but not relative) beta power, which was overall increased in
Fmr1 KOmice [∗p(genotype)= 0.03] with no effect of treatment
[p(treatment) = 0.38] (Supplementary Figure 1). Overall, these
studies support previous findings of altered cortical activity in
Fmr1 KO mice and suggest that 1 mg/kg BAER-101 frequency
band-specifically reduces increased resting brain EEG power in
the absence of FXP.

Short-Term Treatment of Adult Mice With
Low-Dose BAER-101 Does Not Correct
Increased Dendritic Spine Density in Fmr1

KO Mice
Dendritic spine density is increased and dendritic spine
morphology altered in humans with FXS and in Fmr1 KO
mice, which may contribute to the observed brain circuit defects
discussed above (46). We tested whether daily dosing with
1 mg/kg BAER-101 for 10 days normalizes dendritic spine
density in the hippocampal CA1 region. We confirmed increased
dendritic spine density on secondary apical dendrites of Fmr1
KO mice compared with WT littermates, but did not detect
an effect of treatment [Figure 3, 2-way ANOVA, ∗p(genotype)
= 0.001; p(treatment) = 0.90; p(interaction) = 0.72]. We
speculate that longer dosing, and thus longer-term modulation
of GABAA, is necessary to correct dendritic spine density in
Fmr1 KOmice.

BAER-101 Alters Select FXS-Specific
Behavioral Phenotypes
To evaluate the effects of BAER-101 treatment on behavioral
phenotypes in Fmr1 KO mice and WT littermates, we
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FIGURE 2 | Low-dose BAER-101 reduces increased delta EEG power but not gamma EEG power in Fmr1 KO mice. (A–C) Gamma EEG power is increased in Fmr1

KO mice but not affected by daily treatment with 1 mg/kg BAER-101 (1BAER) over 9 days. The effect of drug or genotype on absolute gamma EEG power does not

change during the 9 day treatment period [A, separated by day, mixed-effects analysis, p(genotype) = 0.007, p(day) = 0.30, p(day x treatment) = 0.72; p(day x

genotype) = 0.99, p(day x treatment x genotype) = 0.80; no other significant effects; (B), 9-day average, 2-way ANOVA, p(treatment) = 0.98, p(genotype) = 0.007,

p(interaction) = 0.33]. Relative gamma power (normalized to the EEG power across all frequency bands) shows on average non-significantly increased power in Fmr1

KO mice compared with WT [C, 9-day average, 2-way ANOVA, p(treatment) = 0.81, p(genotype) = 0.29, p(interaction) = 0.45]. (D–F) Delta EEG power is reduced by

daily treatment with 1 mg/kg BAER-101 over 9 days. Similarly as for gamma EEG power, the effect of drug or genotype on absolute delta power does not change

over the 9-day period [D, separated by day, mixed-effects analysis, p(treatment) = 0.047, p(day) = 0.58, p(day x treatment) > 0.99; p(day x genotype) = 0.40, p(day x

treatment x genotype) = 0.31; no other significant effects; (E) 9-day average, 2-way ANOVA, p(treatment) = 0.045; p(genotype) = 0.30, p(interaction) = 0.50].

Relative delta power in Fmr1 KO is significantly reduced by 1 mg/kg BAER-101 whereas no effect on WT was observed [F, 2-way ANOVA with Sidak’s post-hoc test,

p(treatment) = 0.046; p(genotype) = 0.87, p(interaction) = 0.10; *p = 0.04]. WT vehicle: n = 4; Fmr1 KO vehicle: n = 4; WT 1BAER: n = 3; Fmr1 KO 1BAER: n = 6.

EEG power was analyzed during a 5min period within 1–3 h after drug dosing (∼12–2 pm each day). Analysis of other waveforms is shown in

Supplementary Figure 1.

treated adult mice daily with 1 mg/kg or 3 mg/kg BAER-
101 or vehicle. Daily treatment begun 10 days before the
start of behavioral assays and continued throughout the
behavioral assessments. The order of behaviors is stated in
the methods and differed from how they are presented here.
The completion of the behavioral battery lasted between
2 and 3 weeks for all cohorts, during which time daily
treatment continued.

BAER-101 Increases Locomotor Activity in the Open

Field
To assess if GABAA modulation by BAER-101 affects
locomotor activity and coordination, we performed open
field analyses and rotarod assays (Figure 4). Overall, we
detected no or only genotype-unspecific effects of BAER-101 on
these measures.

High-Dose BAER-101 Increases Locomotor Activity
Activity analysis in an open field, an overall indication
of an animal’s activity level, is sensitive to sedative drugs
(including GABA modulators) or those inducing stereotypy

or catatonia and is especially useful in better interpreting
other tasks that depend on the overall activity of the animal.
We therefore tested all mice in the open field for 60min,
separated into twelve 5-min intervals for analysis. In summary,
all mice were more active in the beginning of the testing
session, Fmr1 KO mice were overall more active [as we
and others reported before (47)], and BAER-101 treatment
increased activity further (Figure 4A, 3-way repeated measures
ANOVA, main effects of interval, genotype, and treatment:
∗p < 0.0001). Apart from a significant treatment x interval
interaction (∗p < 0.0001) there were no other significant
interactions, indicating no genotype-specific treatment effect.
Although vehicle-treated Fmr1 KO mice on average traveled
further than vehicle-treated WT littermates, there was only a
significant difference between Fmr1 KO mice treated with 3
mg/kg BAER-101 and vehicle-treated WT littermates in pairwise
comparisons [Figure 4B, FDR-corrected pairwise comparisons
on data collapsed over time, p(wt/veh-ko/veh) = 0.12; ∗p =

0.002]. These data suggest that high-dose BAER-101 causes
elevations in activity levels when Fmr1 KO mice are placed in a
novel environment.
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FIGURE 3 | Increased dendritic spine density in Fmr1 KO hippocampus is not

affected by short-term treatment with low-dose BAER-101. Dendritic spine

density on apical CA1 hippocampal dendrites from Fmr1 KO and WT mice

after 10 days of daily treatment with vehicle or 1 mg/kg BAER-101 (1BAER)

was visualized by Golgi staining and quantified by manual counting using

ImageJ. Representative images are shown in (A) quantifications in (B).

Dendritic spine density is increased in Fmr1 KO mice but not changed by

BAER-101 treatment [2-way ANOVA, p(treatment) = 0.87; p(genotype) =

0.0013, p(interaction) = 0.72]. Scale bar is 10µm. WT vehicle: n = 61

dendrites from 5 mice (12–13 dendrites each); Fmr1 KO vehicle: n = 94

dendrites from 7 mice (13–16 dendrites each); WT 1BAER: n = 67 dendrites

from 5 mice (13–14 dendrites each); Fmr1 KO 1BAER: n = 78 dendrites from

6 mice (11–15 dendrites each).

BAER-101 Does Not Affect Motor Coordination in

Rotarod Experiments
To assess the effect of Fmr1 gene deletion and BAER-101 on
motor coordination, we used a rotarod test. In this test mice
have to walk and balance on a horizontal rod that rotates
around its own axis. The assay is performed twice, on two
consecutive days, and the time to fall is used as a measure for
motor coordination (48). As expected, all mice improved from
day 1 (129.34 s +/– 4.35 s) today 2 (171.78 s +/– 4.35 s) [3-way
repeated measures ANOVA; p(day)< 0.0001]. We observed that,
overall, Fmr1 KO mice fell off the rod earlier than WT mice
[∗p(genotype)= 0.044]; however there was nomain effect of drug
and no interaction effects indicating that BAER-101 did not affect
motor coordination (Figure 4C, average data across both days
are shown).

BAER-101 Alters Anxiety-Related Behavior in Mice
We used the EZM assay to assess anxiety behavior in vehicle-
and BAER-101-treated Fmr1 KO and WT mice during a 5-min
test. Time in the open arm and number of transitions between
the open and closed arm (= open arm entries) were measured
(Figures 5A,B). We detected significant increases for time in
open and open arm entries in the Fmr1 KO mice compared with
WT mice [2-way ANOVAs, ∗p(genotype) < 0.0001 and 0.0007,
respectively]. Neither low- nor high-dose BAER-101 affected time
in open [p(treatment) = 0.13, p(interaction) = 0.32] but BAER-
101 treatment increased the open arm entries [∗p(treatment) =
0.047, p(interaction)= 0.056]. This effect was driven by the high-
dose (3 mg/kg) BAER-101 treatment group: Fmr1 KOmice made
significantly more transitions after 3 mg/kg BAER-101 compared
with vehicle-treated Fmr1 KO mice and vehicle-treated WT
littermates (FDR-corrected pairwise comparisons, ∗p = 0.019
and 0.002, respectively). We speculate that increased activity in

Fmr1 KOmice after treatment with high-dose BAER-101, as seen
in the open field test, influenced the Fmr1 KO phenotype in
EZM behavior.

BAER-101 Does Not Reverse Increased Repetitive

Behavior in Fmr1 KO Mice
Marble burying is used to gauge repetitive behavior, and Fmr1
KO mice exhibit increased burying compared with WT mice
indicating enhanced repetitive behavior (49). We therefore tested
the effect of BAER-101 treatment on this phenotype. After
10min, Fmr1 KO mice in general buried more marbles than
their WT littermates, as expected, and 1 mg/kg but not 3 mg/kg
BAER-101 increased the number of buried marbles in Fmr1 KO
mice further [Figure 5C; 2-way ANOVA, ∗p(genotype) = 0.008;
∗p(interaction) = 0.031; FDR-corrected pairwise comparison
∗p(ko/veh-ko/1BAER) = 0.008, ∗p(wt/1BAER-ko/1BAER) =

0.008, p(ko/veh-ko/3BAER)= 0.42].

BAER-101 May Improve Impaired Memory in Fmr1

KO Mice in the Novel Object Recognition Assay
Impaired novel object recognition in Fmr1 KO mice was
observed by others (50) and may reflect cognitive deficits
associated with FXS. To assess the effect of BAER-101 on
this phenotype we determined the time mice spent with a
familiar and a novel object in a short-term object recognition
test (51). A discrimination index (DI) was used to quantify
novel object memory. All groups spent more time with the
novel object as indicated by a DI greater than zero, but
vehicle-treated Fmr1 KO mice performed worse than WT
littermates [Figure 5D, 2-way ANOVA with FDR-corrected
pairwise comparisons, ∗p(gene) = 0.028; p(interaction) =

0.073; ∗p = 0.004]. By contrast, Fmr1 KO mice treated with
either 1 mg/kg or 3 mg/kg BAER-101 were not significantly
different from vehicle-treated WT littermates (p = 0.87 and
p = 0.11, respectively), and 1 mg/kg BAER-101-treated Fmr1
KO mice showed on average increased (i.e., improved) DI
compared with vehicle-treated Fmr1 KO mice (62.1+/−1.8 vs.
57.7+/−1.7). These results confirm previous studies showing
that Fmr1KOmice are impaired in short-term object recognition
memory and suggest that low-dose BAER-101 may improve
this phenotype.

BAER-101 Does Not Alter Sensory Gating
or ERK1/2 Activation
Prepulse inhibition (PPI) is a test of startle reactivity and
sensorimotor gating and is impaired in young males with FXS,
but enhanced in adult male mice (52). Although the reasons for
these discrepancies between species are unknown, these previous
studies suggest that both mice and people lacking FXP exhibit
aberrant sensorimotor gating (52, 53).We therefore assessed how
BAER-101 affects PPI in Fmr1 KOmice. To acclimate the mice to
the chamber and sound used for PPI, acoustic startle habituation
was performed. All mice habituated to the sound as expected
[2-way ANOVA, ∗p(burst block) < 0.0001], and there was no
effect of either 1 or 3 mg/kg BAER-101 treatment (p = 0.44) or
genotype (p = 0.28), and no significant interaction (p = 0.41).
After the acclimatization phase, PPI was assessed for each mouse
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FIGURE 4 | BAER-101 increases motor activity regardless of genotype but does not affect motor coordination. (A,B) Distance traveled in an open field is overall

increased in Fmr1 KO mice compared with WT littermates and further increased by BAER-101 treatment [A, 3-way ANOVA, p(genotype) < 0.0001, p(treatment) <

0.0001, p(interval) < 0.0001, p(treatment x interval) < 0.0001, p(treatment x genotype) = 0.16, p(treatment x interval x genotype) = 0.79]. FDR-corrected pairwise

comparisons of data collapsed over time show significant differences for WT vehicle compared with Fmr1 KO 3 mg/kg BAER-101 (B, *p = 0.0015). (C) Fmr1 KO mice

fell off the rotarod faster than their WT littermates but both genotypes improved over time. No effect of low- or high-dose BAER-101 treatment was detected [3-way

ANOVA, p(genotype) = 0.044, p(treatment) = 0.87, p(day) < 0.0001, p(genotype x treatment) = 0.98, p(genotype x day) = 0.70, p(treatment x day) = 0.33,

p(genotype x treatment x day) = 0.71]. Figure in (C) shows data collapsed over 2 days. WT vehicle: n = 23, WT 1BAER: n = 25, WT 3BAER: n = 24, Fmr1 KO

vehicle: n = 21, Fmr1 KO 1BAER: n = 20, Fmr1 KO 3BAER: n = 20.

at each of the prepulse trial types (PPI0, PPI73, PPI77, PPI82,
numbers are indicating dB for each trial). These experiments did
not replicate the previously described increase in PPI in Fmr1KO
mice and no effect of treatment was observed [3-way mixed effect
ANOVA, p(genotype)= 0.89, p(drug)= 0.91, ∗p(type) < 0.0001,
p(genotype x drug) = 0.32, p(genotype x type) = 0.13, p(drug x
type) = 0.97, p(genotype x drug x type) = 0.09]. The results of
these experiments should be interpreted with caution as the PPI
response of the mice was very weak and all prepulses essentially
elicited the same reduction in startle response.

To evaluate if BAER-101 corrects molecular defects, such
as altered cellular signaling, in the FXS mouse model, we
used phospho-ERK1/2- and ERK1/2-specific ELISAs to quantify
ERK1/2 phosphorylation in hippocampal lysates from the mice
after they underwent the behavioral testing. In a previous
study we showed that ERK phosphorylation is increased in
the hippocampus of Fmr1 KO mice (47); however, here,
we only detected a trend of increased pERK/ERK in Fmr1
KO hippocampus and no significant interaction or drug
effects [n = 8–10 per group, 2-way ANOVA, p(genotype)
= 0.09, p(treatment) = 0.23, p(interaction) = 0.73]. Neither
low- nor high-dose BAER-101 significantly changed ERK1/2
phosphorylation in the mice (Supplementary Figure 2). We

assume that the relative absence of this molecular phenotype
could have been caused by the four or more weeks of
treatment, behavior testing, and daily handling. Indeed, while
many studies demonstrated that neurotransmitter receptor-
dependent cellular signaling is altered in FXS, there are partially
contradictory findings regarding the steady-state activity of
certain pathways, which are mostly attributed to differences
in mouse and tissue handling (54). Stress can have significant
effects on gene expression (55) most likely altering the
molecular pathways that are changed in Fmr1 KO mice
(e.g., ERK1/2, PI3K/mTOR, and GSK3α/β signaling), which
could confound molecular analyses. We therefore abstained
from analyzing other FXS-associated molecular defects in
these mice.

DISCUSSION

Novel disease mechanism-targeted treatments for FXS are
urgently needed. A hallmark of FXS is an overall hyperexcitable
brain network, which may be partially caused by impaired
inhibition through GABAergic signaling. Here, we tested a
novel therapeutic strategy in a mouse model of FXS targeting
a subset of GABAA receptors. GABAergic signaling has long
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FIGURE 5 | BAER-101 may worsen anxiety-related and repetitive behaviors but improve memory in Fmr1 KO mice. (A,B) Fmr1 KO mice spent more time in the open

(A) and made more transitions (B) than WT littermates in the elevated zero maze; BAER-101 does not affect time in the open but 3 mg/kg BAER-101 increases the

number of transitions between open and closed compartments [A, 2-way ANOVA, p(genotype) < 0.0001, p(treatment) = 0.13, p(interaction) = 0.32; B, 2-way

ANOVA with FDR-corrected pairwise comparisons, p(genotype) = 0.0007, p(treatment) = 0.047, p(interaction) = 0.056, *p(wt/veh-ko/3BAER) = 0.0015,

*p(ko/veh-ko/3BAER) = 0.019]. (A,B) WT vehicle: n = 23, WT 1BAER: n = 25, WT 3BAER: n = 23, Fmr1 KO vehicle: n = 19, Fmr1 KO 1BAER: n = 20, Fmr1 KO

3BAER: n = 20. (C) Increased marble burying behavior in Fmr1 KO mice is enhanced by 1 mg/kg BAER-101 [2-way ANOVA with FDR-corrected pairwise

comparisons, p(genotype) = 0.008, p(treatment) = 0.066, p(interaction) = 0.03, *p(wt/veh-ko/1BAER) = 0.005, *p(wt/1BAER-ko/1BAER) = 0.008,

*p(ko/1BAER-ko/3BAER) = 0.008). Number of marbles buried by two thirds or more after 10min is shown. (D) 1 mg/kg BAER-101 may improve impaired novel

object recognition memory in Fmr1 KO mice [2-way ANOVA with FDR-corrected pairwise comparisons, p(genotype) = 0.028, p(treatment) = 0.62, p(interaction) =

0.073, *p(wt/veh-ko/veh) = 0.040, all other pairwise comparison not significant]. Shown is the discrimination index DI [(time with the novel object—-time with familiar

object)/(time with the novel object + time with the familiar object)]. (C,D) WT vehicle: n = 23, WT 1BAER: n = 25, WT 3BAER: n = 24, Fmr1 KO vehicle: n = 21, Fmr1

KO 1BAER: n = 20, Fmr1 KO 3BAER: n = 20. *indicates a significant difference, ns indicates not significant.

been suggested as treatment target in FXS, but so far, preclinical
and clinical studies mostly targeted broad spectrum GABAA and
GABAB receptors, with mixed successes. Our strategy is novel
since we used an investigational drug, BAER-101 that selectively
targets only two (out of 19 possible) GABAA receptor subunits,
α2 and α3. Our studies suggest that BAER-101 can reverse
neuronal circuit hyperactivity and improve memory in FXS but
is ineffective in correcting hyperactivity and repetitive behavior
in an FXS mouse model.

Several of our results indicate that BAER-101 at least
partially corrects altered inhibitory neuronal transmission in
Fmr1 KO mice. First, in an in vitro approach, we showed that
bath application of BAER-101 normalizes prolonged duration
of UP states, suggesting that neocortical hyperactivity is
normalized with the treatment. Second, we showed that BAER-
101 significantly reduces the susceptibility to audiogenic seizures
in a dose-dependent manner. This suggests that hypersensitivity
to sensory stimuli, which is also seen in humans with FXS and
most likely reflects a hyperactive and hyperexcitable neuronal
network, is corrected by BAER-101. Third, we showed that
BAER-101 normalizes enhanced delta EEG power. Enhanced

EEG power of select frequency bands can be observed inmice and
humans with no or very low levels of FXP, is believed to reflect
neocortical hyperexcitability and may serve as a translational
biomarker (10, 11, 45). Delta EEG power is associated with
cognitive processing and believed to suppress networks not
involved in a certain task (56). Notably, the correction of
enhanced delta power was associated with improvement in novel
object recognition memory, suggesting that correction of EEG
power alterations in FXS is a valuable treatment goal.

In contrast to delta EEG power, increased gamma EEG was
not rescued by BAER-101. Apart from being an agonist for
the α2 and α3 GABAA receptor subunits, BAER-101 also has
neutral antagonistic action toward α1 (AstraZeneca, personal
communication), which could influence its effect on EEG power
bands. Moreover, we evaluated EEG power only during a 9-day
treatment period.We speculate that longer treatment is necessary
for a more comprehensive rescue of EEG power deficits, as well
as for improvement of the dendritic spine phenotype which
was likewise not rescued by this treatment paradigm. Lastly, we
limited the EEG and dendrite studies to the low-dose BAER-
101 condition. This decision was made following analysis of the
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behavioral data that indicated potentially enhanced efficacy of
low- vs. high-dose drug in the KO mouse; however, we cannot
exclude that the higher dose BAER-101 (3 mg/kg) would have
been more effective in correcting alterations in gamma EEG
power and dendritic spine density in Fmr1 KO mice. This is
particularly relevant, as gamma EEG oscillations are important
for sensory processing (57), and audiogenic seizures, a form
of hyperresponsivity to sensory stimuli, were most effectively
reduced with 3 mg/kg BAER-101. It is thus conceivable that a
higher dose of BAER-101 would have been necessary to rescue
increased gamma EEG power. A limitation of the EEG analyses
in the current study is the low number of animals tested.
Future studies with larger sample numbers are needed to draw
definitive conclusions.

A benefit of the selective action of BAER-101 on α2 and
α3 GABAA receptor subunits is its lack of sedative effects,
which usually limits the clinical usability of broad GABAA

agonists such as benzodiazepines in persons with developmental
disability. In fact, we observed increased activity in BAER-
101-treated mice. Mice also spent more time in the open in
the EMZ, suggesting reduced anxiety, which is in line with
previous reports that α2 and α3 subunits mediate the anxiolytic
effects of unselective GABA receptor agonists (58, 59), but is
not consistent with normalization of Fmr1 KO mouse behavior
in this assay thus potentially limiting the face validity of this
behavior test. A limitation of our study is that we cannot exclude
that the drug-induced increase in activity altered other behavioral
phenotypes tested. Current and future clinical trials will have
to carefully monitor the effects of BAER-101 on hyperactivity-
related symptoms in individuals with FXS.

The increased activity in BAER-101-treated mice may have
contributed to the appearance of potentially worsening of
the repetitive behavior in the marble burying assay in mice
treated with low-dose BAER-101 and could have masked
a potential beneficial effect on these repetitive/perseverative
behaviors often associated with autism. A recent study supports
this notion by showing that GABAA, but not GABAB receptor
agonism reduces marble burying behavior in WT mice (60),
corroborating a potential beneficial effect of BAER-101 on
perseverative behaviors. Interestingly, no increase in marble
burying was observed with the higher dose of 3 mg/kg
BAER-101. Instead, the 3 mg/kg BAER-101 appeared to
normalize the phenotype (although no statistical significance
was reached). This suggests that higher doses are needed to
rescue repetitive behavior. We speculate that the opposing
effects of low- and high-dose BAER-101 on marble burying
may be due to the α1 antagonistic effect of BAER-101 that
could have different influences on this phenotype depending
on drug dose. In the future, it will be important to assess
other autistic-like phenotypes in BAER-101 treated Fmr1 KO
mice to further evaluate its potential to ameliorate autism
disorders in FXS. Additionally, different doses of BAER-101
could be evaluated to minimize hyperactivity-inducing actions of
the drug.

It is worth noting that the Fmr1KOphenotypic representation
is subtle and dependent on genetic background and environment,
leading to contradictory phenotypes between different

laboratories. In this study, we were not able to consistently
replicate previously reported changes in PPI or ERK1/2
phosphorylation in Fmr1 KO mice, and the effect of BAER-101
treatment on these phenotypes could thus not be determined
reliably. Moreover, some of the effects we observed were subtle
and our assays may have not been sufficiently powered or
sensitive enough to detect significant changes. Future studies
with larger sample size may be necessary to further analyze
the effects of BAER-101 on these phenotypes. Nevertheless, the
promising results in brain hyperactivity (UP states, audiogenic
seizures, certain EEG frequency bands) and novel object
recognition justify further evaluation in preclinical studies and
clinical trials.

Based on our results in the mouse model, we predict
that low-dose BAER-101 may have a beneficial effect on
circuit excitability, sensory hypersensitivity, and cognitive
function in FXS. The GABAB receptor subunit-selective
agonist arbaclofen did not meet social end point criteria
in a large clinical trial (24). It will thus be interesting to
test in follow-up studies how BAER-101 affects phenotypes
of sociability [e.g., social novelty or social preference (61)]
in Fmr1 KO mice. It will be important in first-in-human
studies to confirm whether low-dose BAER-101 shows
a preferential positive clinical effect consistent with this
preclinical report.

There are many different GABAA receptor subunits expressed
in the brain that can exist in a variety of different receptor
combinations. The proportion of α receptor subunits within
GABAA receptors depends on the brain region and can affect
receptor function (62). Our studies suggest that GABAA agonists
selective for specific α subunits improve certain phenotypes in
Fmr1 KO mice. The mRNA levels of several GABAA subunits
are downregulated in Fmr1 KO mouse cortex (α1, α3, α4, β1,
β2, γ1, and γ2) (20). While we did not analyze GABAA subunit
expression in our cohort of mice, this previous observation
provides justification for assessing agonists specific to one or
more of these GABAA subunits as disease-targeted treatment in
FXS. In selecting which subunit(s) to target it is important to
consider previous studies suggesting that some of the GABAA

subunits shown to be altered in the Fmr1 KO mouse model
have functions that make them less attractive drug targets in
FXS. For example, both α4 and β1 subunits play a role in
alcohol intake and binge drinking (63, 64), increasing the risk
of addiction. Moreover, the α1 subunit mediates sedative effects
but not anxiolytic effects of benzodiazepines (65). By contrast,
the α2/3-selective agonist BAER-101 was shown to be anxiolytic
but not sedative making it a preferred candidate as novel
therapeutic strategy. Nevertheless, future studies are necessary to
evaluate which GABA receptor subunits (or what combinations
thereof) are the most beneficial to modulate for the treatment
of FXS.
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The FMR1 gene in its premutation (PM) state has been linked to a range of clinical

and subclinical phenotypes among FMR1 PM carriers, including some subclinical traits

associated with autism spectrum disorder (ASD). This study attempted to further

characterize the phenotypic profile associated with the FMR1 PM by studying a battery of

assessments examining clinical-behavioral traits, social-cognitive, and executive abilities

in women carrying the FMR1 PM, and associations with FMR1-related variability.

Participants included 152 female FMR1 PM carriers and 75 female controls who were

similar in age and IQ, and screened for neuromotor impairments or signs of fragile

X-associated tremor/ataxia syndrome. The phenotypic battery included assessments of

ASD-related personality and language (i.e., pragmatic) traits, symptoms of anxiety and

depression, four different social-cognitive tasks that tapped the ability to read internal

states and emotions based on different cues (e.g., facial expressions, biological motion,

and complex social scenes), and a measure of executive function. Results revealed

a complex phenotypic profile among the PM carrier group, where subtle differences

were observed in pragmatic language, executive function, and social-cognitive tasks

that involved evaluating basic emotions and trustworthiness. The PM carrier group

also showed elevated rates of ASD-related personality traits. In contrast, PM carriers

performed similarly to controls on social-cognitive tasks that involved reliance on faces

and biological motion. The PM group did not differ from controls on self-reported

depression or anxiety symptoms. Using latent profile analysis, we observed three

distinct subgroups of PM carriers who varied considerably in their performance across

tasks. Among PM carriers, CGG repeat length was a significant predictor of pragmatic

language violations. Results suggest a nuanced phenotypic profile characterized by

subtle differences in select clinical-behavioral, social-cognitive, and executive abilities

associated with the FMR1 PM in women.
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INTRODUCTION

The FMR1 gene plays a critical role in the expression of a
range of clinical phenotypes, including both neurodevelopmental
and neurodegenerative disorders. Located in the 5′ untranslated
region (5′ UTR) on the long arm of the X chromosome, FMR1
encodes the Fragile X Mental Retardation Protein (FMRP),
which is highly expressed in the brain and plays a role in
synaptic plasticity (1–4). A full mutation of the FMR1 gene
(>200 cytosine-guanine-guanine [CGG] trinucleotide repeats)
causes methylation and subsequent silencing of the gene,
inhibiting production of FMRP and causing fragile X syndrome
(FXS), a rare condition (∼1 in 4,000 males and ∼1 in
8,000 females) that is the most common inherited cause of
intellectual disability and monogenic cause of autism spectrum
disorder (ASD) (5–7). The FMR1 premutation (PM; 55–200
CGG repeats), occurs in roughly 1 in 150–250 women, and
is less prevalent in men (∼1 in 430–460) (8–12). Though the
PM was once believed to have limited phenotypic expression,
a number of clinical and subclinical phenotypes have since
been identified, including PM-specific disorders (i.e., fragile
X-associated primary ovarian insufficiency [FXPOI], fragile
X-associated tremor/ataxia syndrome [FXTAS], and fragile X-
associated neuropsychiatric disorders [FXAND]) (4, 13, 14).
FMR1-related molecular genetic variation has been associated
with these phenotypes, including CGG repeat length, such as
mid-range vulnerability (90–110 repeats), toxic gain-of-function
production of mRNA, RAN translation, and FMRP variation
(15–23). As such, detailed phenotypic characterization of the PM
is important from a public health perspective, with potential to
connect complex human traits to known genetic variation.

An important body of work has described a number of
clinical-behavioral traits among carriers of the FMR1 PM,
including ASD and subclinical ASD-related traits (24–27),
anxiety and depression (28–33), and differences in social
cognition and executive function (EF) (34–38). Because most
prior work has examined these phenotypes in separate study
samples, a key remaining question concerns whether such
phenotypes co-occur, together constituting a phenotypic profile
associated with the FMR1 PM. Examining the co-occurrence
of key phenotypes within individuals can also help to address
whether such features may interrelate causally. It could be, for
instance, that personality traits previously reported in PM groups
reflect underlying differences in social cognition or EF. This
study attempted to build on prior work to address these gaps
by studying a range of clinical-behavioral, social-cognitive, and
executive phenotypes associated with the FMR1 PM within a
relatively large sample of female PM carriers and controls.

Consistent with the strong phenotypic overlap observed
between FXS and ASD (where most individuals with FXS
exhibit at least some ASD symptoms, and many meet full
diagnostic criteria for ASD) (24, 39–42), a number of studies
have documented elevated rates of ASD among PM carriers,
particularly males (∼14%) (24, 25, 43). Subclinical ASD traits
have also been noted in the PM more generally, including
personality styles such as social reticence (28) and rigid
and perfectionistic traits (27, 34). Collectively known as the

broad autism phenotype (BAP), this constellation of subclinical
personality and language traits mirror the central features of
ASD and are thought to index genetic liability to the disorder as
they are observed at higher rates among first degree relatives of
individuals with ASD relative to the general population (44–46)
and associated with increased polygenic burden for ASD (47).

Losh et al. (27) evaluated personality and pragmatic language
features of the BAP in PM carriers. Using direct assessment
measures, including the Modified Personality Assessment Scale
(MPAS) (48) and Pragmatic Rating Scale (PRS) (49), they
found similar profiles of BAP personality traits and increased
pragmatic language violations in PM carriers and mothers of
individuals with ASD compared to controls. Further, within-
family associations were detected in the PM group, showing
that children with FXS whose mothers exhibited BAP traits
had more severe ASD symptoms. Such co-segregation of ASD-
related phenotypes within a subgroup of families is intriguing,
particularly when considering known interactions between a
number of ASD risk genes and the FMR1 gene that might
underlie these phenotypes (50, 51).

Beyond ASD-related risk, female PM carriers may display
elevated symptoms of anxiety and depression, though rates vary
considerably between studies (30, 32, 33, 52, 53). For instance,
whereas Jiraanont et al. (53) reported higher diagnostic rates of
depression (50%) and anxiety (33%) compared to controls (8.3
vs. 4.2%, respectively), Gossett et al. (52) reported no significant
differences, but noted that the majority of the control group
(∼54%) had clinically elevated symptoms. Studies including
younger PM carriers and adults without children have also
reported elevated mood and anxiety disorders, suggesting that
these symptoms may arise early on and are not merely related to
the stress of parenting a child with FXS (25, 32). Interestingly,
there is some evidence to suggest that mood and anxiety
symptoms may co-occur with other phenotypes, such as FXPOI
and EF deficits (e.g., working memory), among subgroups of PM
carriers (54, 55), underscoring the importance of examining how
these symptoms may co-occur with other phenotypes, such as
social-cognitive deficits and ASD-related features.

Subtle differences in social cognition (i.e., understanding
mental states and feelings essential for supporting fluent
interpersonal interactions) have also been observed among PM
carriers. Studies of male PM carriers reported lower social-
cognitive performance, including decreased theory of mind (34,
56) and reduced social reward processing, which related to
lower FMRP (37). Male PM carriers have been reported to
exhibit reduced neural activation in the amygdala compared
to controls when viewing faces with fearful expressions (35).
Far less is known about the social-cognitive profiles of females
and potential biological correlates. Klusek et al. (57) found that,
compared to controls, female PM carriers displayed reduced
visual attention to others’ direct gaze, which can impact the ability
to interpret others’ intent. These results were hypothesized to
reflect difficulty with interpreting ambiguous social information
or with recognizing direct gaze as an important social cue.

Even subtly impaired social-cognitive abilities have been
associated with increased pragmatic language violations in
ASD and FXS and the FMR1 PM (58–62). For example,
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subgroups of parents of individuals with ASD who displayed
reduced social-cognitive skills tended to show elevated pragmatic
language violations during semi-structured conversation (60).
In FXS, increased pragmatic language deficits have been
reported to cosegregate with more severe impairments in social
cognition (62), and some evidence suggests that differences
in social cognition among PM carriers may also relate to
pragmatic language. In a study of visual attention, Winston
et al. (63) reported atypical visual scanning patterns of
faces among female PM carriers, but found that these
differences were associated with better social cognition and
pragmatic language, perhaps suggesting that some female
PM carriers may employ alternative strategies for deducing
meaningful information in social exchanges. Such findings
suggest that subgroups of female PM carriers may exhibit
social-cognitive or attentional patterns that facilitate pragmatic
language, whereas for others, these domains may not be
related. Consistent with this possibility, Winston et al. (64)
identified a subgroup of PM carriers who demonstrated
social viewing patterns characteristic of those found among
parents of individuals with ASD and greater co-occurring
pragmatic difficulties, and also had children with more severe
ASD symptoms.

Numerous studies have also identified EF differences among
female PM carriers without FXTAS (36, 65–67), including
differences in working memory across both visual and verbal
modalities (68, 69), inhibition (23, 54, 70), and attention
(71). PM carriers also exhibit differences in language domains
that are thought to reflect underlying EF difficulties, such as
verbal disfluencies (72–74). Additionally, a recent study reported
inefficient language processing and eye-voice coordination
on a task of rapid naming of familiar objects; difficulties
were particularly evident during the latter portions of the
task when executive demands have been shown to be the
greatest (22). The overlap between these language tasks and
EF could suggest that aspects of the PM phenotype, such
as subtle differences in pragmatic language, could cluster
together with EF difficulties. For instance, Kraan et al. (54)
found that EF deficits co-occurred with neuropsychiatric
symptoms (such as depression and anxiety) in female PM
carriers, though far less is known about the co-occurrence
of executive dysfunction and other clinical-behavioral or
cognitive correlates.

The present study aimed to further characterize the
phenotypic spectrum associated with the FMR1 PM
by examining performance across a battery of clinical-
behavioral, social-cognitive, and EF tasks in females
with the FMR1 PM in comparison to controls. Further,
we utilized latent profile analyses to examine whether
homogenous phenotypic subgroups within the PM might
be identified based on distinct constellations of these
phenotypes. Finally, following prior evidence that FMR1-
related molecular-genetic variation is often associated with
clinical-behavioral and cognitive phenotypes in the PM
(21, 23, 30, 33, 37, 56, 75–77), we examined associations
between the phenotypic battery and CGG repeat length
and FMRP.

TABLE 1 | Participant characteristics.

Premutation carriers Female controls

M (SD) M (SD)

N 152 75

Chronological age 44.43 (8.76) 42.50 (9.21)

IQ 112.90 (9.78) 114.67 (11.20)

VIQ 110.69 (10.59) 110.29 (12.20)

PIQ 111.97 (9.58) 113.45 (13.52)

VIQ, Verbal IQ; PIQ, Performance IQ.

Participants did not significantly differ on age, IQ, or VIQ (ps > 0.230), but did differ on

PIQ (p = 0.039; in bold).

METHODS

Participants
Participants included 152 female FMR1 PM carriers and 75
adult female controls. Only females were included in this
study to control for biological sex, and to ensure feasible
ascertainment. All participants were native English speakers
because of the language-based nature of many of the tasks.
PM carriers were recruited from genetic clinics, physicians’
offices, advocacy groups, and the Research Participant Registry
Core of the Carolina Institute for Developmental Disabilities
at the University of North Carolina at Chapel Hill. PM
status was confirmed by genetic testing (direct or confirmation
by prior medical records). Controls were recruited through
community resources (e.g., schools and child care centers, local
community events) and word of mouth, as well as through the
Communication Research Registry at Northwestern University.
Controls were recruited as part of larger family genetics
studies of ASD/BAP and FMR1-related conditions, and were
therefore screened for personal or family history of FXS, ASD,
and genetically-based conditions associated with ASD. Table 1
summarizes participant characteristics. Groups did not differ
significantly in age (p = 0.233), or Full-Scale IQ (FSIQ; p =

0.250). In the PM sample, 135 participants had at least one child
with FXS. Nine participants were mothers of children without
FXS, and 16 were not mothers.

Potential participants were asked to report any prior diagnosis
of FXTAS or Parkinsonism, and were excluded if they endorsed
such symptoms. Additionally, participants completed a reduced
set of screening questions from the FXTAS Rating Scale (78,
79), assessing action or postural tremor, standing capacities,
tandem gait, and handwriting-related items. Four individuals
were excluded for rating positive on one or both of these indices.

All study procedures were approved by the Institutional
Review Boards of participating universities. All participants
provided informed consent to participate.

Clinical-Behavioral Measures
Assessment of the BAP

Modified Personality Assessment Schedule
The Modified Personality Assessment Schedule (MPAS) (48) was
used to assess three core personality traits associated with the
BAP (i.e., social aloofness, rigidity, and untactfulness) among the
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PM carrier group. This instrument has been used extensively
in family studies of ASD [e.g., (44, 45)], and consists of a
direct-assessment clinical interview designed to elicit examples
regarding the endorsement of each personality trait. Traits are
rated based on concrete behavioral examples using a 3-point
scale (0 = absent, 1 = partially present, and 2 = present).
Given that the BAP occurs at relatively low rates in individuals
without a family history of ASD (46, 80), and the overarching
goal of assessing how BAP personality traits might relate to other
phenotypes among PM carriers, controls were not administered
the MPAS.

Each interviewwas coded by two independent raters whowere
trained to at least 80% reliability, and were blind to group status,
with final scores determined through consensus. Individuals were
rated BAP (+) for social features if they had a score of 2 on either
social aloofness or untactfulness, and BAP (+) for rigid features
if they had a score of 2 in the rigid domain. Finally, individuals
were rated BAP (–) if they scored either a 0 or 1 on all domains.
Average reliability prior to consensus coding was 76.28%.

Pragmatic Rating Scale
Twenty-minute semi-structured conversations were conducted
between examiners and participants concerning their “life
history” [for detailed description, see (27)]. Participants were
asked about a series of topics that pertained to early childhood
and friendships, current employment, hobbies, and romantic
relationships. To elicit specific pragmatic behaviors during the
conversation, such as reciprocity and the ability to clarify a
message, examiners were trained to periodically offer related
personal information and feign confusion. Conversations were
coded from video by two trained research assistants, who were
blind to participant family diagnosis, using the Pragmatic Rating
Scale (PRS) (49). The PRS captures pragmatic language features
of the BAP, and assesses 26 different pragmatic skills (e.g.,
providing adequate detail and background information), which
are rated on a three-point scale from 0 (not present), 1 (somewhat
present), to 2 (definitely present). In addition to a total number
of pragmatic language violations, scores on three factor scores
[dominant, withdrawn, and suprasegmental factors; see (27)]
were also examined. All files were consensus coded for a best
estimate rating used in analyses. Reliability prior to consensus
coding was 84.07%.

Mood and Anxiety

Beck Depression Inventory-II
Depression symptoms were assessed using the Beck Depression
Inventory-II (BDI-II) (81). The BDI-II is a 21-item measure of
depressive symptoms on a 4-point scale, and has been normed in
both typical and clinical populations. It follows the Diagnostic
and Statistical Manual of Mental Disorders-Fourth Edition
(DSM-IV) criteria for depression and assesses the presence and
severity of depression with high reliability (Coefficient Alpha
= 0.92). Scores on this measure range from 0 to 63; scores
falling in the 0–13 range suggest the presence of minimal
depressive symptoms, 14–19 indicate mild, 20–28 moderate, and
29–63 severe.

State-Trait Anxiety Inventory
The State-Trait Anxiety Inventory (STAI) (82) assessed anxiety
symptoms. Used extensively in psychiatric research and practice,
the STAI consists of two 20-item questionnaires that evaluate
current (i.e., state) and more persistent (i.e., trait) symptoms of
anxiety. The STAI provides a continuousmeasure of anxiety, with
a range for each subtest of 20–80, with higher scores indicating
greater anxiety (83, 84). Clinically significant anxiety has been
suggested for scores at or above 39 (83, 84). Standard scores were
used in all analyses.

Mini-International Neuropsychiatric Interview
The Mini-International Neuropsychiatric Interview (MINI) (85)
is a well-validated and widely used structured psychiatric
diagnostic interview instrument to evaluate current and past
depressive episodes along DSM-IV criteria. This measure is
intended as a tool for dichotomous categorization (i.e., yes/no)
of psychiatric symptoms of depression and anxiety. Two-sided
Fisher’s exact tests were used to compare rates of symptoms
across groups.

Social Cognition
Reading the Mind From the Eyes Task
The Eyes Task (86) was used to index the ability to infer
psychological states from viewing the eye region of the face.
Participants were shown 36 different images of eyes expressing
different psychological states and were asked to select a
corresponding term from an array of four words. Performance
was measured as the proportion of correct responses.

Trustworthiness of Faces Task
The Trustworthiness of Faces Task (87, 88) assessed the
ability to use facial expressions to infer the social attribute
of trustworthiness. Participants were asked to rate the
trustworthiness of a series of 42 faces, which varied in gender,
expression, and gaze. Ratings were made on a seven-point scale
(−3 to +3), with negative scores denoting less trustworthiness, a
score of “0” denoting neutral trustworthiness, and positive scores
indicating greater trustworthiness. Faces were categorized into
“negatively valenced” and “positively valenced” based on valence
ratings from the original control group (87).

The Movie Stills Task
The Movie Stills Task (89) measured the extent to which
individuals use facial information to infer the emotional content
of a scene. Participants were asked to determine the emotional
state (happy, sad, afraid, angry, surprised, disgusted, or neutral)
from a series of 16 movie stills. The first trial obscured the faces
of the characters in the image, and the second trial presented the
image with the faces intact. Following prior work (89), scores
were derived from the control participants (n = 49). For each
of the 16 images with faces, the proportion of controls who
selected a given emotion was first calculated to determine the
distribution of responses. Scores were then weighted based on
the distribution of responses, and parametrically transformed to
give partial credit to alternative responses. For instance, if on a
given image, 50% of the controls chose angry, 40% chose afraid,
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and 10% chose neutral, angry was given a score of 1, afraid was
weighted as 0.8, and a neutral response was weighted as 0.2,
whereas all other responses received no credit. For each image,
the emotion that was the most often chosen by the controls was
determined as the target emotion. Scores were then averaged for
each emotion condition.

Point Light Tasks
The ability to recognize emotions through biological motion was
assessed using a task where participants viewed light emitting
diodes affixed to an actor’s body, as the figure moved through
a black space in different manners (90). Participants completed
two versions of this task—one in which they judged basic
emotions (e.g., happy, angry) and another where they judged the
trustworthiness conveyed by the body movements. As with the
Movie Stills task, each emotion was given a weighted score based
on the proportion of controls who selected each emotion per trial.
The weighted scores were used to calculate emotional accuracy.

During the second version of the task, participants were asked
to rate the trustworthiness of each display based on its pattern
of movement. Trustworthiness was rated on a scale of 1–5,
with 1 representing the most trustworthy and 5 representing the
least trustworthy. For analyses and interpretation of this version,
images were divided into “lower” and “higher” trustworthiness
based on original control ratings. Raw ratings of trustworthiness
were used in analyses.

Executive Function
Behavior Rating Inventory of Executive

Function—Adult Version
Participants completed the Behavior Rating Inventory of
Executive Function-Adult Version (BRIEF-A) (91), a 75-item
self-report questionnaire that assesses multiple domains of
executive functioning. Participants had the option to complete
this self-report questionnaire in the lab, or remotely via an
online link to the questionnaire. Each item was rated on a
three-point Likert scale (i.e., never, sometimes, often), indicating
the extent to which a behavior occurred over the past 6
months. Raw scores were converted into standardized t-scores
across nine domains: Inhibition, Shift, Emotional Control,
Self-Monitor, Initiate, Working Memory, Plan/Organize, Task
Monitor, and Organization of Materials. Higher scores indicate
poorer executive functioning abilities. Scores from each domain
yield an overall Global Executive Composite (GEC) score,
and two composite scores, Behavioral Regulation Index (BRI)
and Metacognitive Index (MI). T-scores 65 or greater indicate
clinically significant deficits in executive functioning.

FMR1 Molecular-Genetic Variation
Polymerase chain reaction and Southern blot techniques were
used to confirm PM status and determine CGG repeat length.
FMRP was assayed in lymphocytes isolated from blood,
using a Luminex Assay to reliably quantify levels of FMRP
(92). Activation ratio (AR) measures the proportion of cells
carrying the normal allele on the active X chromosome (78),
and was determined by the ratio of the intensity of the
normal FMR1 unmethylated band divided by the sum of the

TABLE 2 | FMR1 characteristics in PM carriers.

M (SD) Range

CGG repeat length 89.68 (16.23) 59–126

Quantitative FMRP 0.02 (0.01) 0.00–0.04

Activation ratio 0.49 (0.23) 0.00–0.95

CGG, Cytosine-Guanine-Guanine; FMRP, fragile X mental retardation protein (pg/ug).

Activation ratio reflects the percentage of cells for which the active X chromosome

contains an unaffected FMR1 gene.

intensities of the normal unmethylated and methylated bands
(93). Table 2 presents descriptive information regarding FMR1-
related variation.

Data Analysis
All variables were examined for normality of distribution.
General linear models (i.e., analyses of variance, ANOVAs)
were used to assess group differences across clinical-behavioral,
social-cognitive, and EF measures. Effect sizes for correlational
analyses were interpreted as small (0.20), medium (0.50), and
large (0.80) (94). Effect sizes for ANOVAs are reflected as partial
eta squared (η2

p), and were interpreted as small (0.01), medium
(0.06), and large (0.14) (94). Bonferroni corrections were applied
to adjust for multiple comparisons. Because groups did not differ
significantly on age or IQ (p > 0.153), and age and IQ were
generally not associated with variables of interest, we did not
control for these variables in analyses.

To examine whether there may be subgroups who display
specific patterns of performance across tasks, we conducted latent
profile analyses (LPA) in the PM group. LPA serves to identify
latent subpopulations having different configural profiles based
on variables hypothesized to comprise meaningful phenotypes
(95). A total of 14 variables reflecting performance across
measures were included as numerical indicators in the LPA (see
Table 3). Given numerical scale differences between measures, all
variables were z-scored to improve interpretability.

Using an iterative process, we evaluated LPA solutions
ranging from one to six potential PM profiles using the
following fit measures to determine the best solution: the
Akaike Information Criterion (AIC), the Bayesian Information
Criterion (BIC), Entropy, a Bootstrap Likelihood Ratio Test
(BLRT), and a Sattora–Bentler Scaled likelihood ratio chi-square
difference test (TRd) (95–98). We also considered the theoretical
interpretability of the profiles and profile size (for technical
details on LPA, see Supplementary Materials). Profile subgroups
were examined in follow-up analyses to evaluate any meaningful
differences in age, IQ, FMR1-related genetic variation (i.e., CGG
repeat length, AR, and quantitative FMRP), maternal status, or
severity of ASD symptoms in their children (measured in oldest
child in multiplex families using the ADOS-2) (99).

Associations between clinical-behavioral and cognitive
phenotypes with molecular-genetic variables (i.e., FMR1 CGG
repeat length, FMRP) were conducted in the PM group only
using Pearson correlations. Subsequently, linear regression
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TABLE 3 | Measures included as numerical indicators in latent profile analysis

(LPA).

Domain Measures Variables

Personality

Features of the

BAP

Modified Personality

Assessment

Schedule—Revised

(MPAS)

1. MPAS-Social (social aloofness

+ untactful)

2. MPAS-Rigid

Pragmatic

Language

Features of the

BAP

Pragmatic Rating Scale

(PRS)

1. PRS-Dominating Conversation

factor score

2. PRS-Withdrawn factor score

3. PRS-Suprasegmentals factor

score

Executive

Functioning

Brief Rating Inventory

of Executive Function

(BRIEF)

1. BRIEF—Global Executive

Composite T-score

Mood and Anxiety Beck Depression

Inventory (BDI) The

State-Trait Anxiety

Inventory (STAI)

1. BDI total score

2. State Anxiety subscale total

score

3. Trait Anxiety subscale total

score

Social Cognition Reading the Mind in the

Eyes Task

Trustworthiness of

Faces Task Movie

Stills Task Point Light

Basic Task

1. Eyes Task percent correct

2. Trustworthiness mean ratings

3. Movie skills with faces mean

emotion ratings

4. Movie Stills without faces mean

emotion ratings

5. Point Light mean emotion

ratings

All variables were z-scored prior to inclusion in the LPA. BAP, Broad autism phenotype.

models were applied to examine the extent to which molecular-
genetic variables might predict phenotypic outcomes. For
regression models that included CGG repeat length, separate
models were conducted using linear and curvilinear CGG
terms (i.e., CGG squared) given evidence of varied associations
between CGG repeat length and behavioral measures in the
PM (20, 21, 33). Given the presence of two X chromosomes
in females, in models that included CGG repeat length, AR
and an interaction term (i.e., CGG × AR) were included
as covariates.

RESULTS

Characterization and Group Differences on
Clinical-Behavioral and Cognitive
Measures
BAP

MPAS
Among those with MPAS data in the PM group (n = 87), 54%
of the sample was characterized as BAP (+). Thirty-two percent
of the sample exhibited either social or rigid BAP personality
features (ns= 28), and 10% of the sample (n= 9) displayed both
social and rigid BAP personality features. Prior studies using the
MPAS indicate∼10–15% of controls display any BAP personality
features (27, 46).

Pragmatic Rating Scale
Females with the PM exhibited significantly higher total PRS
scores (i.e., more violations) than the control group [F(1,185) =
5.65, p =0.019, and η2

p = 0.03]. Examining factor scores on the
PRS revealed that the PM group demonstrated a more dominant
conversational style than controls [F(1,174) = 7.67, p =0.006, and
η2
p = 0.04], but did not differ from controls in their withdrawn

[F(1,174) = 0.60, p = 0.439, and η2
p = 0.00] or suprasegmental

scores [F(1,174) = 2.08, p= 0.151, η2
p = 0.01, see Figure 1].

Mood and Anxiety

Beck Depression Inventory
PM carriers did not significantly differ from controls on BDI-II
total scores [F(1, 69) = 2.58, p= 0.113, η2

p = 0.04].

State Trait Anxiety Inventory
PM carriers endorsed marginally more Trait and State anxiety
than controls [F(1 77) = 3.72, p = 0.058, η2

p = 0.05; F(1, 76) =

3.02, p = 0.086, η2
p = 0.04, respectively]. Clinically significant

symptoms of anxiety (>39) were self-reported in 94.7% of PM
carriers and 90% of controls.

MINI
PM carriers and controls did not differ on rates of current
generalized anxiety disorder [22 vs. 14%, X2

(1,144)
= 1.40, p =

0.285], past generalized anxiety disorder [19.6 vs. 11.9%, X2
(1,144)

= 1.23, p = 0.338], current major depressive disorder [5 vs. 0%,
X2
(1,144)

= 2.75, p= 0.164], or pastmajor depressive disorder [25.7

vs. 19.6%, X2
(1,144)

= 0.75, p= 0.440].

Social Cognition

Reading the Mind in the Eyes
PM carriers had marginally lower scores on the Eyes Task than
controls [F(1,203) = 1.49 p= 0.075, η2

p = 0.02].

Movie Stills
PM carriers demonstrated significantly lower overall
performance on movie stills with faces [F(1, 23) = 6.03, p
= 0.015, η2

p = 0.03], but did not differ from controls in
performance on stimuli without faces (p = 0.389). PM carriers
had marginally lower scores on neutral and sad stimuli with faces
(p= 0.074 and 0.069, respectively).

Point Light Basic
PM carriers scored significantly lower than controls on happy
stimuli [F(1, 97) = 4.25, p = 0.042, η2

p = 0.04], but did not differ
in overall performance (p = 0.256) or on other emotion types
(p > 0.145).

Point Light Trustworthiness
No differences emerged between groups in overall point light
trustworthiness scores [F(1, 24) = 0.94, p = 0.335, η2

p = 0.008],
or for more trustworthy or less trustworthy stimuli [F(1, 24) =
0.74, p = 0.392, η2

p = 0.006; F(1, 24) = 0.65, p = 0.422, η2
p =

0.005, respectively].
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FIGURE 1 | Group differences in pragmatic rating scale total scores and factors. DC, Dominates Conversation Factor; S, Suprasegmental Factor; W, Withdrawn

Factor.

Trustworthiness of Faces
PM carriers rated faces as significantly less trustworthy than
controls overall [F(1, 147) = 9.31, p = 0.003, η2

p = 0.06];
differences were evident on both positive and negative valanced
faces [F(1, 147) = 9.80, p = 0.002, η2

p = 0.06; F(1,147) = 7.74, p =

0.006, η2
p = 0.05, respectively; see Figure 2].

Executive Function

BRIEF-A
Twenty-nine percent of PM carriers exceeded clinical cut-off
on the GEC of the BRIEF-A, whereas only one female control
exceeded clinical cut-off. PM carriers scored significantly higher
(i.e., greater EF difficulty) than controls on the GEC, BRI, and
MI scales [F(1, 58) = 6.55, p = 0.013, η2

p = 0.10; F(1, 58) = 4.47,

p =0.039, η2
p = 0.07; F(1, 58) = 6.81, p = 0.012, η2

p = 0.12; see
Figure 3].

Latent Profile Analysis of PM Carriers
LPA solutions for up to six models are presented in Table 4, and
a three-profile solution was selected for interpretability.

The results of the three-profile solution are presented in
Figure 4. The first profile (Profile 1) contained 77.6% of PM
carriers (n = 118, average posterior probability = 0.983), and
included individuals whose scores across domains consistently
fell around the PM group mean, with limited variation across
domains. The second profile (Profile 2) contained 17% of
PM carriers (n = 26, average posterior probability = 0.871)
and reflected individuals with increased mood and anxiety
symptoms, slightly elevated social and rigid personality features
of the BAP, and increased pragmatic language violations in the
suprasegmental domain (e.g., intonation of voice, rate of speech,
and volume modulation) as compared to other PM carriers.

The final profile (Profile 3) contained 5.3% of PM carriers
(n = 8, average posterior probability = 0.959) and included
individuals who demonstrated elevated executive dysfunction,
poorer social-cognitive abilities across tasks, elevated social and
rigid personality features of the BAP, and increased pragmatic
language violations in the listener expectation domain (e.g.,
unable to clarify, failure to reciprocate) relative to other
PM carriers.

Follow up comparisons showed no significant differences
across the profile groups in age, IQ, FMR1-related genetic
variation, maternal status, or presence of ASD diagnosis or
severity of ASD symptoms in their children (all ps > 0.200).

Multiple Regressions: PM Phenotypes and
FMR1-Related Variation
A linear regressionmodel including CGG repeat length predicted
a significant amount of variance in PRS scores (R2 = 0.09,
p = 0.046; see Table 5). No other associations were observed
between CGG repeat length and other clinical-behavioral, social-
cognitive, or EF measures (p > 0.169).

FMRP was a significant predictor of performance on one
social-cognitive task:Movie Stills (Happy) with faces. Specifically,
quantitative FMRP predicted 12% of the variance in Movie
Stills (Happy) with faces (b = −0.06, p = 0.005). Quantitative
FMRP levels were not significantly associated with other clinical-
behavioral, social-cognitive, or EF measures (p > 0.131).

DISCUSSION

This study characterized clinical-behavioral, social-cognitive, and
EF features in females with the FMR1 PM. Consistent with
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FIGURE 2 | Group differences in trustworthiness ratings.

prior work, results revealed elevated rates of subclinical ASD-
related personality and language features among women with
the PM, as well as increased self-reported difficulties in executive
functioning, but no differences in mood and anxiety symptoms
compared to controls. Some differences in social-cognitive
tasks were also observed, including differences in complex
social-emotional judgements of trustworthiness of faces, and
in accuracy identifying basic emotions when viewing complex
scenes. Latent profile analysis revealed three subgroups within
the PM group who exhibited distinct phenotypic profiles across
clinical-behavioral, social-cognitive, and EF measures, which
together with group differences, and some associations with
FMR1-related variation, may provide insights into phenotypic
profiles associated with the FMR1 PM.

Replicating prior work, personality and pragmatic language
differences that define the BAP were observed at elevated rates
in the PM carrier group. Direct measurement tools, scored by
raters blind to group status, identified approximately half of
the PM carrier group as displaying personality traits consistent
with the BAP, compared with published rates among individuals
without a family history of ASD or FXS ranging from ∼5 to
10% [e.g., (46, 80)]. Pragmatic language differences have been

repeatedly observed among PM carriers (27, 57, 100–102), and
were evident in this study as well, with additional patterns noted
across the types of pragmatic language violations occurring more
frequently in the PM group, who tended to display a more
dominant conversational style (e.g., overly detailed, tangential
language) than controls. Differences in pragmatic language have
consistently emerged as a phenotypic marker associated with
the PM in females (27, 100–102), and among individuals with
FXS, particularly those who meet criteria for ASD (62, 103–
109) and may be of clinical importance. For instance, prior
work has shown that pragmatic language violations among
mothers of children with FXS were associated with reduced self-
reported quality of life for mothers (102), as well as elevated
ASD symptoms and weaker expressive and receptive language in
their children (27, 100). Together, this suggests that pragmatic
language may be relevant to the well-being of both mothers and
their children.

In contrast to previous work demonstrating higher rates of
mood and anxiety disorders in PM carriers (25, 28, 30), we
found no significant differences in depression scores between PM
carriers and controls and only marginal differences from controls
for anxiety symptoms, with both groups self-reporting elevated
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FIGURE 3 | Group differences on the BRIEF-A. BRIEF-A T-scores > 65 indicate clinically elevated difficulties relative to the standardization sample.

TABLE 4 | Indices of model fit for latent profile analysis.

Number of profiles AIC BIC aBIC Entropy BLRT p-value Log likelihood TRd

1 3,782.24 3,866.90 3,778.29 – – −1,863.118 –

2 3,683.82 3,813.85 3,677.75 0.95 <0.001 −1,798.911 χ2
(15) = 111.79, p < 0.001

3 3,621.14 3,796.52 3,612.95 0.91 <0.001 −1,752.569 χ2
(15) = 99.07, p < 0.001

4 3,573.16 3,793.90 3,562.86 0.76 <0.001 −1,713.578 χ2
(15) = 61.46, p < 0.001

5 3,546.71 3,812.82 3,534.30 0.78 <0.001 −1,685.357 χ2
(15) = 54.79, p < 0.001

6 3,520.57 3,832.03 3,506.03 0.79 <0.001 −1,657.284 χ2
(15) = 56.66, p < 0.001

AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; aBIC, Adjusted Bayesian Criterion; BLRT, Bootstrap Likelihood Ratio Test; TRd, Sattora–Bentler Scaled Likelihood

Ratio Chi-square Difference Test. The 3-class solution (bolded) was selected for final inclusion.

anxiety symptoms (>90% of participants). Rates of anxiety and
depression were far lower in both groups using the MINI, a
standardized psychiatric interview (ranging from 0 to 25%), and
also comparable to rates reported in prior work (31, 33, 110). In
follow-up analyses, no differences were observed on depression
and anxiety features according to maternal status, or the number
of affected children in each family, suggesting these findings are
not related to parenting factors.

Unique to the present study was the inclusion of multiple
measures of social cognition within a single sample, permitting
characterization of social cognitive strengths and weaknesses
across different types of stimuli. Differences in social-cognitive
profiles have been reported among PM carriers compared to
controls, particularly among males (35, 37). This study identified
key social-cognitive differences in female carriers of the PM in
specific tasks, which echo findings observed among individuals
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FIGURE 4 | Latent profile groups emerging from performance profiles across clinical-behavioral, pragmatic language, social cognitive, and executive tasks. Positive

scores reflect poorer or more atypical performance along the following: BAP personality features (red); Executive function (yellow); Mood/anxiety (blue); Pragmatic

language features of the BAP (green). For social cognition (purple), negative scores reflect poorer performance relative to the mean.

TABLE 5 | CGG repeat length predicts elevated pragmatic language violations (on Pragmatic Rating Scale).

Unstandardized

b coefficient

S.E. β t p-value

CGG repeat length −0.21 0.10 −0.96 −2.05 0.046

Activation Ratio −25.43 13.24 −1.70 −1.92 0.062

CGG*Activation Ratio 0.30 0.15 2.12 1.96 0.057

All significant effects (p < 0.05) are noted in bold. CGG, Cytosine-Guanine-Guanine.

with FXS (62, 111). PM carriers differed in rating trustworthiness
in response to faces ranging in emotional valence, a task that
draws on social-cognitive and social decision-making skills.
Differences on this task have been reported in ASD and the BAP
in clinically unaffected relatives (61), and also among patients
with bilateral amygdala damage, implicating this brain region in
atypical performance in these groups (87, 89, 112). In studies
of the PM, differences in amygdala volume and activation have
been linked to aspects of social cognition among male carriers
(35, 37), and these findings may suggest similar relationships
among women with the PM that will be important to investigate
in future work.

PM carriers were also less accurate in inferring emotions
from faces when viewing still movie scenes. These results may
indicate that PM carriers use different strategies in making
social judgments relative to controls when viewing faces. Prior
work that used eye tracking to examine looking patterns in
response to faces indicates that PM carriers use different visual
strategies from controls to inform social judgments (63). In the

present study, marginal differences were also observed on the
task involving reading complex thoughts and emotions from the
eye region of the face. Thus, sensitivity to gaze and emotion
expression, as measured by these social-cognitive tasks, may be
an objective behavioral marker of underlying neural processes
associated with interpreting emotion within the PM (35).

Consistent with prior reports of EF impairment associated
with the PM (113), the PM group exhibited significantly
higher executive functioning difficulty than controls, with
approximately one third of the PM group reporting clinically
significant EF difficulties. Characterization of the cognitive
phenotype associated with the PM is especially important
for understanding the manifestation of the neurodegenerative
disorder, FXTAS, which may reveal subclinical phenotypic
markers that are evident in a subgroup of PM carriers who go on
to develop the disorder, as dysexecutive symptoms are a hallmark
of FXTAS, particularly in males (114). Nonetheless, females with
the PM exhibit differences in EF symptoms even without a
diagnosis of FXTAS (68, 69, 115, 116). This study highlights the
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value of using self-report measures of EF in studies of the PM, as
prior work has typically used online behavioral measures [e.g.,
see (113) for review]. The use of the BRIEF-A among females
with the PM has been limited to only a handful of prior studies
(23, 117), but is useful in that clinical significance may be easily
determined and a standardized self-report measure can enable
cross-cohort comparisons. Of note, however, such self-report
measures could lead to over-reporting of symptoms (118, 119),
and so may best be interpreted within the context of results from
studies employing direct assessment of executive skills.

Complementing results from group comparisons, latent
profile analyses revealed three distinct groups of PM carriers
who displayed different profiles of performance across the
various domains. Profile 1 comprised the largest subgroup, and
represented those scoring at the mean of the sample across
measures, and who largely contributed to the group differences
observed in pragmatic language and select social cognitive
tasks and EF. Profile 2 included 17% of the sample, and was
characterized by elevated and co-occurring mood and anxiety
symptoms, mild expression of personality features of the BAP,
and higher suprasegmental violations (e.g., atypical variation
in intonation, volume, or rate of speech). This specific co-
occurrence of features is not surprising in the context of social-
emotional patterns commonly observed among individuals who
are more anxious or depressed, in that their symptoms can
interfere with their social relationships, and vice versa (120).
Allen et al. (55) also reported distinct clusters of PM carriers who
reported different mood and anxiety symptoms, and other work
has reported the co-occurrence of mood/anxiety features with
executive dysfunction among PM carriers (54). Consistent with
prior work (121), this subgroup also exhibited slightly elevated
BAP traits, which raises the possibility that the co-occurrence
of such traits may also be common to a subgroup of family
members of individuals with ASD (of note, individuals showing
Profile 3, discussed below, demonstrated elevated BAP features
in the absence of elevated mood/anxiety symptoms). Although
suprasegmental speech violations committed by PM carriers in
this subgroup does not constitute clinical impairment, among
individuals with ASD, where suprasegmental atypicalities are
more pronounced, such variation can pose a significant obstacle
to social interactions (122). First-degree relatives of individuals
with ASD also demonstrate subtle differences in suprasegmental
aspects of language (e.g., prosody) (123, 124).

Profile 3 represented the smallest subgroup, comprised of
∼5% of PM participants who exhibited starker differences across
all clinical-behavioral, social-cognitive, and executive domains
relative to other PM carriers. This subgroup displayed notable
differences on social-cognitive tasks together with elevated BAP
features, and high rates of pragmatic language violations in
particular. This pattern of performance is markedly similar to
features described in prior investigations of parents of individuals
with ASD who display the BAP (60, 61). Given the large number
of ASD risk genes known to interact with FMR1 (50, 51), it
may be that this phenotypic profile reflects an increased genetic
liability for ASD among this subgroup. However, the small
size of Profile 3 warrants cautious interpretation. We found
no group differences in age, IQ, or FMR1-related variation

between the Profile subgroups, likely due in part to some missing
data in Profile 3 and unequal sample sizes across groups, and
further investigations in larger samples will be important for
confirming these patterns. Importantly, membership within any
of the profile groups was not associated with differences in
age, IQ, or parenting stress-related factors (including number
of affected children, or severity of child symptoms), suggesting
the phenotypic profiles identified are likely reflective of
inherent traits, rather than systematic environmental differences
between subgroups.

Finally, some associations were detected between phenotypic
profiles and FMR1-relatedmolecular genetic variability in the PM
carrier group. We found linear associations between CGG repeat
length and pragmatic language, indicating greater violations at
lower ends of the CGG continuum. The CGG range reflected in
the participants studied extended from 59 to 126 CGGs; thus, it
may be that inclusion of more PM carriers with higher repeats
(i.e., over 120) might have altered the findings observed here.
Prior work has observed curvilinear links between language and
CGG length, with different patterns noted in the mid-range (90–
110 repeats) as compared to those with CGG repeats beyond 120
(21). Interestingly, the linear CGG association became marginal
after factoring in participants’ activation ratios, suggesting the
importance of considering the second, healthy X allele in
phenotype-genotype associations of females with the FMR1 PM.
Additionally, we found that higher levels of FMRP predicted
poorer performance on one social-cognitive task. This finding is
somewhat in contrast to those from Hessl et al. (37), who found
associations between reduced FMRP and poorer performance
on social processing tasks in male PM carriers. Interestingly,
a prior study based on the PM sample of participants studied
here reported increased FMRP related to poorer performance
on a language fluency task that taps into executive functioning
(22), which together may suggest that the findings observed here
may be specific to our sample of PM carriers (and thus may
not be replicable), or that FMRP from blood is not analogous to
FMRP in the brain. The links between FMR1 and the phenotypes
included in the present study are likely not straightforward, and
it is possible that other FMR1-related factors (e.g., mosaicism,
mRNA) could also help to elucidate FMR1-associated patterns
not explored in this study (125, 126).

Strengths, Limitations, and Future
Directions
Together, findings contribute to an emerging profile of PM
carriers that suggests substantial phenotypic variability, and
the presence of distinct phenotypic subgroups that may reveal
important differences in underlying mechanistic factors and
etiology (e.g., involvement of ASD risk genes interacting with
FMR1). Strengths of this study included the broad phenotypic
characterization of a relatively large group of females with the
PM. Examining an array of phenotypic measures in a single
sample enabled us to investigate comparisons with controls as
well as unique profiles among PM carriers. Nevertheless, a larger
sample may have mitigated some of the concerns with the small
subgroup sample sizes yielded in our latent profile analyses.
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We were limited in our attempts at a validation analysis of the
three-profile model through comparison across such important
factors as FMR1-related variation, though it is possible that other
individual factors not available in the present study might have
differentiated subgroups, such as direct measures of caregiving
stress (127, 128), the presence of other co-occurring health
conditions (55), or polygenic risk for ASD (47). There is emerging
literature to suggest subgroups among PM carriers, and indeed
the clinical disorders associated with the PM (i.e., FXTAS, FXPOI,
and FXAND) only occur among a subset of PM carriers [e.g., see
(55), and for review, (113, 129)]. Large scale studies of the PM are
warranted to further investigate the interrelationships observed
here, and to determine whether the phenotypes included in this
study may co-occur with other meaningful clinical or health
outcomes, as has been documented previously (55). Additionally,
we were limited in FMR1-related information, as we did not have
genetic data on the control group in this study. Further, there is
emerging evidence to suggest that phenotypic associations may
be observed across the range of CGG repeats (21, 130, 131).
It may be that FMR1 relationships with phenotypes were not
detected given that the range of repeats in the current study
was limited to the PM range. It may also be that molecular
parameters in blood do not correlate with cognitive assays in
the brain in straightforward ways. We recognize that due to
our exclusion criteria, our control group might be expected to
have performed well on the measures employed here. Larger
and more heterogeneous control groups should be included in
future studies, or in comparison to mothers of children with
ASD. Finally, it will be important for future work to examine
whether the findings reported here may extend to males with
the PM, given prior evidence to suggest females and males
with the PM may exhibit somewhat different phenotypic profiles
and associations with underlying biology (29, 132). Such studies
may build on the present findings, and help to characterize
the phenotypic profile associated with the FMR1 PM, and
inform clinical efforts to promote the health and well-being of
individuals with the PM and their families.

CONCLUSIONS

This study provided a comprehensive assessment of clinical
and subclinical phenotypes associated with the FMR1 PM.
We identified differences from controls on pragmatic language
features of the BAP, executive functioning, and some aspects
of social cognition, but did not observe differences in mood
and anxiety. Using LPA, we found subgroups within the PM
sample characterized by unique patterns of performance on these
measures. This study adds to a growing literature suggestive
of important phenotypic heterogeneity among PM carriers, and
provides further insight into FMR1-associated phenotypes.
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FMR1 CGG repeat length was assayed in 5499 research participants (2637 men and

2862 women) in the Wisconsin Longitudinal Study (WLS), a population-based cohort.

Most past research has focused on clinically-ascertained individuals with expansions in

CGG repeats, either those with fragile X syndrome (> 200 CGG repeats), the FMR1

premutation (55–200 repeats), or in the gray zone (variously defined as 45–54 or 41–54

repeats). In contrast, the WLS is a unique source of data that was obtained from an

unselected cohort of individuals from the general population for whom FMR1 CGG

repeat length was assayed. The WLS is a random sample of one-third of all high school

seniors in the state of Wisconsin in 1957. The most recent round of data collection

was in 2011; thus, the study spanned over 50 years. Saliva samples were obtained

from 69% of surviving members of the cohort in 2008 and 2011, from which CGG

repeats were assayed. With one exception, the CGG repeat length of all members of

this cohort was below 100 (ranging from 7 to 84). The present study evaluated the

genotype-phenotype associations of CGG repeat number and IQ, college graduation,

age at menopause, number of biological children, having a child with intellectual or

developmental disabilities, and the likelihood of experiencing an episode of depression

during adulthood. Linear and curvilinear effects were probed. Although effect sizes were

small, significant associations were found between CGG repeat length and high school

IQ score, college graduation, number of biological children, age at menopause, and

the likelihood of having an episode of depression. However, there was no significant

association between repeat length and having a child diagnosed with an IDD condition.

This study demonstrates a continuum of phenotype effects with FMR1 repeat lengths and

illustrates how research inspired by a rare genetic condition (such as fragile X syndrome)

can be used to probe genotype-phenotype associations in the general population.

Keywords: FMR1 CGG repeats, genotype-phenotype associations, genetic epidemiology, population cohorts,

normal genetic variation
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INTRODUCTION

The FMR1 gene on the X chromosome plays a critically
important role in the development and functioning of the
nervous system, as its protein product normally regulates the
translation of ∼30% of all transcripts in the pre- and post-
synaptic proteomes critical for synaptic plasticity (1). Expansions
above a critical threshold of a CGG triplet repeat (i.e., 200 CGG
repeats) in the 5′ untranslated region cause fragile X syndrome
(FXS), the most common inherited form of intellectual disability
and autism. Additionally, repeats in the premutation range (55–
200 repeats) and to a lesser extent in the gray zone (variously
defined as 45–54 or 41–54 repeats) have received research
attention leading to observation of phenotypic associations (2, 3).

However, the number of CGG repeats in FMR1 is highly
polymorphic in the human population (4, 5). The peak value
for CGG repeats is at 30, with >90% of individuals having
fewer than 40 and the lowest being 6 repeats (4, 6–8). In 2003,
Chen et al. (7) reported the results from studies of synthetic
human FMR1 promoter sequences driving a luciferase reporter
in transfected cell lines, showing that CGG repeats had no
significant effect on transcription. However, compared to the
modal number of approximately 30 CGGs, both lower and
higher numbers of CGG repeats negatively affected translation
of luciferase mRNA into protein, suggesting that the modal
number of 30 may maximize translational efficiency. This
observation predicts that repeats across the CGG range, above
and below 30, may be associated with varying degrees in
the efficiency of translation of the FMR1 transcript, and thus
may be associated with phenotypic variability. Wang et al. (9)
have suggested that even subtle changes in both protein and
mRNA levels could have wide-ranging effects both on brain
structure and workingmemory in healthy adult men with normal
FMR1 alleles.

Most studies of genotype-phenotype associations in FMR1
are based on data derived from clinical populations. Following
diagnosis of a child with FXS, the family may be tested to
determine if each member has expansions in the number of
CGG repeats or is in the normal range. Thus, the majority of
variation in CGG repeat number is not evaluated in these studies
because only those at the very high end of the repeat range,
and their relatives, are generally assayed. Understanding the true
significance of the variations across much of the yet-unstudied
range of FMR1 CGG repeats would be advanced by study of a
population-based sample.

The Wisconsin Longitudinal Study (WLS) is a unique
source of phenotypic data that has been genotyped for CGG
repeats in FMR1. It is a random sample of a cohort (mostly
born in 1939), initially studied as high school seniors in
1957 and subsequently studied periodically through age 71
(10). Capitalizing on the availability of DNA isolated from
saliva samples collected in 2008 and 2011, the FMR1 CGG
repeat number of the members of this cohort was ascertained,
enabling study of genotype-phenotype associations across much
of the CGG repeat range in a population-based sample
of adults.

METHOD

The Present Study
The key question asked in the present study was, to what extent
is polymorphism in FMR1 CGG repeat number (which in this
analysis ranged from 7 to 84 repeats) associated with individual
variation in phenotypic characteristics? Although there have been
previous studies of genotype-phenotype associations using FMR1
CGG repeat data derived from participants in the WLS, there
are three major differences between the previously reportedWLS
studies and the present research.

First, all past studies of genotype-phenotype associations in
WLS included both the original cohort of Wisconsin 1957 high
school graduates (referred to as the “graduates”) as well as a
sub-set of their siblings. However, in the present study, we
analyze data from the graduate cohort only, not including the
sibling participants. Whereas the majority of the members of the
original cohort of 1957 high school graduates were born in 1939,
their siblings who participated in the WLS (including step- and
half-siblings) spanned the birth years of 1906 to 1970. Because
some of the key phenotypes analyzed for the present study may
have reflected societal trends that change over time (e.g., college
attendance, number of children), we focused on an age cohort
(i.e., 1957 high school graduates) to control for the influence of
these secular trends.

Second, all prior WLS reports that analyzed FMR1 CGG
repeat data included only those participants who provided saliva
samples in 2008 (n = 4,382 graduates provided samples). In
2011, an additional 1,118 graduates who had not responded
to the original request provided such samples. Together, the
samples obtained in 2008 and 2011 (n = 5,500) constituted
DNA from 69% of the surviving members of the original cohort
of high school graduates, all of which were assayed for FMR1
CGG repeats. The present study’s analysis of genotype-phenotype
associations is the first to include data from all participants
assayed for FMR1 CGG repeats. However, for reasons described
below, one case was dropped from the present analysis, resulting
in an analytic sample of 5,499 adults.

Lastly, the statistical approach used in our past studies
contrasted specific clinically-defined segments of the CGG repeat
distribution (e.g., premutation vs. controls) (11), contrasted
statistically-defined segments of the repeat distribution (e.g., “low
zone” vs. controls) (12), or evaluated interaction effects between
repeat number and environmental factors (e.g., parenting a
child with a disability) (13). In contrast, the present analysis
treated CGG repeats as a continuous variable and directly probed
genotype-phenotype associations. Thus, the central question of
the present study was whether FMR1 CGG repeat number
is associated with phenotypic characteristics in the general
population, not in the context of stress exposure or in clinically-
or statistically-defined segments of the repeat distribution.

Hypotheses
The hypotheses advanced in this study were based on past
research examining three specific phenotypes that have been
implicated in past research on FMR1 CGG repeats below the full
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mutation—cognitive, reproductive, and psychiatric phenotypes.
However, most past research has focused on the upper end of
the repeat range (i.e., gray zone and premutation expansions),
with only a small number of studies extending across the full
CGG repeat range (13–16) or specifically probing the low end of
the repeat distribution (12). Although we predicted directional
associations between FMR1 CGG repeat number and specific
phenotypic characteristics, the study was exploratory as, to the
best of our knowledge, no past research has been conducted
on a large unselected population-based cohort without clinical
ascertainment of cases. Small effect sizes were expected.

Regarding the cognitive phenotype, we hypothesized that
there would be a negative association between CGG repeat
number and IQ score, based on past research showing that men
and women who had greater numbers of CGG repeats have
subtle limitations in cognitive functioning, including executive
functioning limitations (3, 17, 18). We further expected a similar
association for achieving a college degree, although this hypothesis
was tested for men only, for reasons explained below.

Regarding the reproductive phenotype, the primary measure
of women’s fertility was age at menopause. Additionally, we
evaluated the number of biological children born to women. We
predicted that there would be negative associations between CGG
repeat number and age at menopause, and also with number of
biological children, based on past research that reported early
menopause and infertility in women with CGG expansions in the
premutation range (19–23). We also explored whether women at
the higher end of the CGG distribution would be more likely to
have a child with a developmental disability (24).

Regarding the psychiatric phenotype, past research reported
higher rates of depression in men and women who had a higher
number of CGG repeats (3, 21, 25). Therefore, we expected a
positive association between CGG repeats and experiencing an
episode of depression.

Much past research on genotype-phenotype associations
in FMR1 reported curvilinear associations, particularly for
fertility-related and psychiatric phenotypes (13, 15, 19, 26, 27).
In contrast, phenotypes associated with FXTAS (Fragile X-
associated Tremor /Ataxia Syndrome) have shown a linear
association between repeat number and symptoms (28, 29).
Therefore, both linear and curvilinear associations were probed
in this study.

Study Population and Data
Data for the present study were drawn from the WLS, a public
use data set. It consists of a random sample of 10,317 women
and men who graduated from Wisconsin high schools in 1957,
representing one-third of that cohort (10). In 1957, 75% of
Wisconsin residents who were of high school age graduated
from high school. Follow-up studies were conducted in 1975
with 9138 members of the original cohort when they were,
on average, 36-years old; in 1992 with 8493 respondents when
they were in their early 50s; in 2004 with 7265 respondents
when they were in their mid-60s; and again in 2011 with 5967
respondents when they were in their early 70s. The participants
in the 2011 study constituted 72.2% of the surviving members of
the original cohort.

Although all of the originalWLS participants were high school
graduates, these WLS participants ranged in IQ score from a
low of 61 to a high of 145. Fully 15% had IQ scores of 85 (one
SD below the mean) or below. This percentage is nearly the
expected proportion of the population on the low end of the IQ
distribution (16% of the population is expected to be one SD
below themean or lower). The inclusion of individuals with lower
IQs in theWLS population is an important sample characteristic,
given past research suggesting a possible cognitive phenotype
of the premutation of the FMR1 gene. Reflecting Wisconsin’s
population in the mid-20th century, the WLS sample is racially
and ethnically homogeneous; 99.2% are White and the majority
(84.2%) are of Northern European heritage.

In 2008 and 2011, WLS collected saliva samples from
participants using Oragene kits (DNA Genotek, Inc., Bethlehem,
PA). All participants provided informed consent under a protocol
approved by the Institutional Review Board of the University of
Wisconsin-Madison. More than two-thirds (69.0%) of surviving
WLS members provided saliva samples, and analysis of these
samples constitute the basis of the research presented here. Those
who provided saliva samples had one-half year more schooling
(13.8 years vs. 13.3 years, p < 0.001) and three points higher IQ
scores (102.2 vs. 98.4, p < 0.001) than those who did not return
saliva samples. Otherwise, they were representative of the WLS
graduate sample as a whole.

Determination of the FMR1 CGG Triplet
Repeat Number
The present study includes 5499WLS participants (2637men and
2862 women) for whom saliva samples were obtained and FMR1
CGG repeats were assayed. DNA was isolated using standard
methods. For saliva samples collected in 2008, the number of
FMR1 CGG repeats was determined (under the supervision of
author MWB) using a PCR-based protocol that incorporated
reagents developed and manufactured by Celera Corporation
(Alameda, CA). See Seltzer et al. (11) for details. Additional
participants provided saliva samples in 2011; for these samples,
repeat number was determined via an assay using the Asuragen
AmplideX R© Kit (30, 31), conducted in the Rush University
Medical CenterMolecular Diagnostics Laboratory (supervised by
author EB-K). A concordance study was conducted between the
two assays. DNA samples initially collected and assayed in 2008
(n= 22; some from the premutation range and some with normal
alleles) were re-assayed using the Asuragen assay. The correlation
between the two was .9996.

For the women, the assays yielded CGG repeat data on
the FMR1 gene on both X chromosomes. Because we did not
have activation ratio data, one X chromosome was selected for
analysis in the present study as follows. Although we considered
alternative approaches (32, 33), we followed the approach of
Hunter and colleagues (34). We selected the longer allele in
women who had one expanded (i.e.,> 40 CGGs) and one normal
allele (n = 194) and in the four cases who had two expanded
alleles. Similarly, we selected the shorter allele in women who had
one low allele (i.e., < 26 CGGs) and one normal allele (n = 878)
and in women who had two low alleles (n = 139). We randomly
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selected one allele for analysis in the present study in women who
had two normal alleles (between 26 and 40 CGG repeats, n =

1589), and also for those with one low allele and one expanded
allele (n= 58).

Measurement of Phenotypic
Characteristics
All rounds of data collection from theWLS were used to measure
the phenotypes evaluated in the present study. In 1957, the source
of data was high school records. In 1975, data were collected
via a telephone interview. In the 1992 and 2004 rounds of data
collection, data were collected via a telephone interview and self-
administered questionnaires. In 2011, data were collected via
an in-person home visit and self-administered questionnaires.
For the present analysis, we evaluated the association between
FMR1 CGG repeat number and indicators of the cognitive,
reproductive, and psychiatric phenotypes implicated in prior
FMR1 research.

Cognitive Phenotype
Two measures of cognitive functioning were analyzed. The
Henmon-Nelson Test of Mental Abilities (35), was administered
when participants were high school students. IQ scores were
obtained by the WLS from high school records. As noted,
participants’ scores ranged from 61 (the floor of the test) to 145.
See Maenner et al. (36) for details regarding the measurement of
IQ in the WLS.

A second measure of cognitive functioning was included,
namely attainment of a college degree. As all WLS participants
included in this study were high school graduates, the measure
of educational attainment analyzed for the current research was
college graduation. Although most of those who obtained a
college degree did so by the 1975 round of data collection, a small
number of participants did so subsequently, and thus those who
obtained a college degree at any point up to the 2011 round of
data collection were included in this analysis.

Reproductive Phenotype
The primary measure of women’s fertility was self-reported age at
menopause. Additionally, we evaluated the number of biological
children born to women. Women whose ovaries or uterus had
been surgically removed (n = 1,048) were not included in the
analysis of age at menopause. Additionally, among women who
had at least one biological child, we used a dichotomous variable
indicating whether any of their children had been diagnosed with
an intellectual or developmental disability (IDD). SeeMailick et al.
(13) for details describing the determination of disability status
inWLS children. All of these measures were obtained in the 2004
round of WLS data collection, when women were age 65.

Psychiatric Phenotype
Symptoms of depression were assessed by the Center for
Epidemiological Studies-Depression Scale (CES-D) (37),
administered at three rounds of WLS data collection (1992,
2004, and 2011 when participants were ages 53, 65, and
72, respectively). For each of 20 depression symptoms, the
participant was asked to indicate how many days in the past

week the symptom was experienced (0 = never to 3 = 5–7 days;
α = 0.85). A score of 16 or above was considered an indicator of
clinical depression (38, 39). We created a dichotomous variable
indicating whether the participant had experienced an episode of
clinical depression (i.e., a score of 16 or higher on the CES-D) at
any point of data collection.

Data Analysis
CGG repeats in the present cohort ranged from 7 to 128. The
next highest number of repeats was 84. Although the case with
128 repeats did not qualify as a statistical outlier as estimated
with Cook’s Distance (Cook’s D), inclusion of the case inflated
the standard deviation of the CGG repeat range variable, leading
to less precise estimates from the regression models. Therefore, it
was decided to focus the present analysis on participants with 84
or fewer CGG repeats. The alpha level was set at .05.

Means and standard deviations of study variables are
presented in Table 1. Data for college graduation are presented
for men only because, whereas men and women had identical IQ
metrics, substantially fewer women than men attended college
(23.9% vs. 34.2%, chi square = 69.8, p < 0.001), reflecting
sex-specific differences in expectations for college education in
1957. Thus, college graduation was not considered to be a valid

TABLE 1 | Descriptive statistics of study variablesa.

Male Female Total

CGG repeats 30.1 (5.4)

[9, 65]

(n = 2,637)

selected allele:

29.2 (6.8)

[7, 84]

(n = 2,862)

29.7 (6.2)

[7, 84]

(n = 5,499)

long allele:

32.8 (5.0)

[21, 84]

short allele:

27.5 (4.4)

[7, 43]

Birth year 1939.3 (0.52)

[1936, 1941]

(n = 2,622)

1939.5 (0.48)

[1930, 1940]

(n = 2,850)

1939.4 (0.50)

[1930, 1941]

(n = 5,472)

IQ 102.1 (15.2)

[61, 145]

(n = 2,637)

102.3 (14.3)

[61, 145]

(n = 2,862)

102.2 (14.8)

[61, 145]

(n = 5,499)

% college graduate 34.2%

(n = 2,619)

– –

Age at menopause – 50.8 (4.7)

[20, 65]

(n = 1,448)

–

Number of biological

children

– 2.84 (1.6)

[0, 11]

(n = 2,703)

–

% having a child with

IDD

– 1.4%

(n = 2,438)

–

% having episodes of

clinical depression

17.0%

(n = 2,517)

24.2%

(n = 2,773)

20.8%

(n = 5,290)

aMeans, standard deviations (in parentheses), and range (in brackets) are presented

unless the variable is marked with (%).
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FIGURE 1 | Distributions of CGG repeat lengths by sex. (A) Males. (B) Females.
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measure of cognitive ability for this cohort of women. Data for
age at menopause, number of biological children, and whether
any child had an IDD diagnosis are presented for women only,
given past studies of the association between FMR1 CGG repeat
number and these characteristics, as cited above.

The analytic approach used in this paper treated CGG repeat
number as a continuous variable. For the multivariate analyses,
Ordinary Least Squares (OLS) and logistic regressions were
conducted. For sex-specific analyses (college graduation, age
at menopause, number of biological children, having a child
with IDD), the regression models included two stages. Model 1
included birth year of the participant as a control variable and
CGG repeat number. In Model 2, the squared term of CGG
repeats was entered to evaluate curvilinear associations with
the dependent variable. For the analysis of IQ and episodes of
depression, the regression models included four steps: Models 1
and 2 were the same as above, with the addition of sex of the
participant. In Models 3 and 4, interaction terms (CGG repeat
X sex, CGG repeat squared X sex) were added to the regression
models to evaluate whether the CGG effect differed for men and
women. For all analyses, significant CGG effects were graphed
showing the scatter plots and the line of best fit between CGG
repeat number and the phenotypic variable.

RESULTS

Descriptive Findings
Figure 1 presents a histogram of the distribution of CGG repeats
for men (Figure 1A) and women (Figure 1B). For women, the
histogram includes the distributions of both the long and short
allele. Women’s repeat length on their shorter and longer alleles
are also reported in Table 1. As shown in Table 1, the mean
number of repeats for the cohort was 29.7, ranging from 7 to 84
repeats, with men averaging approximately one more repeat than
women (30.1 vs. 29.2, p < 0.001).

Table 1 also reports the average birth year of study
participants, with 1939 being the mean for both men and women.
Descriptively, 77% of participants were born in 1939, 12% in
1938, and 9% in 1940. The remaining participants (n = 5) were
born in earlier or later years.

IQ scores were nearly identical for men and women, averaging
102.2. One-third of the men achieved a college degree. Women
averaged 2.84 biological children, ranging from 0 to 11 children.
Women who had a natural menopause (i.e., not having surgical
removal of ovaries or uterus) averaged 50.7 years of age when
they last menstruated (ranging from 20 to 65 years of age). Of
women who had at least one biological child, very few (1.4%)
reported having a child with a diagnosis of IDD.Women andmen
differed in their likelihood of having an episode of depression at
one or more of the points of data collection when the CES-D was
administered, with women being significantly more likely than
men (24.2 vs. 17.0%, p < 0.001).

Multivariate Findings
Full regression models are presented in Table 2. In preliminary
analyses of the models including both men and women (IQ,
experiencing an episode of depression), terms evaluating the

TABLE 2 | Associations between CGG repeat length and phenotypes.

Model 1: Model 2:

A. IQa

Birth year 6.55 (0.39)*** 6.55 (0.39)***

Sex (female = 1) −0.707 (0.394) −0.717 (0.398)

CGG −0.069 (0.031)* −0.072 (0.034)*

CGG-squared – 0.0004 (0.0023)

B. College graduate—malesb

Birth year 2.24*** [1.87, 2.68] 2.25*** [1.88, 2.69]

CGG 0.985* [0.969, 0.999] 0.982* [0.967, 0.998]

CGG-squared – 1.000 [0.999, 1.002]

C. Age at menopause—femalesa

Birth year −0.468 (0.278) −0.459 (0.276)

CGG −0.014 (0.019) 0.019 (0.021)

CGG-squared – −0.004 (0.001)***

D. Number of biological children—femalesa

Birth year −0.060 (0.066) −0.061 (0.066)

CGG −0.000 (0.005) −0.006 (0.005)

CGG-squared – 0.0010 (0.0003)**

E. Having a child with Intellectual or developmental disability—femalesb

Birth year 0.67 [0.45, 1.00] 0.67 [0.45, 1.00]

CGG 0.981 [0.930, 1.033] 0.978 [0.928, 1.031]

CGG-squared – 1.001 [0.997, 1.003]

F. Episodes of clinical depressionb

Birth year 0.79*** [0.69, 0.90] 0.79*** [0.69, 0.90]

Sex (female = 1) 1.59*** [1.39, 1.83] 1.60*** [1.39, 1.84]

CGG 0.988* [0.977, 0.998] 0.989 [0.978, 1.000]

CGG-squared – 1.000 [0.999, 1.001]

*p < 0.05; **p < 0.01; ***p < 0.001.
aUnstandardized coefficients are presented with standard errors in parenthesis.
bOdds ratios are presented with 95% confidence intervals in brackets.

interaction effects of CGG (and CGG squared) with sex were
tested. However, neither of these interaction terms reached
statistical significance and therefore are not reported in Table 2.

Cognitive Phenotype
As hypothesized, there was a significant negative linear
association between CGG repeats and IQ score (see Table 2A).
Figure 2A shows that those who had CGGs at the lower end of
the repeat range had IQ scores just above the mean of 100 while
those at the higher end of the repeat range scored below themean.
The CGG squared term was not significant.

A similar pattern was observed for college graduation rates
among the men, as hypothesized (see Table 2B). As shown in
Figure 2B, the probability of college graduation decreased as
CGG repeats increased. Descriptively, nearly 40% of men in
the lower end of the CGG distribution were college graduates,
whereas at the upper end of the CGGdistribution about 25%were
college graduates.

Reproductive Phenotype
For the analysis of age at menopause, only women who
went through menopause naturally (n = 1450) were included
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FIGURE 2 | Associations between CGG repeat lengths and phenotypes. (A) Linear association with IQ. (B) Linear association with college graduate (males only). (C)

Curvilinear association with age at menopause (females only). (D) Curvilinear association with the number of biological children (females only). (E) Linear association

with episodes of clinical depression. For (A), (C), and (D), a scatterplot with the best fitted line are shown. For (B) and (E), predicted probability of the phenotype by

CGG repeat lengths are presented; Prob, predicted probability.
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(excluding those whose uterus or ovaries were surgically
removed). There was a significant curvilinear association
between number of CGG repeats and age at menopause (see
Table 2C). The shape of this association was consistent with the
hypothesis. As shown in Figure 2C, women at the higher end of
the CGG repeat distribution had an earlier age atmenopause than
those in the middle or lower end of the CGG repeat distribution.
Notably, there was no significant association between CGG
repeats and the likelihood of having surgical removal of the uterus
or ovaries (p > 0.56).

There was a significant curvilinear association between CGG
repeats and the number of biological children born to the
women in the cohort (see Table 2D). All women were included
in this analysis (n = 2,703), regardless of whether they went
through menopause naturally or due to surgical removal of
their uterus or ovaries. Unexpectedly, a greater number of
children were born to those at the higher end of the CGG
repeat distribution than those who were in the middle or lower
end of the distribution (see Figure 2D), which was counter
to our hypothesis. This effect remained significant even after
controlling for social factors that might account for larger
family size, such as number of marriages and Catholic religious
affiliation. Both of these social factors were significant predictors
of number of biological children (p < 0.001), and the CGG effect
nevertheless remained statistically significant even with these
factors controlled [regression coefficient (b) = 0.0009, standard
error (s.e.)= 0.0003, p= 0.005].

In a sensitivity analysis, the association between CGG repeats
and number of biological children was re-estimated for the sub-
set of women included in the menopause analysis (i.e., those
mothers whose menopause was not induced by surgical removal
of the uterus or ovaries). Although this sub-set of women was
only half as large as those included in the full analysis of number
of biological children reported above (n = 1,402 vs. n = 2,703),
the results were similar [b= 0.007, s.e.= 0.004, p= 0.057].

The association between CGG repeat number and whether
women had a child with IDD was not statistically significant (see
Table 2E).

Psychiatric Phenotype
There was a significant negative association between repeat
number and the likelihood of exceeding a CES-D score of 16 at
any of the three time points of measurement of depression (see
Table 2F), which was counter to the hypothesis. As descriptively
illustrated in Figure 2E, more than 20% of those at the lower end
of the repeat distribution had at least one episode of depression
during adulthood, while just over 10% of those at the upper end
of the repeat range had at least one such episode.

DISCUSSION

To the best of our knowledge, the Wisconsin Longitudinal Study
offers the first opportunity to evaluate genotype-phenotype
associations in a large randomly selected cohort of the U.S.
general population, without clinical ascertainment of any
cases. The phenotypes evaluated were measures of cognitive
functioning, reproductive characteristics, and a psychiatric

condition, all selected based on past research on the phenotypes
associated with FMR1 CGG repeat number. There were
significant genotype-phenotype associations, but the effects
were small in magnitude. The effect of CGG repeats in the
range evaluated in this study perhaps is best interpreted as
contributing to non-clinical variation in cognitive, reproductive,
and psychiatric characteristics in the general population rather
than signifying clinical impairment. Nevertheless, understanding
how polymorphisms in the FMR1 gene contribute to “normal”
phenotypic variation represents a contribution of the present
research. More generally, the inclusion of genetic data in other
large NIH-funded population survey studies, such as the MIDUS
study (http://midus.wisc.edu/index.php) and Add Health
(https://addhealth.cpc.unc.edu/), offers other opportunities for
probing such effects of genetic variants.

In some respects, the associations observed in this study
were consistent with genotype-phenotype correlations reported
in clinical literature on the FMR1 gene. For example, regarding
cognitive functioning, higher numbers of CGG repeats were
associated with somewhat lower IQ scores and less likelihood of
achieving a college degree (by men), a pattern that points to the
more substantial cognitive challenges observed in premutation
carriers. Consistent with this observation, in a study of males
with normal FMR1 alleles, the influence of the gene on brain
structure and working memory was established, suggesting that
the FMR1 gene is a genetic factor that has implications for the
transmission of intelligence even within those who have normal
alleles (9). Similarly, the earlier age at menopause among women
who had higher numbers of CGG repeats is consistent with much
past premutation research (19).

However, other associations were counter to the prediction.
Although we hypothesized that women with higher numbers
of repeats would report having fewer biological children, there
was a positive association between repeat number and family
size. Follow-up examination of the women in the premutation
range in the present cohort who gave birth to their last child
after age 30 revealed that they had a larger gap between their
last two children (mean = 7.0 years) than other women in the
WLS who gave birth to their last child after age 30 (mean gap =

5.0 years). It has been reported that women in the premutation
range occasionally move in and out of menopause (19, 40), and
it is possible that additional children could have been conceived
during the period of skipped cycles. Additionally, as Allen et al.
(19) noted, women in the low premutation range in their study
(59–79 CGG repeats) were not different from non-carriers with
regard to fertility problems or times to first pregnancy. Thus, the
patterns observed here, mainly with respect to women in the low
premutation range, are not inconsistent with past observations.
Future research is needed to parse these effects. There was no
association in the present study between repeat number and
having a child with an IDD diagnosis, also possibly due to the
restriction in the range of CGG repeats at the upper end of
the distribution. It is further possible that the WLS population,
limited to those who graduated high school, under-represented
individuals likely to later give birth to a child with an IDD
condition. This might account for the low rate of such children
observed here.
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The inverse association between CGG repeat number and
probability of having an episode of depression also was counter
to our prediction. Most past studies of the association between
CGG repeats and depression were conducted on premutation
carrier mothers of children with FXS who had CGG repeats
in the upper premutation range or were premutation carriers
with FXTAS (3, 25, 41). In these past studies, higher numbers
of CGG repeats were associated with depression. In contrast, in
the cohort analyzed for the present study, very few participants
had children with IDDs and no participant had CGG repeats in
the upper premutation range. Nevertheless, the direction of the
relationship observed here between CGG repeats and episodes
of depression was unexpected, and warrants evaluation in future
population research.

The present study is not without limitations. CGG repeats
in the present study were below 85 repeats, constraining the
detection of phenotypes that could be associated with genotypic
variation. Additionally, the WLS cohort lacks racial diversity
and thus cannot be generalized to contemporary populations
in the U.S. The cohort studied (mainly born in 1939, reaching
adulthood in the late 1950s, preceding the baby-boom generation
by 6 years) reflects secular trends of that time and as such
is not representative of cohorts born in more recent years.
Future research is needed to separate secular trends from
genetic influences. The lack of measures of AGGs, activation
ratio, and FMRP limits the extent of our understanding of
genotype-phenotype associations. The findings that were counter
to the hypotheses (regarding number of children, having a child
with IDD, and episodes of depression) warrant investigation
in future research; it is possible that these patterns were due
to idiosyncratic characteristics of the WLS cohort. Juxtaposed
against these limitations is the unique opportunity offered by
the Wisconsin Longitudinal Study to evaluate a large unselected
random sample of an age cohort for purposes of exploring
phenotypic effects of FMR1 CGG repeat number.

To conclude, we return to our question of whether
FMR1 CGG repeat number polymorphism is associated
with phenotypic variability in the general population. Our
data suggest that variation in CGG repeats in this gene
contributes systematically—even if not clinically—to population
characteristics, particularly with respect to cognitive and
reproductive functioning. This study illustrates how research
inspired by a rare genetic condition (such as fragile X syndrome)
can lead to insights about genotype-phenotype associations in
the general population.
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Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late adult-onset

neurodegenerative disorder that affects movement and cognition in male and female

carriers of a premutation allele (55–200 CGG repeats; PM) in the fragile X mental

retardation (FMR1) gene. It is currently unknown how the observed brain changes are

associated with metabolic signatures in individuals who develop the disorder over time.

The primary objective of this study was to investigate the correlation between longitudinal

changes in the brain (area of the pons, midbrain, and MCP width) and the changes in the

expression level of metabolic biomarkers of early diagnosis and progression of FXTAS in

PM who, as part of an ongoing longitudinal study, emerged into two distinct categories.

These included those who developed symptoms of FXTAS (converters, CON) at

subsequent visits and those who did not meet the criteria of diagnosis (non-converters,

NCON) and were compared to age-matched healthy controls (HC). We assessed CGG

repeat allele size by Southern Blot and PCR analysis. Magnetic Resonance Imaging

(MRIs) acquisition was obtained on a 3T Siemens Trio scanner and metabolomic profile

was obtained by ultra-performance liquid chromatography, accurate mass spectrometer,

and an Orbitrap mass analyzer. Our findings indicate that differential metabolite levels

are linked with the area of the pons between healthy control and premutation groups.

More specifically, we observed a significant association of ceramides and mannonate

metabolites with a decreased area of the pons, both at visit 1 (V1) and visit 2 (V2) only

in the CON as compared to the NCON group suggesting their potential role in the

development of the disorder. In addition, we found a significant correlation of these

metabolic signatures with the FXTAS stage at V2 indicating their contribution to the

progression and pathogenesis of FXTAS. Interestingly, these metabolites, as part of lipid

and sphingolipid lipids pathways, provide evidence of the role that their dysregulation

plays in the development of FXTAS and inform us as potential targets for personalized

therapeutic development.

Keywords: fragile X-associated tremor/ataxia syndrome, area of the pons, metabolic biomarkers, brain measures,

lipids, premutation carriers
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INTRODUCTION

Aging is a complex and evolutionarily conserved process
that is found to be one of the main risk factors for a
number of human neurodegenerative disorders (1). Aging and
many aging-associated disorders share a range of molecular
or cellular pathologies, which can involve a dysregulated
energy balance. Increasing evidence suggests that metabolic
alterations can strongly influence the development and the
progression of various neurodegenerative disorders. Although
the brain represents only 2% of the total body weight,
it accounts for 20% of an individual’s energy expenditure
at rest (2). Thus, compromised energy metabolism and
adverse changes, are potentially contributing to increased
vulnerability of the brain to develop neurodevelopmental and
neurodegenerative processes (3).

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a
late-onset neurodegenerative disorder, mostly affecting carriers
of the fragile X mental retardation 1 (FMR1) gene mutation
after the age of 50. Currently, there is no effective treatment for
FXTAS, and the cognitive and/or motor symptoms progressively
worsen over time, causing reduced quality of life, increased
medical costs, and eventually, death. FXTAS is caused by the
expanded CGG repeats (55–200 CGG) within the 5′UTR of the
FMR1 gene. In normal healthy individuals, the number of CGG
repeats lies between 5 and 54 while individuals carrying alleles
with a CGG repeat expansion >200 develop fragile X syndrome
(FXS), the most common form of intellectual disability and
knownmonogenic cause of autism spectrum disorders (ASD) (4).
The high prevalence of the premutation allele among the general
population (1:110–200 females and 1:430 males), leads to an
estimate of approximately 1.5 million individuals in the general
US population being at risk for FMR1 associated disorders, over
their life spans. In addition, among the PM population, an
estimated 40–75% of male and 8–16% of female PMs are at risk
of developing FXTAS (5, 6).

FXTAS core features include progressive intention tremor and
cerebellar gait ataxia, autonomic dysfunction, and parkinsonism.
Neuropathologically, it is characterized by the presence of
ubiquitin-positive intranuclear inclusions in neurons and
astrocytes throughout the brain and in Purkinje cells (7).
In addition to the clinical and neuropathological features,
the radiological signs, including white matter hyperintensities
(wmhs) in the middle cerebellar peduncles (the “MCP sign”) (8)
also contribute to the diagnosis of FXTAS. Similarly, a significant
prevalence of wmhs in the splenium of the corpus callosum
(9, 10), generalized brain atrophy, increased T2 signal in area of
the pons and periventricular regions along with the subcortical
gray matter damage with atrophy of the midbrain, are part of the
pathogenesis of FXTAS (5, 11).

The brainstem is the central axis of the brain and both of its
regions, the area of the pons and the midbrain, play an important
role in sensation and movement (12). The upper area of the
pons and midbrain tegmentum are the main components of the
ascending reticular activating system and associated with various
other neurodegenerative disorders (13). Measurements of these
areas have been shown previously to successfully differentiate

subcortical movement disorders, such as Parkinson’s disease (14),
which presents with resting tremor that has also been observed
in FXTAS. In addition, middle cerebellar peduncle (MCP)
width showed a great sensitivity and specificity in differentiating
multiple system atrophy from other disorders (15). We recently
reported the MCP width as novel biomarker for FXTAS (16);
decreased MCP width was observed in individuals who later
developed symptoms of FXTAS as compared to premutation
carriers (PM) who did not, and healthy controls. In addition,
we also found reduced midbrain and area of the pons cross-
sectional areas in patients with FXTAS compared to PM without
FXTAS and controls (16). In a more recent study, we reported
the association between these brain measures, including reduced
MCP and SCP width, midbrain, and area of the pons cross-
sectional area with increased expression levels of the Iso10/10b,
Iso4/4b FMR1 mRNA isoforms of the ASFMR1 131 bp mRNA
isoform (17), suggesting their potential role in the pathogenesis
of FXTAS.

Metabolic alterations and mitochondrial dysfunction
have been extensively investigated in numerous age-related
neurodegenerative disorders (18). However, the relationships
between systemic abnormalities in metabolism and the
pathogenesis of FXTAS are poorly understood. Previous
metabolomic studies have investigated a panel of four core
serum metabolites (phenethylamine (PEA), oleamide, aconitate,
and isocitrate) for sensitive and specific diagnosis of the PM
with and without FXTAS and found oleamide/isocitrate as a
biomarker of FXTAS (19). Later, mitochondrial dysfunction,
markers of neurodegeneration, and pro-inflammatory damage
in PM were reported (20). Increased mitochondrial oxidative
stress in primary fibroblasts derived from PM, compared with
age and sex-matched controls has also been observed (21).
Napoli and colleagues found the presence of the Warburg
effect (which involves an increase in the rate of glucose
uptake and preferential production of lactate, even in the
presence of oxygen) in the peripheral blood mononuclear
cells (PBMCs)’s derived from the controls, in PM with and
without FXTAS (22). Later, Napoli et al. observed a significant
impact of allopregnanolone treatment on oxidative stress,
GABA metabolism, and mitochondria-related outcomes, and
suggested allopregnanolone as a potential therapeutic for the
cognitive and GABA metabolism improvement in FXTAS
patients (23). In the premutation animal model’s significant
metabolic changes were found in the sphingolipid and purine
metabolism in the cerebellum of premutation mice while the
Schlank (Cers5), Sk2 (Sphk1), and Ras (Impdh1) genes were
suggested as genetic modifiers of CGG toxicity in Drosophila
(24). It is, however, unclear how global perturbations in
metabolism may be related to severity of FXTAS pathology
and the eventual expression of symptoms in individuals
at risk for developing FXTAS. Our recent study identified
metabolic biomarkers of FXTAS early diagnosis and disease
progression by characterizing individuals who developed
symptoms of FXTAS over time. Specifically, we found that
lipid metabolism and specifically the sub pathways involved
in mitochondrial bioenergetics, are significantly altered in
FXTAS (25).
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To date, no study evaluating the metabolic alterations in
correlation with brain changes in PM who develop symptoms
of FXTAS over time has been reported. In the current study, we
evaluated male participants, carriers of the FMR1 premutation
allele, enrolled in an ongoing longitudinal study carried out at
the UC Davis MIND Institute. The participants were followed
for at least two longitudinal time points (Visit 1, V1, and Visit 2,
V2) during which neuroimaging, neuropsychological, molecular
measurements, as well as medical and neurological examinations
were collected. A subset of the premutation participants, all
symptom-free at the time of enrollment, developed symptoms
that warranted a diagnosis of FXTAS by Visit 2. We define these
individuals as converters (CON). The remaining premutation
participants, who did not develop symptoms of FXTAS by
Visit 2, we define as non-converters (NCON). In the current
work, we investigated whether the expression levels of identified
metabolic biomarkers were associated with changes in brain
measures including the midbrain and pons cross-sectional
area and MCP width, in the CON group compared to the
NCON and HC groups. In addition, we also investigated the
association of metabolite expression with the progression of
FXTAS. Understanding the metabolic variations along with brain
changes in PM who developed FXTAS symptoms over time is
likely to provide insights into novel disease-modifying treatments
for this progressive neurodegenerative disorder.

MATERIALS AND METHODS

Study Participants
As part of a continuing longitudinal study at UC Davis MIND
Institute, male PM, >45 years of age, and non-carrier age-
matched controls were recruited from throughout the USA
and Canada [as detailed in (16)]. All male participants were
white in race; there were three Hispanic participants in the HC
group, one in the CON group, and zero in NCON group. The
studies and all protocols were carried out in accordance with
the Institutional Review Board at the University of California,
Davis. All participants gave written informed consent before
participating in the study in line with the Declaration of Helsinki.
FXTAS stage scoring was based on the clinical descriptions as
previously described (26). Three categories were used in the
diagnosis of FXTAS as explained in Zafarullah and Tassone (27)
and termed as “definite,” “probable” and “possible.” Three age-
matched groups were included in this study: CON, NCON, and
HC. Using the data from two brain scans, from neurological
assessment, FXTAS stage, and CGG repeat length, 10 participants
were classified as “CON” as they developed clear FXTAS
symptomology between visits (FXTAS stage score was 0–1 at
V1 and ≥2 at V2); 10 were defined as “NCON” because they
continued to show no signs of FXTAS at V2 (FXTAS stage
score was 0–1 at both V1 and V2) and 10 as HC (normal
FMR1 alleles/non-PM).

CGG Repeat Length
Genomic DNA (gDNA) was isolated from 5mL of peripheral
blood leukocytes using the Gentra Puregene Blood Kit (Qiagen).
CGG repeat allele size and methylation status were assessed by

using the combination of Southern Blot and PCR analysis as
previously reported (28, 29).

Brain Measures
The following methods including MRI acquisition and MRPI
analysis were originally described in our previous report (16).
High resolution structural magnetic resonance imaging (MRIs)
acquisition was obtained on a 3T Siemens Trio scanner using a
32-channel head coil and a T1-weighted 3D MPRAGE sequence
with the following parameters: TR= 2,170ms, TE= 4.86ms, flip
angle= 7◦, FoV= 256mm2, 192 slices, 1mm slice thickness. The
scans were first aligned along the anterior-posterior commissure
line using acpc detect (http://www.nitrc.org/projects/art) (30)
or manually using DTI Studio (www.mristudio.org) (31). Then
MRI bias field correction was performed using N4 (http://
stnava.github.io/ANTs/) (32). A series of independent raters (two
per measure) who were blinded to the participant age, group,
and time point, quantitatively assessed all MR images for four
measurements of brainmorphology:MCPwidth as well pons and
midbrain cross-sectional areas were based onmethods previously
described (33, 34).

Sample Preparation and Metabolite
Profiling
Plasma metabolite profiling was determined by a non-targeted
platform that allows the relative quantitative analysis of a large
number of molecules (35). Samples were stored at −80◦C until
processing and then prepared using the automated MicroLab
STAR R© (Hamilton Company, Reno, NV, USA). Several recovery
standards were added prior to the first step in the extraction
process for QC purposes. To remove protein, dissociate small
molecules bound to protein or trapped in the precipitated protein
matrix, and to recover chemically diverse metabolites, proteins
were precipitated with methanol under vigorous shaking for
2min (GlenMills GenoGrinder 2000) followed by centrifugation.
The resulting extract was divided into five fractions: two for
analysis by two separate reverse phases (RP)/UPLC-MS/MS
methods with positive ion mode electrospray ionization (ESI),
one for analysis by RP/UPLC-MS/MS with negative ion mode
ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion
mode ESI, and one sample were reserved for backup. Samples
were placed briefly on a TurboVap R© (Zymark) to remove the
organic solvent. The sample extracts were stored overnight under
nitrogen before preparation for further analysis as explained in
Zafarullah et al. (25).

Statistical Analysis
The association between brain measures and metabolites at a
single visit was analyzed using linear regression models that
included a brain measure as the area of the pons and a metabolite
as the single covariate. The association between changes in brain
measures and in metabolites between visits was analyzed using
linear regression models that included change in a brain measure
as the area of the pons and change in metabolite, baseline
metabolite level, and baseline brain measure as covariates.
Models fitted to visit 1 data included all subjects (control,
NCON, and CON), and models fitted to visit 2 data included all
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TABLE 1 | Demographic information on age and CGG repeats in three male participant groups: HC, CON and NCON.

Healthy controls

(HC)

Converters

(CON)

Non-converters

(NCON)

All patients P-Value (F-Test)

Age N 10 10 10 30 0.936

Mean (SD) 65.60 (3.239) 63.50 (6.786) 63.20 (4.849) 64.10 (5.101)

Median (Range) 64.50 (62–70) 63.50 (53–75) 64.00 (52–69) 64.00 (62–75)

CGG N 10 10 10 30 <0.001

Mean (SD) 28.90 (4.095) 93.30 (22.91) 75.70 (18.73) 65.97 (32.26)

Median (Range) 30 (20–32) 84.50 (74–141) 74 (56–122) 72 (20–141)

premutation subjects (NCON andCON). Specifically, all the Visit
1 regression analyses included all subjects (n = 30), and all the
Visit 2 regression analyses included all premutation subjects (n
= 20). P-values were adjusted for multiple testing (within each
analysis, across metabolites) using the Benjamini-Hochberg false
discovery rate controlling method (36). Analyses were conducted
using R version 4.0.2 (37).

RESULTS

Demographics
Three groups of male participants were included in this study: 1)
PM who converted at V2 (CON; n = 10), 2) PM who did not
convert at V2 (NCON; n = 10) and 3) healthy controls (HC;
n = 10). All participants in the CON and NCOV groups were
matched for age and CGG repeat length as reported in Table 1.
Participant race, age, and ethnicity did not differ significantly
between the three groups. As expected, CGG repeat size was
significantly lower in healthy controls than in the CON and
NCON groups (P < 0.001 in both comparisons) but it was
not significantly different between the two premutation carrier
groups of CON and NCON (P = 0.76).

Differential Metabolite Levels Linked With
Area of the Pons Area in Healthy Control
and Premutation Groups
We have recently reported 94 potential metabolic biomarkers for
early diagnosis and progression of FXTAS that showed significant
changes in expression (P ≤ 0.05) in the CON as compared
to the NCON both at V1 and V2 or only at V2 (25). In this
study, we investigated the correlation between these potential
metabolic biomarkers and brain measures (midbrain, area of the
pons, and MCP width) among healthy control (HC), and PM
including converter and non-converter (CON andNCON) at V1.
We found a significant association (P ≤ 0.05) of expression level
of six metabolites with area of the pons among all three groups
(HC, CON, and NCON) at V1 (Figure 1). While no significant
correlation of the midbrain and MCP width with the identified
metabolites at baseline has been observed.

Expression Levels of Metabolic Biomarkers
Associated With Brain Measures
Within the two premutation groups, the levels of 11 metabolites
showed a significant correlation (P ≤ 0.05) with decreased

area of the pons at V1 while four showed a significant
correlation at V2 only in the CON group but not in the NCON
group. Interestingly, level of ceramide (d16:1/24:1, d18:1/22:1)
correlated with area of the pons area both at V1 [Regression
Slope −72.3 (−118.7, −25.9); P-value 0.0496; Figure 2A] and
V2 [Regression Slope −56.7 (−88.3, −25.2); P-value 0.0597;
Figure 2B]. Similarly, we also observed a significant correlation
between mannonate and area of the area of the pons both at
V1 [Regression Slope −97.3 (−162.3, −32.3); P-value 0.0496;
Figure 2C] and V2 [Regression Slope −135 (−203.8, −67.2);
P-value 0.0543; Figure 2D]. No significant correlations were
observed between the midbrain area and MCP width and any
metabolites both at V1 and V2 between CON and NCON
premutation groups.

Metabolite Expression Levels Correlate
With FXTAS Progression
We evaluated the differential expression of the metabolic
biomarkers with the progression of FXTAS and with the
FXTAS stage in the CON and NCON participants at V2.
We observed that 27 metabolites significantly correlated with
change in FXTAS stage from V1 to V2 with the majority
of these metabolites being lipids followed by xenobiotics,
amino acids, and energy (Table 2). Further we observed a
significant correlation between the expression levels of several
of these metabolites with the FXTAS stage (Figure 3A).
Interestingly, six of these metabolites including palmitate (16:0)
(Figure 3A), palmitoylcarnitine (C16), palmitoleate (16:1n7),
fumarate, lactosyl-N-behenoyl-sphingosine (d18:1/22:0), and
ceramide (d16:1/24:1, d18:1/22:1) have been reported to be
critically involved in the development of other neurodegenerative
disorders. In addition, these metabolites are part of the lipid and
fatty acid metabolism (Figure 3B) and sphingolipid metabolism
(Figure 3C). We previously shown that lipid metabolism was
associated with the development and progression of FXTAS
(changes of the FXTAS stage from V1 to V2) (25) and
this association has also been reported in the premutation
mouse model (24).

DISCUSSION

The present study results provide evidence that brain measures,
specifically the area of the pons cross-sectional area, correlate
with plasma levels of metabolites that are part of the fatty acid

Frontiers in Psychiatry | www.frontiersin.org 4 August 2021 | Volume 12 | Article 69171751

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Zafarullah et al. Metabolomic Biomarkers Associated With Area of the Pons

FIGURE 1 | Pons by metabolite expression among HC, CON and NCON. Scatter plots showing correlation between pons and metabolite expression levels. The dots

in red are representing the plotted values obtained for HC, green for CONV and blue for NCON. *The identity of these metabolites has not been officially confirmed

based on the standard.

and sphingolipid metabolism. These findings expand upon our
previous study of plasma metabolic profiling of participants
who developed symptoms of FXTAS over time (25), potentially
representing biomarkers of early diagnosis and progression of
FXTAS and suggest that these factors play a role in the brain
structure of individuals with FXTAS.

Magnetic resonance imaging (MRI) takes advantage of a
strong magnetic field for non-invasively imaging of parts of
the brain parts to identify regional tissue abnormalities and to
obtain volumes of brain structures. The imaging profile provides
an opportunity to not only visualize the neuroanatomical and
functional signatures of various neurodegenerative disorders, but
it can also identify disease-specific biomarkers of the underlying
processes. Various imaging biomarkers have been reported in
Parkinson’s disease (PD) (38), Amyotrophic Lateral Sclerosis
(ALS) (39), Alzheimer Disease (AD) (40), and Dementia (41) and
recently by our team in FXTAS (16).

The brainstem (which includes midbrain, area of the
pons, and the medulla oblongata) is a critical regulator of
vital bodily functions (42) with midbrain and area of the
pons primarily supporting cognition and mood while medulla
oblongata regulates cardiovascular and respiratory functions
(43). Interestingly, lesions and atrophy of these brainstem
structures represent the hallmarks of various neurological
disorders and recent findings have pointed to a much deeper
involvement of the brainstem nuclei which could change our
understanding of the cause, prevalence and early diagnosis of
these devastating diseases. Altered volume of midbrain, area
of the pons, and medulla oblongata have been reported in

individuals with schizophrenia (SCZ), bipolar disorder (BD),
multiple sclerosis (MS), dementia, mild cognitive impairment
(MCI), and Parkinson’s disease (PD) in comparison to healthy
controls (HC) (44, 45). Interestingly, reduction in area of
the pons over time can significantly discriminate MSA from
Progressive Supranuclear Palsy (PSP) (46). Moreover, the
Fractional Anisotropy (FA) and Apparent Diffusion Coefficient
(ADC) values in the area of the pons can differentiate the
middle cerebellar peduncles parkinsonian subtype (MSA-P)
patients from PD with 100% specificity (47). Interestingly, the
voxel-based morphometry (VBM) analysis has also identified
neurodegenerative changes primarily in the midbrain and area
of the pons of PSP patients as compared to controls (48).
Finally, degeneration of the locus coeruleus (LC), a long and
narrow nucleus in the area of the pons, correlates with cognitive
dysfunction and potentiate pathology of AD (49).

In our earlier studies, we observed the variation in the MCP
width, area of the pons and midbrain cross-sectional areas as
well as their significant association with the molecular measures
in individuals who developed symptoms of FXTAS over time
as compared to non-symptomatic PM and healthy controls,
suggesting their role in FXTAS pathogenesis and progression
(16, 17). These findings point toward the critical involvement of
the area of the pons in neurodegenerative disorders, which could
potentially provide information about the neuropathology of the
disease and lead to early clinical diagnosis of these diseases.

Metabolomics is the omics platform that measures levels
of metabolites in biological samples (50) uncovering potential
biomarkers of aging and neurodegenerative diseases such as
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FIGURE 2 | Distribution of metabolic biomarkers with pons between CON and NCON groups. (A) Scatter plots showing correlation between pons and ceramide in

CON and NCON at V1. The dots in red are representing the plotted values obtained for CON, and turquoise for NCON. (B) Scatter plots showing correlation between

pons and ceramide in CON and NCON at V2. (C) Scatter plots showing correlation between pons and mannonate in CON and NCON at V1. (D) Scatter plots showing

correlation between pons and mannonate in CON and NCON at V2. *The identity of these metabolites has not been officially confirmed based on the standard.

AD (51), Parkinson (52), Huntington (53), MS (54), and
Amyotrophic Lateral Sclerosis (55) and FXTAS (25). A larger
number of untargeted metabolomics-based studies have been
reported using plasma/serum samples, due to its minimally
invasive nature and relatively easy availability of blood samples.
Unique metabolic signatures associated with altered energy
homeostasis, Krebs cycle, changes in lipid membrane associated
with abnormal CSF Aβ42 levels, altered mitochondrial function,
neurotransmitter and lipid biosynthesis, are altered in plasma of
patients with mild cognitive impairment and more pronounced
in patients with AD (56–61). Majorly disturbed metabolic
pathways observed in PD are also related to the metabolism of
lipids, energy (TCA cycle, glycolysis, acylcarnitines), fatty acids
and tryptophan, with the latter presenting a high correlation with
the progression of PD (62–68). The energy and phospholipid
metabolism have also been found to be impaired in patients
with HD that ultimately affects the function of neurons (53,
69). Glucose metabolism is dysregulated in AD patients (70)
and in area of the pons and cerebellum of MSA patients
(71, 72), while an association of fatty acid metabolism with

the development of ALS was observed (73). Finally, in our
recent study we reported on the identification of metabolic
biomarkers of early diagnosis and progression of FXTAS and
on their association with altered lipid metabolism including
free fatty acids, acylcarnitine, sphingolipids, diacylglycerol, and
phospholipids, in individuals who developed the symptoms of
FXTAS over time (25).

In this study we observed an association of metabolic
biomarkers, including ceramides and mannonate, in CON
as compared to NCON (Figure 2) with brain measures,
specifically with area of the pons area, suggesting the potential
role of altered metabolomics in the pathogenesis of FXTAS.
We also found their significant association with the FXTAS
stage (Table 2) ultimately providing the insight into the
FXTAS disease progression with the dysregulation of the
metabolic pathways.

The Krebs cycle or the TCA cycle is an important pathway
in the production of ATP through the oxidative phosphorylation
of acetyl-CoA in the mitochondria. With the onset of the
neurodegenerative processes in PD, the metabolism of TCA cycle
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TABLE 2 | Metabolite expression correlated with progression of FXTAS.

Sr # Super pathway Metabolite Regression slope (95% CI) Raw P-value Adjusted P-value

1 Lipid Myristate (14:0) 0.805 (0.376, 1.233) < 0.001 0.0541

2 Lipid Pentadecanoate (15:0) 1.4 (0.569, 2.241) 0.00239 0.0541

3 Lipid 1-oleoylglycerol (18:1) 1.02 (0.399, 1.639) 0.00284 0.0541

4 Lipid Margarate (17:0) 1.1 (0.429, 1.766) 0.00287 0.0541

5 Lipid (14 or 15)-methylpalmitate (a17:0 or i17:0) 0.89 (0.347, 1.432) 0.00288 0.0541

6 Lipid (2 or 3)-decenoate (10:1n7 or n8) 0.763 (0.273, 1.253) 0.00426 0.058

7 Lipid Palmitate (16:0) 0.86 (0.30, 1.42) 0.00469 0.058

8 Lipid 10-heptadecenoate (17:1n7) 0.515 (0.175, 0.855) 0.00516 0.058

9 Xenobiotics Mannonate* 1.87 (0.62, 3.12) 0.00566 0.058

10 Lipid Behenate (22:0)* 0.817 (0.258, 1.376) 0.0066 0.058

11 Amino Acid Trans-urocanate −1.32 (−2.227, −0.404) 0.00716 0.058

12 Amino Acid 8-methoxykynurenate 1.36 (0.402, 2.313) 0.00796 0.058

13 Lipid Ceramide (d16:1/24:1, d18:1/22:1)* 0.795 (0.232, 1.359) 0.00828 0.058

14 Xenobiotics 7-methylurate −0.633 (−1.085, −0.181) 0.00868 0.058

15 Xenobiotics 3-bromo-5-chloro-2,6-dihydroxybenzoic acid* 0.847 (0.228, 1.467) 0.01013 0.058

16 Lipid 10-undecenoate (11:1n1) 0.995 (0.265, 1.725) 0.01035 0.058

17 Lipid Ceramide (d18:1/17:0, d17:1/18:0)* 1.34 (0.35, 2.32) 0.01075 0.058

18 Lipid Myristoleate (14:1n5) 0.392 (0.100, 0.684) 0.01127 0.058

19 Lipid Palmitoylcarnitine (C16) 1.9 (0.469, 3.335) 0.01212 0.058

20 Lipid Lactosyl-N-behenoyl-sphingosine (d18:1/22:0)* −2.56 (−4.487, −0.624) 0.01235 0.058

21 Lipid 5-dodecenoate (12:1n7) 0.618 (0.139, 1.097) 0.0143 0.0595

22 Lipid Palmitoleate (16:1n7) 0.323 (0.0722, 0.5745) 0.01451 0.0595

23 Lipid N-behenoyl-sphingadienine (d18:2/22:0)* 1.69 (0.365, 3.010) 0.01525 0.0595

24 Lipid Arachidate (20:0) 3.32 (0.71, 5.93) 0.01554 0.0595

25 Xenobiotics 3,7-dimethylurate −0.652 (−1.167, −0.138) 0.01583 0.0595

26 Energy Fumarate 2.13 (0.435, 3.828) 0.01663 0.0598

27 Lipid 3-hydroxymyristate 0.701 (0.14, 1.26) 0.01719 0.0598

*The identity of these metabolites has not been officially confirmed based on the standard.

was found to be dysregulated indicating an energy shortage
and mitochondrial dysfunction in PD (74). Similarly, previous
studies in FXTAS (19, 20, 22) reported on altered plasma
and PBMCs levels (either increased or decreased) of several
intermediates of the Krebs cycle in individuals with FXTAS
as compared to controls. In accordance with these previous
studies, we found a significance correlation of various Krebs
cycle intermediates, including palmitate (16:0), palmitoleate
(16:1n7), palmitoylcarnitine (C16) and fumarate (Figure 3B,
bold) with the FXTAS stage (Figure 3A) supporting the observed
mitochondrial dysfunction as a contributing factor in the
pathogenesis of the FXTAS.

Sphingolipids include ceramides, sphingosine-1-phosphate,
lactosyl-N-behenoyl-sphingosine and sphingomyelins, which
play an important role in neuronal functions as sphingolipids
are critical to prevent the cell death, loss of synaptic plasticity,
and neurodegeneration (75). High levels of ceramide have
been detected in the CNS and in plasma of AD patients
and of PD patients, indicating that ceramide metabolism
could be associated with various stages of PD and AD
progression and hippocampal atrophy (76–78) and suggested as
a pharmacological target for the AD treatment (79). In a recent
study, the sphingolipid metabolism, and specifically the levels

of sphingosine, sphingosine 1-phosphate, and sphingomyelin
were found to be altered in the cerebellum of FXTAS mice
(24). We have reported on increased ceramides levels in the
CON as compared to NCON group (25) and, interestingly,
in this study we observed a significant association with area
of the pons both at V1 and V2 (Figures 2A,B). Further,
the sphingolipid metabolism intermediates lactosyl-N-behenoyl-
sphingosine (d18:1/22:0) and ceramide (d16:1/24:1, d18:1/22:1)
(Figure 3C, bold) both were significantly associated with
FXTAS stage suggesting their role in the development of
FXTAS and the pathway as a potential target for personalized
therapeutic development.

CONCLUSION

In this study, we found a significant correlation of metabolic
biomarkers with the area of the pons in individuals who
developed FXTAS over the time. We also report their significant
association with the progression of the disorder and their role
in context of dysregulated lipid and sphingolipid metabolism.
These findings could be of a great value as the area of
the pons provides distinct information about neuroanatomical
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FIGURE 3 | Fatty acid and sphingolipids metabolism associated with FXTAS development. (A) Six identified metabolites in FXTAS associated with other

neurodegenerative disorder, here the comparison with the FXTAS stage is shown; data are presented as FXTAS stage (y-axis) and associated metabolite (x-axis) by

using scatter plots. (B). Disturbance of fatty acid and lipids metabolism pathway is shown. (C) Sphingolipid metabolism pathway is shown. Bold metabolites, p ≤ 0.05

linked with the development of FXTAS. *The identity of these metabolites has not been officially confirmed based on the standard.

and pathophysiological processes. Its association with the
FXTAS biomarkers can assist in identifying the PM at
risk as well as assist in evaluating disease progression and
therapeutic responses to targeted drug development. Further
research is needed to replicate these findings in a larger
well-characterized cohort to further explore the role of
other brainstem structures in FXTAS and human health
and disease.
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Fragile X Syndrome is a neuro-developmental disorder caused by the silencing of

the FMR1 gene, resulting in the loss of its protein product, FMRP. FMRP binds

mRNA and represses general translation in the brain. Transcriptome analysis of the

Fmr1-deficient mouse hippocampus reveals widespread dysregulation of alternative

splicing of pre-mRNAs. Many of these aberrant splicing changes coincide with those

found in post-mortem brain tissue from individuals with autism spectrum disorders

(ASDs) as well as in mouse models of intellectual disability such as PTEN hamartoma

syndrome (PHTS) and Rett Syndrome (RTT). These splicing changes could result from

chromatin modifications (e.g., in FXS, RTT) and/or splicing factor alterations (e.g., PTEN,

autism). Based on the identities of the RNAs that aremis-spliced in these disorders, it may

be that they are at least partly responsible for some shared pathophysiological conditions.

The convergence of splicing aberrations among these autism spectrum disorders might

be crucial to understanding their underlying cognitive impairments.

Keywords: Fragile X syndrome, intellectual disability, autism, alternative splicing, gene regulation

INTRODUCTION

Neurodevelopmental disorders (NDDs) including those that lie on the autism spectrum are
diagnosed primarily based on behavioral presentations in early childhood. NDDs vary in severity
of clinical presentations and most commonly occur as intellectual disability (ID) (1). Children
with an autism spectrum disorder (ASD) often present with social and cognitive deficits, repetitive
behaviors, language impairments, and intellectual disability that may range from mild to severe
manifestations. The genetic heterogeneity and wide range of clinical presentations of ASD
have hindered therapeutic advances. In 5–10% of ASD cases, the underlying causes are either
single-gene mutations, chromosomal abnormalities, or environmental toxin exposure. Amongst
the single-gene disorders, Fragile X Syndrome (FXS, caused by a triplet repeat expansion mutation
in the FMR1 gene and subsequent loss of its protein product, FMRP) and the Rett syndrome
(RTT, mutations in the MECP2 gene resulting in loss of MECP2 protein identified in 95% of
the cases) are the most prevalent. Indeed 5% of ASD cases harbor the FXS mutation, and 50%
of FXS patients are on the autism spectrum. About 50% of RTT patients are initially diagnosed
with autism during the active regression period in Stage 2; however, upon progression to Stage 3;
autistic features persist in only 19% of RTT patients (2). Understanding single gene intellectual
disabilities (IDs) might aid in a better understanding of ASD, which currently has a prevalence of
1 in every 54 children aged 8 years in the US with co-diagnosis of ID in 33% of the children (3).
Neurodevelopmental delays along with cognitive impairments are thought to stem from synaptic
structure and function aberrations that are characteristic of ASDs and monogenic IDs such as FXS,
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RTT, tuberous sclerosis (TSC caused by mutations in the
TSC1/TSC2 complex). Molecular analysis of patient-derived
tissues and mouse models of the monogenic IDs has shown
widespread changes at the epigenetic, transcriptional, and
translational gene expression levels. The interplay between
changes at multiple levels of gene regulation might be essential
to the pathophysiology of a disorder. For example, in FXS, loss
of FMRP protein resulting in increase in protein synthesis of
FMRP target RNAs along with changes in multiple molecular
pathways have been identified [reviewed in Ref. (4)]. Detailed
molecular analysis of targets of translational de-repression in
FXS led to the finding that a chromatin modifier, SETD2
(SET domain containing methyltransferase protein), is altered,
resulting in downstream alterations in the chromatin landscape
and genome-wide aberrant alternative splicing of mRNAs (5).
Aberrant alternative splicing has previously been studied in
complex NDDs such as ASD (6–8) and other psychiatric illnesses
with a neurodevelopmental trajectory including Schizophrenia
(8, 9), Bipolar Disorder (8, 9), Huntington’s (10), and recently in
monogenic IDs such as FXS (5), PTEN (11), and RTT (12–14)
(Table 1).

Alternative pre-mRNA splicing generates multiple transcript
isoforms and protein variants for a single gene by co-
transcriptionally altering the exon composition of the mature
mRNA (Figure 1). Alternatively spliced transcripts are widely
prevalent in human cells and tissues, resulting in multiple
transcript isoforms for 95% of the multiexon genes, generating
a ∼10-fold increase in the number of transcript isoforms per
gene. With the advent of high-throughput transcriptomics, the
alternative splicing landscape of cells and tissues can be readily
investigated. Alternative splicing is detected in all metazoans
and is closely correlated with organismal complexity (25).
Furthermore, alternative splicing patterns are tissue- and cell-
type-specific (10, 26), and in vertebrates, mainly contribute to the
development and function of the central nervous system. Some
neuronal genes such as Neurexins, n-Cadherins, and calcium-
activated potassium channels can produce hundreds of mRNA
isoforms resulting in a functionally diverse protein arsenal for
efficient neuron functioning. Indeed, pathological consequences
such as neurodegenerative, neurodevelopmental, and complex
disorders including ASD occur when alternative splicing goes
awry. Extensive studies using post-mortem patient brain tissue
transcriptomics from ASD patients have shown pervasive mis-
regulation of microexon (exon size of 3–27 nt) splicing (6, 7, 15,
27, 28).

Using genome-wide screens to identify RNA-binding proteins
that might be key to the splicing dysregulation, splicing factors
such as SRRM4/nSR100 were identified. A significant proportion
of ASD cases also harbor de-novo genetic mutations resulting
in cryptic splice sites or mutations in RNA binding proteins
[e.g., RBFOX1 (29)] that regulate alternative splicing. Deep
neural networks such as SpliceAI can predict deleterious genomic
mutations in complex disorders such as ASD (30). Studies from
our lab on FXS and others’ on RTT, PTEN have also identified
alternative splicing aberrations in genes with essential neuronal
functions, suggesting that improper transcript isoform ratiosmay
be a key feature of several IDs. Given the recent increase in studies

identifying alternative splicing defects, it might be useful to
encourage parallel assessment of IDs to help focus on functionally
relevant changes. Indeed, the biological pathways that local
splicing defects might disrupt are similar amongst mouse models
of multiple monogenic IDs and tissues derived from patients with
complex disorders like ASD (for example, neuron development,
synaptic vesicle function, cytoskeleton formation). They may
thus underlie the shared pathophysiology of IDs.

A recent review has emphasized the ubiquitin system (UbS)
as a potential convergent pathway among IDs such as Angelman
Syndrome, FXS, PHTS, Loeys-Dietz Syndrome (LDS), and ASD
(31). Furthermore, several epigenetic factors are misregulated
in these disorders, which might trigger long-lasting effects
on the epigenetic landscape in IDs. Translational regulation
might be another point of convergence as loss of FMRP
in FXS results in an increase in the synthesis of proteins,
at least in some cases, by alleviating ribosomes from being
stalled on specific mRNAs. Similar mechanisms of translational
deregulation have recently been reported in Huntington’s disease
mouse models. Although many of these pathways are perturbed
amongst different monogenic IDs, the most striking genome-
wide alterations in complex IDs such as ASD are aberrant
alternative pre-mRNA splicing. Understanding the potential
regulatory factors and points of convergence among different IDs
might help early identification, monitor progression, and perhaps
lead to common therapeutic advances. Thus, we will highlight
emerging research focus on alternative splicing in various IDs
affecting neurodevelopment and brain function.

ALTERNATIVE SPLICING DURING
NEURODEVELOPMENT IN IDS

Precise temporal regulation of alternative splicing of pre-mRNAs
plays an essential role in every step of neurodevelopment,
including but not restricted to cortical development (32),
cerebellar development (33), neuron subtype specificity (34, 35),
neuronal maturation (36), and axon formation (37). Tightly
regulated ‘early switch’ and ‘late switch’ exons are encoded by
genes in which exons are spliced out around birth or post-natally
during development in neurons isolated from the mouse cortex
during development, reflecting progressive stages of neuronal
maturation (38). These switches may be orchestrated by an
interplay of cell type-specific expression of various splicing
factors (36, 38–41). Using integrative approaches to assess
splicing data from various types of neurons at different stages of
maturation, a ‘splicing code’ has been proposed (38). Although
themodel currently uses only single exon changes, it does provide
a foundation for future assessment of complex splicing patterns
during neurodevelopment.

Another splicing program regulating mouse cerebellar
cortex development and synapse maturation from P1 to
P30 has been proposed to rely on the splicing factor
SAM68 (33). Indeed, ablation of SAM68 resulted in impaired
synaptic functions and long-lasting social interaction deficits
in mouse models. Another splicing factor, nSR100/SRRM4, is
crucial for regulating the alternative splicing program during
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TABLE 1 | Evidence of differential alternative splicing in several neurodevelopmental disorders.

Disorder Origin tissue Species Mechanism References

Autism spectrum disorders Frontal and temporal cerebral cortex Homo sapiens Regulation by splicing factors

nSR100/Srrm4, RBFOX, and PTBP1

proteins

(6, 8, 15–17)

Blood – (18)

Fragile X Syndrome Hippocampal tissue slices Mus musculus Altered histone modifications at splice

junctions of alternatively spliced

exons (H3K36me3)

(5)

RTT Hippocampus Mus musculus DNA modification 5hmC, and histone

modifications (H3K4me3, H3K36me3)

(13, 19)

PTEN Cortex Mus musculus Disruption of interactions with

spliceosomal protein U2af2

(11)

Schizophrenia Frontal and temporal cerebral cortex Homo sapiens (8, 9)

Blood (20)

Bipolar disorder Frontal and temporal cerebral cortex Homo sapiens (8, 9)

Blood (20)

Huntington’s disease BA4 (Brodmann area 4) motor cortex Homo sapiens Regulated by splicing factor PTBP1 (21, 22)

Drosophila melanogaster Spliceosome proteins sequestered by

mutant Htt mRNA.

(23)

Microcephaly Fibroblast Homo sapiens Mutation in SNRPE gene results in

failure to assemble the pre-mRNA

processing complex U snRNPs.

(24)

Studies using various human patient tissues as well as mouse models of causal mutations for IDs show widespread presence of aberrant pre-mRNA splicing.

FIGURE 1 | Mechanisms implicated in alternative splicing perturbations in various neurodevelopmental disorders. Differential alternative splicing results in various

transcript isoforms generated from a single gene via splicing events (for example, Exon Skipping, Mutually exclusive exon usage, Alternative 3′ Splice site/5′ splice site

usage or intron retention). Various molecular mechanisms may cause the genome-wide alternative splicing perturbations identified in several neurodevelopmental

disorders such as epigenetic modifications (e.g., in FXS, RTT Syndrome) and/or splicing factor alterations (e.g., PTEN, autism) or as a result of DNA modifications and

differential binding of proteins to DNA (RTT Syndrome). Figure created with Biorender.com. Also see Table 1.

Frontiers in Psychiatry | www.frontiersin.org 3 September 2021 | Volume 12 | Article 71534661

https://Biorender.com
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Shah and Richter Pre-mRNA Splicing Defects in IDs

neurodevelopment, especially microexon (3–27 nt) splicing (7).
Microexons represent a class of exons that are enriched in
protein-protein interaction domains that are associated with
cell signaling and, due to their small size, have the highest
tendency to be included in neuronal transcripts (6). An
hypothesis for differential splicing of microexons (defined as
<51 nt in this study) is that various genomic signatures such
as the presence of intronic enhancers that dictate binding of
splicing regulators including PTBP1 and RBFOX or alterations
of the thymine content of the microexons may dictate their
splicing patterns (16). Microexon mis-splicing occurs extensively
in ASD, identified via large-scale transcriptomic studies from
post-mortem cortex tissue from patients (6, 7, 11, 42). For
example, the CPEB4 (Cytoplasmic polyadenylation element
binding proteins 4) gene regulates translation of mRNAs by
altering their poly(A)-tails and plays an important role in
embryonic development and synaptic plasticity. In ASD patients,
a neuron specific microexon of CPEB4 (Exon 4) which contains
post-translational modification sites was found to be skipped
to a greater extent resulting in changes in translation of
downstream CPEB4 target genes. Indeed, using a mouse model
with deletion of CPEB4- Exon 4 a potential functional role for
the microexon skipping was assayed. Mutant mice displayed
changes in polyadenylated transcriptome corresponding to
changes in high-risk expression ASD genes (e.g., PTEN, RBFOX1,
AUTS2) and mimicked ASD phenotypes such as deficits in
spine density, reduced number of excitatory synapses along
with typical ASD behaviors such as stereotypic running and
diminished social interaction (28). However, an important
caveat to this study is that the physiological change in the
exon 4 of CPEB4 in ASD patient brain tissue was a modest
exon inclusion difference (percent spliced in (PSI) change,
ASD vs. control) = −7.6%. Similar to ASD, the inclusion
level difference of exons in various IDs for most genes is
modest, and hence their impact on pathophysiology needs
further investigation.

Alternative splicing programs are also constantly altered
during aging (43–45), and their disruption can result in the early
onset of neurodegeneration (43, 44, 46). Thus, evaluating age-
specific disruptions in alternative splicing patterns could help
assess developmental delays in IDs. For example, assessing the
splicing patterns in PTEN mouse models at P14 (post-natal day
14) and P40 (post-natal day 40) time points highlighted age-
specific mis-spliced isoforms that might disrupt distinct signaling
pathways, partly due to age-specific changes in expression of
splicing factors (11). Studying temporal patterns of alternative
splicing aberrations during neurodevelopment in IDs may be
crucial to assess developmental delays and find critical periods
to correct splicing deficits.

EFFECT OF ALTERNATIVE SPLICING ON
BRAIN FUNCTION IN ID

Neuronal stimulation causes differential exon selection in
mRNAs resulting in functionally diverse mRNA isoforms
(47). Multiexon ion channel encoding mRNAs are among

the most extensively spliced mRNAs in neuronal cells (48–
54). Neuronal depolarization with KCl results in widespread
alternative splicing changes in neuronal cultures in-vitro,
affecting selective permeability of ion channels (33, 55, 56).
Neuronal activity-dependent splicing changes may affect long-
term synaptic plasticity. One example is activity-dependent
splicing of RNAs encoding neurexins’, a class of crucial trans-
synaptic cell adhesion molecules that govern synapse assembly,
transmission, and identity. Alternative splicing and alternative
promoter usage result in thousands of neurexin (Nrxn)
isoforms with potentially diverse functions (57). Membrane
depolarization-induced shift in Nrxn1 splice isoform choice
via calcium/calmodulin-dependent kinase IV signaling altered
trans-synaptic signaling regulated by SAM68 (a splicing factor)
(56). Studies on alternative splicing in response to membrane
depolarization in cerebellar neurons also identified SAM68 as a
critical regulator of the splicing pattern (33). Neuronal activity-
dependent alternative splicing is also highly dysregulated in ASD,
specifically microexon (3–27 nt) splicing (15, 58). A mouse
model mimicking microexon skipping in ASD for the translation
initiation factor, eIF4G (Eukaryotic translation initiation factor
4G), demonstrated activity-dependent exclusion of a microexon
resulted in increased levels of synaptic proteins involved in
mediating neuronal activity and synaptic plasticity (59).

Another neurodevelopmental disorder that shows prevalent
alternative splicing changes that manifests with learning
disabilities and autism is the Rett Syndrome (RTT) (12). RTT
mainly occurs due to loss of the MeCP2 protein, which is
studied using MeCP2 deficient mouse models. Widespread
changes in alternative splicing were identified in MeCP2 null
mice, which were exacerbated by membrane depolarization (14).
Furthermore, MeCP2 null mice were more susceptible to seizures
post-neuronal stimulation, which may be due to the altered
splicing program. MeCP2 mediated alternative splicing may
also regulate spatial learning-induced memory consolidation
in hippocampal tissue (13). However, the contribution of
alternative splicing defects in the MeCP2 null phenotype is
still unclear (60). Highly congruent to ASD are the alternative
splicing changes recently identified in the hippocampus from
the Fragile X Syndrome mouse model [Fmr1 knockout (KO)]
(5). Synaptic vesicle localization and function were amongst the
top enriched categories of differentially spliced genes. This could
imply that, the synaptic plasticity deficits observed in Fmr1 KO
hippocampus tissue could be mediated by altered isoform ratios
of key synaptic function genes.

MECHANISMS OF ALTERNATIVE
DIFFERENTIAL SPLICING IN ID

Alternative splicing regulation is a highly variable process that
depends on complex interactions between cis-acting splicing
signals, splicing factor recruitment, RNA motifs, combinatorial
action of RNA binding proteins, epigenetic marks on the
chromatin, speed of polymerase movement, and other molecular
features. The mechanisms contributing to alternative splicing
in the mammalian nervous system, which have been reviewed
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in Ref. (27), may explain the aberrant pre-mRNA splicing
programs in IDs (Figure 1). Amongst the alternative splicing
patterns examined in IDs, the most detailed have been in ASD.
Studies from idiopathic ASD patient post-mortem brain tissue
identified a reduction in nSR100/SRRM4 proteins in a significant
proportion of tissue samples (6, 15). Mouse models mimicking
haploinsufficiency of nSR100/SRRM4 (splicing regulators) also
reproduced the misregulated splicing patterns seen in ASD
patients and displayed deficits in social behavior (15). A study
investigating alternative splicing defects in blood samples from
autistic boys showed a set of 53 mis-spliced RNAs (18), several
of which encode proteins that regulate differential alternative
splicing. Altered expression of other splicing regulating factors,
RBFOX1, RBFOX3, and PTBP1 have also been implicated in ASD
(8, 16, 40, 41). Interestingly, mRNAs bound by RNA binding
proteins, RBFOX1 and FMRP were differentially spliced in
patient tissues from both ASD and Schizophrenia (8), suggesting
that RNAs that show common splicing defects amongst these
disorders may be targeted by similar processes.

Similar to ASD, a decrease in expression of splicing factor
SRRM4 has also been identified in a PTEN mouse model
along with decreased expression of other proteins such as
NOVA2 and RBFOX1. Another hypothesis explaining the local
splicing defects in PTEN, is that mutations in the PTEN gene
might disrupt interactions of Pten with the spliceosomal protein
U2AF2, thereby altering the local splicing program.

Alternative splicing of mRNAs can also be regulated by
epigenetics, including histone modifications, DNA methylation,
long non-coding RNAs posing as splicing factors, and potentially
RNA modifications such as N6-methyladenosine (m6A), and
DNA modifications such as 5-hydroxymethylcytosine (5hmC).
In Rett syndrome, MeCP2-dependent spliced exons show
differential epigenetic signatures based on their tendency of
inclusion or exclusion. Excluded exons display the DNA
modification 5hmC, and the presence of the histone modification
H3K4me3 (histone H3 lysine 4 trimethylation) H3K4me3.
Exons differentially included in the mature mRNA demonstrate
enrichment of H3K36me3 (histone H3 lysine 36 trimethylation)
marks in Mecp2-knockdown neurons (19). Similarly, epigenetic
marks may contribute to the alternative splicing defects observed
in brain tissues from the FXS mouse model. In FMRP
deficient hippocampus tissues, one of the mRNAs released from
translational repression is SETD2, resulting in increase of SETD2
(a lysine methyltransferase) protein levels. Increased SETD2
alters the H3k36me3 marks on the chromatin, which correlated
with alternative splicing defects in mRNAs critical for proper
synaptic function (5).

DISCUSSION

The functional significance of alternative splicing deficits in
neurodevelopmental disorders is becoming increasingly clear
owing to the ease of transcriptomic analysis and the use of
mouse models mimicking exon mis-splicing events. An in-
depth analysis of consolidated transcriptomic data from a large
cohort of patients diagnosed with ASD, schizophrenia and

bipolar disorder have provided significant insights enriching our
understanding of the pathophysiology of psychiatric disorders
(8). A key finding of this study was that rather than gene
expression changes, isoform level aberrations were the most
abundant, and demonstrated important functional gene category
enrichments and disease specificity. Notably, the majority of
the local splicing changes identified were restricted to each
disorder, with only two genes that showed a splicing change in
all three disorders. Amongst the pre-mRNA splicing aberrations
identified in monogenic IDs, there is a significant overlap with
those found in ASD patients, however majority of the splicing
changes found are disorder specific. The process of differential
alternative splicing resulting in dysregulated mRNA isoform
expression maybe conserved amongst IDs, however, the exact
genes may differ based on the different mechanisms that lead to
the splicing deficits (Table 1; Figure 1). Thus, alternative splicing
changes could potentially provide a molecular fingerprint to
identify and differentiate among NDD pathologies. Growing
numbers of studies have also identified differential pre-mRNA
splicing in blood samples from patients (18, 20), suggesting
the possibility of a potential biomarker for IDs and various
NDDs. Given, the recent finding of differential splicing programs
predominantly present in various IDs, a coordinated effort to
generate and study large scale transcriptomics datasets will thus
be beneficial. However, identifying all functional splicing changes
in a given transcriptomics dataset is still a herculean task that
relies primarily on identifying the protein domain encoded by
the mis-spliced region. Considerations toward the extent of local
splicing changes (1PSI, percent spliced-in) are imperative since
the proportion of splicing change in isoforms, and the frequency
of isoform expression, which often range from 10 to 40% in
IDs, may not be enough to result in a functional outcome
(protein expression or RNA localization). Whether a substantial
1PSI change in one gene can result in a phenotype or smaller
1PSI in multiple genes in the same pathway might contribute
to disease manifestation would be helpful to understand. For
example, although the 1PSI of the differentially spliced mRNAs
in the Fmr1 KO mouse tissues were between 10 and 30%,
most of the mRNAs were involved in synaptic vesicle recycling
function in the hippocampus. Thus, the synaptic plasticity deficit
in this tissue may in part be due to small splicing changes
in many mRNAs in the same pathway. Furthermore, splicing
analysis results may be subject to the choice of bioinformatic
programs used to assess splicing changes, depth of sequencing,
1PSI threshold, read length and type of sequencing, reference
genome version, and sample characteristics such as age, tissue,
and cell type studied. Consolidating alternative splicing patterns
from different studies requires careful assessment of all factors
that may contribute to a bias in data generation. Identification
of similar alternative splicing changes in genes belonging to
specific biological pathways such as synaptic function or brain
development in different monogenic and complex neurological
disorders, suggests that similar upstream regulatory pathways
may be perturbed.

Dysregulated pre-mRNA splicing is a rapidly developing
research focus in understanding pathophysiology of
neurodevelopmental disorders. Several questions arise
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based on current research and answering them is vital to
our understanding of how neurodevelopmental disorders
manifest and show such phenotypic diversity in patients.
For example, is aberrant splicing a cause or consequence of
changes in the epigenetic landscape, splicing factor levels,
or RNA binding proteins? Can restoring alternative splicing
defects result in reversing the course of the disorder? If not,
can the alternative splicing changes be used as biomarkers to
inform therapeutic strategies and disease progression? Can the
alternative splicing perturbations explain commonalities
and differences between IDs and therefore predict the
severity of the disorder? The genome-wide perturbations of
alternative pre-mRNA splicing is a recent finding, and it is of
particular importance to specifically study isoform level gene
regulation to fully understand the molecular mechanisms of
neurodevelopmental disorders.
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This case documents the co-occurrence of the fragile X-associated tremor ataxia

syndrome (FXTAS) and Alzheimer-type neuropathology in a 71-year-old premutation

carrier with 85 CGG repeats in the fragile X mental retardation 1 (FMR1) gene, in

addition to an apolipoprotein E (APOE) ε4 allele. FXTAS and Alzheimer’s Disease (AD)

are late-onset neurodegenerative diseases that share overlapping cognitive deficits

including processing speed, working memory and executive function. The prevalence

of coexistent FXTAS-AD pathology remains unknown. The clinical picture in this case

was marked with rapid cognitive decline between age 67 and 71 years in addition to

remarkable MRI changes. Over the 16 months between the two clinical evaluations,

the brain atrophied 4.12% while the lateral ventricles increased 26.4% and white matter

hyperintensities (WMH) volume increased 15.6%. Other regions atrophied substantially

faster than the whole brain included the thalamus (−6.28%), globus pallidus (−10.95%),

hippocampus (−6.95%), and amygdala (−7.58%). A detailed postmortem assessment

included an MRI with confluent WMH and evidence of cerebral microbleeds (CMB).

The histopathological study demonstrated FXTAS inclusions in neurons and astrocytes,

a widespread presence of phosphorylated tau protein and, amyloid β plaques in

cortical areas and the hippocampus. CMBs were noticed in the precentral gyrus,

middle temporal gyrus, visual cortex, and brainstem. There were high amounts of iron

deposits in the globus pallidus and the putamen consistent with MRI findings. We

hypothesize that coexistent FXTAS-AD neuropathology contributed to the steep decline

in cognitive abilities.

Keywords: FXTAS, Alzheimer-type dementia, FMR1 gene, CGG expansion, APOE ε4 allele, neurodegeneration,

cognitive decline
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INTRODUCTION

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-
onset neurodegenerative disease characterized by neurological
involvement including cerebellar ataxia, intention tremor,
neuropathy, parkinsonism, executive dysfunction, and cognitive
deficits. Clinical symptoms usually become apparent between
the sixth and seventh decade of life. Carrying the premutation
(55–200 CGG repeats) in the FMR1 gene located in the
X chromosome confers the genetic background for the
development of FXTAS in ∼40% of male and 16% of female
carriers (Hagerman and Hagerman, 2016). Most of the affected
patients face a slow but steady progression of motor and
cognitive deficits. During the disease’s final stages, ∼15–25
years after the onset of symptoms, the patients are unable
to perform basic activities of daily living and lose their
independence. Cognitive decline leading to dementia is seen
in ∼50% of male patients with FXTAS (Seritan et al., 2016).
Prior reports have introduced epigenetic/environmental risk
factors related to an early presentation, greater severity of
symptoms or faster progression of FXTAS including chronic
use of addictive substances (Martinez-Cerdeno et al., 2015,
Muzar et al., 2014, Muzar et al., 2015), anesthetics/general
surgery (Ligsay et al., 2019), and exposure to environmental
neurotoxins (Saldarriaga et al., 2019). Here we report an
unusual case with a dramatic progression of cognitive decline
associated with disinhibition in a patient with FXTAS and an
APOE ε4 allele. The patient died within 10 years of clinical
involvement. He was evaluated clinically, and he had postmortem
imaging and tissue examination demonstrating co-occurrence of
Alzheimer changes.

CASE DESCRIPTION

The patient initially presented to us at age 67 with a history of
both tremor and balance difficulties. He was confirmed to have
85 CGG repeats and 4 daughters with the FMR1 premutation
as well as a niece and nephew with fragile X syndrome. Before
developing FXTAS, he was noted to be athletic and an extremely
successful professional.

After the loss of his father, at age 61, he developed
bereavement-related depression, however, he did not receive
antidepressants nor did he have therapy or counseling for his
depression. Soon after, he began to present short-term memory
problems, motor deficits including tremor and balance problems,
as well as neuropathy in his lower extremities. As his hand
tremor worsened, he also developed a head tremor. By age 62,
his worsening short-term memory forced him to retire from his
business. He began to have long lapses in his conversations as his
word retrieval became worse. He had an episode of wandering at
age 67 away from his hotel and he was disoriented, a subsequent
evaluation with a CAT scan was normal. He also had frequent
falls and at age 69 he fell but he did not have significant head
trauma, he was discharged after neurological evaluation and
observation in the emergency room.

His past medical history included episodes of vertigo which
began at age 57. These episodes usually lasted a few minutes

except for two episodes that were associated with muscle
weakness and lasted a day. He also had a history of atrial
fibrillation (Afib) diagnosed at age 57, requiring cardioversion
at presentation. Recurrent Afib was treated with propafenone
150mg bid and warfarin. Additional medications included
pravastatin 20mg a day, vitamins, and antioxidants. He also had
2 hospitalizations for severe pneumonia.

On his initial exam at age 67, his hearing was mildly decreased
bilaterally, and his smile was asymmetrical with less tone on the
left. His finger joints were swollen, and he had arthritic changes
and nodules on the upper aspect of his fingers. His reflexes
were hypoactive and absent at the ankles and vibration sense
was diminished in the feet. He had prominent primitive reflexes
including grasp, glabellar, snout and palmomental reflexes. He
had an intention tremor bilaterally, a hand positional tremor
bilaterally, and a mild “yes yes” head tremor. He had significant
dysdiadochokinesis bilaterally and was unable to tandem walk
with significant ataxia on heel to shin movements. Cognitive
testing is shown in Table 1. Treatment with memantine and
donepezil, and a follow-up with a geriatric psychiatrist and
physical therapy was recommended for ataxia.

He was followed 2 years later, at age 69, with worsened
tremors and swallowing problems. Although he was treated with
memantine and donepezil his cognition had worsened. He had
become more disinhibited in public and had aggressive behavior
at night, so he was started on quetiapine to aid in sleep.

On exam, he had a coarse intention, positional and resting
tremor in addition to his head tremor. He had masked
facies, bradykinesia, and a cervical dystonia with his head
tilted to the left. His reflexes were decreased and absent in
the ankles and he continued to have signs of neuropathy
with decreased pinprick and vibration sensations. He had
marked primitive reflexes as previously noted. Cognitive testing
(Table 1) demonstrated a major neurocognitive disorder and
the results from the Structured Clinical Interview for DSM-
IV (SCID) diagnosed Social Phobia (F40.1, 300.23). A trial
with carbidopa/levodopa for emerging parkinsonian features
was recommended. A comprehensive review of family history
at this time revealed a maternal uncle who died from AD
in his 50s; based on this new information genetic testing for
APOE was carried out to evaluate the patient’s predisposition
for AD.

Although carbidopa/levodopa was initially beneficial,
over the next 2 years he gradually developed worsening of
his symptoms of tremor, weakness and falling until he was
bedridden. He had episodes of staring which were thought to
be transient ischemic attacks, but an electroencephalogram
demonstrated right and left temporal spikes and a disorganized
background rhythm. Due to swallowing problems, he
was hospitalized with aspiration pneumonia at age 71.
A percutaneous endoscopic gastrostomy (PEG) tube was
placed for nutrition. An echocardiogram taken at the time
of hospitalization showed mild left ventricular hypertrophy
and tricuspid regurgitation as well as a small pericardial
effusion. He was eventually transferred to hospice and
needed continuous oxygen supply before he passed away at
age 71.
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TABLE 1 | Summary of neuropsychiatric results.

2016 Score 2016 Percentile rank 2017 Score 2017 Percentile rank Description

WAIS-IV

Verbal IQ 70 2 54 0.1 Borderline (2016), Extremely Low (2017)

Performance IQ 65 1 63 1 Extremely Low

Full Scale IQ 62 1 51 0.1 Extremely Low

VCI 70 2 54 0.1 Extremely Low

PRI 65 1 63 1 Extremely Low

WMI 71 3 53 0.1 Extremely Low

PSI 65 1 59 0.3 Extremely Low

WMS-IV*

Auditory Memory – – 58 0.3 Extremely Low

Visual Memory – – 45 <0.1 Extremely Low

Immediate Memory – – 54 0.1 Extremely Low

Delayed Memory – – 54 0.1 Extremely Low

BDS-2

– – 2 – Severe difficulties with executive functioning

MMSE

– – 15 – Significant impairment in cognitive functioning

*WMS Scores are provided as Scaled scores.

Based on the neuropsychological results and the caregiver’s report on the patient’s decline, a diagnosis of Major Neurocognitive Disorder Due to Another Medical Condition (F02.80,

294.10, DSM- 5) was probable. WAIS-IV, Wechsler Adult Intelligence Scale, 4th Edition; VCI, Verbal Comprehension Index; PCI, Perceptual Reasoning Index; WMI, Working Memory

Index; PSI, Processing Speed Index; WMS-IV, Wechsler Memory Scale, 4th Edition; BDS-2, Behavior Dyscontrol Scale 2nd Edition; MMSE, Mini-Mental-State Exam.

DIAGNOSTIC ASSESSMENT

Neuropsychiatric Assessment
Cognitive testing is listed in Table 1 (WAIS-IV, Wechsler Adult
Intelligence Scale, 4th Edition)(Wechsler, 2008). An assessment
of memory skills (WMS-IV, Wechsler Memory Scale, 4th
Edition)(Wechsler, 2009) and several other neuropsychological
assessments were also conducted (Table 1) to evaluate executive
function and general cognitive status [Behavior Dyscontrol Scale
2nd Edition(BDS-2) (Grigsby and Kaye, 1996), Mini-Mental-
State Exam (MMSE)] (Folstein et al., 1975). His memory and
executive function abilities demonstrated significant decline over
the 2 clinical visits. The examiner noted that he often stared
blankly during the second assessment, and it was not fully clear
whether he understood the questions properly.

Neuroimaging
Both in vivo and postmortem MRI were acquired on a Siemens
Trio 3T MRI scanner (Siemens Medical Solutions, Erlangen,
Germany) using a 32-channel headcoil. For postmortem MRI,
the right hemisphere was immersed in an inert proton-free fluid,
3M fluorinert electronic liquid (FC-770, Parallax Technology,
Inc.) during the acquisitions of T2 and multi-echo T2∗ images.

Brain MRI during the initial evaluation showed a large
middle cerebellar peduncles (MCP) sign, thin corpus callosum
and white matter disease (WMD) in the splenium and genu
of his corpus callosum and WMD in the right temporal lobe
and periventricular areas (Figures 1A,D,G,I). Brain imaging at
follow-up demonstrated severe brain atrophy with remarkable
asymmetrical atrophy of the temporal lobes.Worsening ofWMD

in all areas including the insula and periventricular regions. The
ventricles were larger and the corpus callosum was thinner when
compared to the MRI taken 16 months prior (Figures 1B,E).

A quantitative analysis of brain atrophy was performed
using volBrain software pipeline that implements a multi-atlas
label fusion technique for segmenting the intracranial cavity,
brain, lateral ventricle, cerebellar lobules, and subcortical nuclei
(Manjon et al., 2014; Manjon and Coupe, 2016; Romero et al.,
2017) (Figures 1D,E,I,J). Age- and sex-specific normative
data are also available (Coupe et al., 2017). White matter
hyperintensities (WMHs) were segmented automatically
on fluid attenuated inversion recovery (FLAIR) scans
using the LST toolbox from SPM12 (Schmidt et al., 2012),
followed by manual editing using ITKsnap (Weis et al.,
1993).

Compared with age- and sex-specific normative data (Coupe
et al., 2017), percentages of intracranial volume (ICV) for whole
brain, whole brain white matter, cerebrum, cerebral white matter,
brainstem, thalamus, and amygdala were lower than the 95%
lower limits while those of cerebrospinal fluid (CSF) and lateral
ventricles were above the 95% upper limits for both visits. The
ICV percentages of other regions, including the gray matter,
cerebrum gray matter, cerebellum, cerebellar gray matter, and
other nuclei under the investigation (Table 2) were within the
95% limits for both visits.

Over the 16 months between the two visits, the brain
atrophied 4.12% while the lateral ventricles increased
26.4% and WMH volume increased 15.6%. Other regions
atrophied substantially faster than the whole brain included the
thalamus (−6.28%), globus pallidus (−10.95%), hippocampus
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FIGURE 1 | In vivo and postmortem MRI showing white matter lesions, brain

atrophy, and enlarged ventricles. (A–C) FLAIR scans acquired in 2016 (A) and

2017 (B) show periventricular WMHs (arrows in A) and a lacune (arrowhead) in

right parietal white matter. The corpus callosum is thinned and has WMHs in

both genu and splenium (arrows in B). WMHs become confluent in the frontal

and parietal regions in the postmortem T2 scan of the right hemisphere (C).

(D–F) Segmentation of the lateral ventricles and subcortical nuclei on T1 scans

acquired in 2016 (D) and 2017 (E). White matter lesions in the right temporal

lobe are observed on both in vivo MRI scans (arrow) as well as the

postmortem T2* scan (F). (G,H) The MCP sign (arrows) on T2 scans acquired

in 2016 (G) and 2017 (H). (I,J) Segmentation of the cerebellum on T1scans

acquired in 2016 (I) and 2017 (J).

(−6.95%), and amygdala (−7.58%). In contrast, the cerebellum
(−2.40%), brainstem (−2.37%), caudate (−1.76%), and putamen
(−1.03%) experienced slower than average atrophy rate
(Table 2).

Post-mortem MRI showed confluent WMHs in the frontal
and parietal lobes on T2 scan (Figure 1C) indicating further
WMH expansion during the last 2 years of life and tissue
loss in anterior temporal white matter (Figure 1F). Transverse
relaxation rate, R2∗, sensitive to iron content in the tissue, was
estimated by fitting an ordinary lease squares function to the
signal intensities of the multi-echo T2∗ scan (Peran et al., 2007).
Small focal increases in R2∗ signals, consistent with cerebral
microbleeds (CMBs), were observed in cerebral white matter
as well as increased R2∗ signals in the deep nuclei such as the
putamen, globus pallidus, red nucleus, substantia nigra (SN), and
cerebellar dentate nucleus.

Genetic Evaluation
DNA testing, including PCR and Southern blot analysis, as
previously described (Filipovic-Sadic et al., 2010, Tassone et al.,
2008), revealed the presence of a premutation allele of 85 CGG
repeats. FMR1 mRNA expression levels, measured by real time
qRT-PCR (Tassone et al., 2000), were 2.5-fold higher than normal
(2.58 StErr 0.04) (Figure 2). Genotyping forAPOE allelic variants
were carried out using TaqMan R© assay genotype. An APOE ε3/
ε4 variant was documented.

Postmortem Brain Assessment
The right hemisphere was fixed in 10% formalin for 8 weeks
before dissection. After fixation gross descriptions were taken
and the right hemisphere was coronally sectioned. Gross
anatomy showed atrophy in the frontal and temporal lobes
(Figure 3A), as well as mild ventricular enlargement, more
predominant posteriorly. No evidence of major haemorrhagic
strokes, infarctions, or abnormal growth were found grossly. The
SN was well pigmented. Evidence of mild atherosclerosis was
found within the basilar artery (Figure 3A).

Upon coronal sectioning, select anatomic areas were sampled
from the frontal cortex, basal ganglia, inferior parietal cortex,
temporal cortex, hippocampal formation including CA1, CA2
and entorhinal cortex, occipital cortex (Brodmann areas 17/18),
hemisection of midbrain including SN and cerebellum, and
then immersed in 30% sucrose in Tris-buffered saline (TBS).
Once saturated, samples were embedded in optimal cutting
temperature (OCT) compound (Fisher,USA), and frozen at
−80◦C. Sections were cut in cryostat at 14 µm thickness.

Our sampling deviated from the current recommendation
for the evaluation of AD changes (Montine et al., 2012); since
we did not include the middle frontal gyrus and the superior
temporal gyrus in our analysis. In addition, we did not use the
Consortium to Establish a Registry for AD (CERAD) (Mirra
et al., 1991) protocol for neuritic plaque scoring. Hematoxylin
and eosin stain was used for the assessment of WMD and CMBs,
recently described as a common pathologic feature of FXTAS
(Salcedo-Arellano et al., 2021).

Prior to immunostaining, slides were washed in TBS, hydrated
in ethanol 100–50%, followed by antigen retrieval and incubation
in 3% hydrogen peroxide, permeabilized and blocked in a TBS
based solution (75% TBS, 15% Triton, 10% serum) for 2 h.
Rabbit anti-ubiquitin (1:150; Dako, Glostrup, Denmark) was
used to identify intranuclear inclusions commonly described
in neurons and astrocytes, the major pathologic hallmark of
FXTAS. A mouse monoclonal anti-phosphorylation clone AT8
tau [1:200; Invitrogen MN 1020 (Ser202, Thr205)] and a purified
mouse anti-α-Synuclein, pY125 (1:200; BD Pharmingen) were
used to evaluate tau aggregates and to confirm the presence of
Lewy bodies in the SN respectively. A polyclonal rabbit anti-β
amyloid 1–42 (ab10148, 1:100; Abcam, Cambridge, UK) was used
to evaluate amyloid plaques and cerebral amyloid angiopathy
(CAA), slides were incubated overnight at−4◦C. Pearls Prussian
blue (Meguro et al., 2007), was completed for the assessment
of iron bound to hemosiderin, known to correspond to chronic
microhaemorrhages and iron deposits.
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TABLE 2 | Percentages of change and brain regional volumes compared with age- and sex-specific normative data.

Brain regions Visit 1 (Age 67.9) Visit 2 (Age 69.2) Whole

brain %

of

change

Volume

(cm3)

% of ICV 95%

lower

limit

95%

upper

limit

Left

hemi.

volume

(cm3)

Right

hemi.

volume

(cm3)

Volume

(cm3)

% of ICV 95%

lower

limit

95%

upper

limit

Left

hemi.

volume

(cm3)

Right

hemi.

volume

(cm3)

Whole brain 947 63.4 75.8 86.4 – – 908 61.3 75.1 85.7 – – −4.1

Gray matter 663 44.4 40.0 51.3 – – 635 42.9 39.9 51.2 – – −4.2

White matter 283 19.0 29.3 41.6 – – 272 18.4 28.7 41.0 – – −3.9

Cerebrum 814 54.5 65.3 75.4 416 397 779 52.5 64.7 74.8 399 379 −4.3

Gray matter 544 36.4 33.6 43.2 276 268 523 35.3 33.5 43.0 266 257 −4.0

White matter 269 18.0 26.6 37.4 140 129 256 17.3 26.1 36.9 134 122 −5.0

Cerebellum 114 7.6 7.8 10.3 56.2 57.8 111 7.5 7.7 10.3 54.0 56.5 −3.1

Gray matter 102 6.8 5.6 8.2 50.4 51.8 98 6.6 5.6 8.2 48.2 49.9 −4.0

White matter 11.9 0.79 1.3 3.0 5.8 6.1 12.4 0.84 1.2 3.0 5.9 6.6 4.8

Brainstem 19.1 1.3 1.4 1.9 – – 18.7 1.3 1.4 1.9 – – −2.4

CSF 546 36.6 13.6 24.2 – – 574 38.7 14.3 24.9 – – 5.1

Lateral ventricles 78 5.2 0.60 3.04 37.8 40.1 98 6.6 0.72 3.16 47.4 51.1 26.4

Caudate 5.49 0.37 0.36 0.55 2.81 2.67 5.39 0.36 0.36 0.55 2.80 2.60 −1.8

Putamen 7.16 0.48 0.42 0.64 3.50 3.66 7.09 0.48 0.42 0.63 3.50 3.59 −1.0

Thalamus 7.05 0.47 0.59 0.79 3.47 3.57 6.60 0.45 0.58 0.78 3.22 3.38 −6.3

Globus pallidus 2.30 0.15 0.13 0.20 1.19 1.11 2.05 0.14 0.13 0.20 1.08 0.97 −11.0

Hippocampus 6.96 0.47 0.44 0.63 3.50 3.46 6.48 0.44 0.44 0.62 3.25 3.23 −6.9

Amygdala 0.99 0.07 0.09 0.14 0.53 0.46 0.91 0.06 0.09 0.14 0.48 0.44 −7.6

WMHs 44 2.94 – – – – 51 3.42 – – – – 15.5

Bold, outside of the 95% limit of the age- and sex-specific normative data.

FIGURE 2 | CGG repeat size and methylation status were determined by a combination of Southern blots (A) and capillary electrophoresis (B) on genomic DNA

isolated from a female, negative control (lane 1), from a full mutation control (>200 CGG repeats) (lane 2). The SB analysis demonstrates the presence of an

unmethylated premutation alleles in the proband (lane 3). M = DNA marker, 1 kb ladder. Normal unmethylated band (2.8 kb) and normal methylated band (5.2 kb)

shown on the left. The electrophoregram (B) shows the presence of a single peak representing the premutation allele. The X-axis indicates the size of the allele in base

pairs and the Y-axis indicates the fluorescence intensity of each allele.
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FIGURE 3 | Gross and microscopic brain evaluation. (A) Severe frontal and temporal lobes atrophy, thin corpus callosum, sclerotic changes in basilar artery. (B)

Ubiquitin positive intranuclear inclusions in the post central gyrus confirming definite diagnosis of FXTAS. (C) Tau positive plaques and neuropils in the prefrontal gyrus.

(D) Iron deposits in the globus pallidus. (E) Tau positive neuropils in the SN (F) Amyloid β positive plaques in the middle temporal gyrus. (A–A’) scale bar 2 cm; (B)

scale bar 50µm; (C,D) scale bar 200µm; (C’) scale bar 10µm;; (D insert) scale bar 20µm; (E) scale bar 50µm; (F) scale bar 50µm; (F’) scale bar 20µm, Graph

shows a summary of brain regions sampled for histopathology evaluation. Aβ, amyloid beta; AT8, phosphorylated Tau.

We found ubiquitin-positive intranuclear inclusions in
neurons and astrocytes of the prefrontal cortex (Figure 3B),
confirming the definite diagnosis of FXTAS. We also noted
either neurofibrillary tangles and/or neuropils and/or neuritic
plaques in all the studied areas except for the globus pallidus
and the cerebellum (Figure 3C). Using Braak scoring (Braak
and Braak, 1995) for tau pathology a Braak stage V–VI suggests
the co-occurrence of Alzheimer-type pathology. High amounts
of iron deposits were visualized in the globus pallidus and
the putamen consistent with MRI findings (Figure 3D). CMBs
were noticed in the precentral gyrus, middle temporal gyrus,
visual cortex, and brainstem. Tau aggregates were found in
the neuromelanin containing neurons of the SN; however, no
Lewy bodies were identified by α-synuclein immunostaining
(Figure 3E), excluding a pathological diagnosis of concomitant
Lewy body disease based on current criteria. Extracellular

deposition of β-amyloid (core/diffuse plaques) was found in
cortical areas and the hippocampus (Figure 3F), but absent
in the basal ganglia, brainstem, and cerebellum. β-amyloid
assessment met Thal phase (2) criteria (Thal et al., 2002);
scattered β-amyloid positivity in leptomeningeal and cortical
vessels, and capillaries, was also seen, but insufficient to fully
assess CAA.

Patient Perspective
Informed consent approved by the University of California
Davis IRB committee was obtained at the time of clinical
evaluation, for the use of neurocognitive and genetic
testing for research purposes (IRB#254134). Brain donation
was approved under IRB#215292. The final manuscript
was provided for review and acceptance by the family for
scientific publication.
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DISCUSSION

Both, FXTAS and AD are neurodegenerative diseases that share
overlapping cognitive deterioration that includes deficits in
information processing speed, working memory and executive
function (Grigsby, 2008) and both are known to have a
slow progression (Hagerman and Hagerman, 2016, Vermunt
et al., 2019) with preclinical phases. A prior postmortem
brain study in females with the FMR1 premutation reported
concomitant FXTAS and AD (Tassone et al., 2012). In
a small cohort of premutation carriers with and without
FXTAS, at least one APOE ε4 allele was found in 32%
of those with FXTAS and it is hypothesized to serve as
a genetic risk factor for developing FXTAS (Silva et al.,
2013). However, the prevalence of coexistent FXTAS-AD
pathology remains unknown. Now, we present a case of
rapid motor and cognitive decline. By the time of his first
evaluation in our clinic 5 years after his onset of memory
and motor deficits, he met clinical criteria for probable Major
Neurocognitive Disorder and used a mobility aid. His cognitive
and motor abilities continued to decline steeply until death 4
years later.

Neuropsychiatric assessment plays a pivotal role in the
early identification of cognitive impairment and neurological
degeneration, especially in the prodromal and subsequent
phases of AD (Zec, 1993). His neuropsychiatric tests showed
reduced executive function abilities including a decrease
across all WAIS-IV domains, especially working memory
and verbal comprehension even at baseline. His MMSE
score of 15, qualified for moderate dementia and further
indicated significant impairment in cognitive function,
which has been identified as a predictor of AD-associated
mortality (Larson et al., 2004). Taken together, his symptoms
supported the clinical diagnosis and expected progression
of AD from mild to moderate memory issues within
1 year.

The patient’s first scan presented with common findings
of FXTAS including an MCP sign, thin corpus callosum and

WMH (Jacquemont et al., 2003) but his cognitive deficits

were strikingly severe for an initial FXTAS visit. A decrease
in total brain and cortical volume, along with a significant
decrease in temporal structure volume, all found to be related
to atrophy in AD (Double et al., 1996), were identified in the
scans of in vivo brain structures in addition to postmortem
imaging and tissue examination. The increase of WMH and the
ventricular size was also remarkable. Additionally, postmortem
imaging revealed small focal increases in R2∗ signals, consistent
with CMBs in the cerebral white matter consistent with the
pathological findings in multiple cortical regions and the SN.
Postmortem MRI also revealed increased R2∗ signals in the
deep nuclei such as the putamen and the globus pallidus which
presented with high amounts of hemosiderin positive deposits
(Figures 1A–J). The brain atrophy in this case is faster than
what is typically reported with FXTAS, and we hypothesize that
those with FXTAS and coexistent Alzheimer-type pathology or
perhaps the influence of the APOE ε4 alleles may contribute to
a faster clinical decline compared to those with FXTAS alone.

A prior report by Aydin et al., of a patient with FXTAS and
faster than expected cognitive decline of the Alzheimer-type
also demonstrated atrophy of the temporal lobes, however, the
patient did not have an APOE ε4, FXTAS symptoms developed
after age 70 and cognitive decline became apparent 10-years
after the initial FXTAS diagnosis (Aydin et al., 2020). Both
cases share a history of depression. Additional risk factors such
as the use of anti-coagulants and vascular disease may have
facilitated the progression of brain degeneration and FXTAS
symptoms in this case. Such additional factors could have further
exacerbated the progression of cognitive decline than just FXTAS
and AD alone.

There are two remarkable histopathology findings to be
highlighted in this case. First, the absence of Lewy bodies
in the neuromelanin-containing neurons of the SN was
unexpected since the patient presented mixed tremor in
association with bradykinesia and masked facies (Figure 3E).
However, FXTAS often presents with classic Parkinsonism in
the absence of Parkinson’s Disease (Salcedo-Arellano et al.,
2020). Second, the contrasting burden between Aβ and tau
proteins. While the studied brain regions had very few and
in some sampled regions absence of amyloid deposits and
scattered CAA, tau aggregates were found widely (Figures 3C,F)
except for the globus pallidus and cerebellum (see graph
in Figure 3 for additional information), a neuropathologic
finding that has been observed in about 2–10% of cases in
large autopsy studies and recognized as primary age-related
tauopathy (PART) (Crary et al., 2014). We do not discard
this alternative diagnosis in this case; however, the severe
cognitive impairment in multiple domains and the inability of
the patient to perform independent activities of daily living
is more in accordance with our initial hypothesis of FXTAS-
AD. Findings from the postmortem evaluation suggest the
coexistence of FXTAS-AD, however, a definite pathological
diagnosis will require further evaluation, including CERAD
scoring, which was omitted due to differences in tissue
thickness requirement.
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Fragile X syndrome (FXS) is caused by silencing of the human FMR1 gene and is the
leading monogenic cause of intellectual disability and autism. Abundant preclinical data
indicated that negative allosteric modulators (NAMs) of metabotropic glutamate receptor
5 (mGluR5) might be efficacious in treating FXS in humans. Initial attempts to translate
these findings in clinical trials have failed, but these failures provide the opportunity for
new discoveries that will improve future trials. The emergence of acquired treatment
resistance (“tolerance”) after chronic administration of mGluR5 NAMs is a potential
factor in the lack of success. Here we confirm that FXS model mice display acquired
treatment resistance after chronic treatment with the mGluR5 NAM CTEP in three assays
commonly examined in the mouse model of FXS: (1) audiogenic seizure susceptibility, (2)
sensory cortex hyperexcitability, and (3) hippocampal protein synthesis. Cross-tolerance
experiments suggest that the mechanism of treatment resistance likely occurs at
signaling nodes downstream of glycogen synthase kinase 3α (GSK3α), but upstream
of protein synthesis. The rapid emergence of tolerance to CTEP begs the question
of how previous studies showed an improvement in inhibitory avoidance (IA) cognitive
performance after chronic treatment. We show here that this observation was likely
explained by timely inhibition of mGluR5 during a critical period, as brief CTEP treatment
in juvenile mice is sufficient to provide a persistent improvement of IA behavior measured
many weeks later. These data will be important to consider when designing future
fragile X clinical trials using compounds that target the mGluR5-to-protein synthesis
signaling cascade.

Keywords: fragile X syndrome, FMRP, glycogen synthase kinase, acquired treatment resistance, drug tolerance,

autism, intellectual disability, mGluR5

INTRODUCTION

Fragile X syndrome (FXS) is the most commonmonogenic intellectual disability disorder, affecting
∼1:4000 males and 1:8000 females (1). 60–75% of boys and 20–40% of girls with FXS are diagnosed
with autism spectrum disorder (ASD), making FXS the most prevalent monogenic cause of ASD
(2). In almost all cases, FXS arises from a CGG trinucleotide repeat expansion in the 5‘ untranslated
region of the fragile X mental retardation gene (FMR1) which fully silences expression of its
protein product, fragile X mental retardation protein (FMRP) (3). Decades of preclinical research
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have identified myriad disruptions to brain function in
genetically engineered animal models of FXS, greatly advancing
our understanding of the underlying molecular and cellular
disease mechanisms (4).

Preclinical research has identified two broad classes of
pathophysiological mechanisms related to two well-described
neuronal functions of FMRP: (1) altered protein synthesis
regulation caused by loss of FMRP binding to mRNA (5–13),
and (2) altered ion channel function caused by the disruption of
FMRP protein-protein interactions with ion channels (9, 14–19).
These two disease mechanisms impair synapse development,
alter the balance between synaptic excitation and inhibition,
and cause widespread increases in neuronal activity (20). To
make matters more complicated, the hyperexcitability caused
by these proximal molecular defects can feed back to further
alter protein synthesis, ion channel function, and synapse
development. Short of gene therapy, strategies to tamp down
neuronal hyperexcitability and altered proteostasis offer the best
prospects to improve the course of FXS, particularly if initiated
early in development.

The sheer diversity of ion channels involved in FXS pathology
likely limits the potential benefit of targeting any single channel
type (21). On the other hand, the myriad consequences of altered
protein synthesis regulation in FXS suggested that targeting
this process has the potential to confer broad phenotypic
improvement. This line of reasoning provided the rationale
behind the “mGluR theory of fragile X,” as metabotropic
glutamate receptor 5 (mGluR5) is widely expressed in the
forebrain and known to modulate neuronal protein synthesis
(22, 23). Indeed, extensive studies in multiple animal models of
FXS have shown that diverse disease phenotypes are corrected
by inhibiting mGluR5 or key signaling nodes downstream of this
receptor (8, 24, 25). In addition to altered protein synthesis, these
phenotypes include but are not restricted to hyperexcitability
in sensory neocortex, increased cortical dendritic spine density,
epileptiform activity in the hippocampus, audiogenic seizures
(AGS), and impaired cognition measured by performance in an
inhibitory avoidance (IA) task.

These encouraging animal studies led to human clinical
trials using negative allosteric modulators (NAMs) of mGluR5
(mavoglurant and basimglurant). However, these studies failed to
demonstrate improvements in the primary therapeutic endpoints
(26). The reasons for these failures have been extensively
discussed and may include inadequate measures of target
engagement and treatment response, suboptimal selection of
drug doses and treatment duration, and the older age of the
subjects (8, 27, 28). There is also anecdotal evidence that
although benefits were observed initially, the effectiveness of
treatment faded with chronic dosing (https://www.fraxa.org/
fragile-x-clinical-trials-mglur-theory/).

Resolving the obvious disconnect between the robust and
highly reproducible rescue achieved in fragile X animal models
and the failure to observe efficacy in humans is of enormous
importance. Here we focus on one potential explanation for this
discrepancy; the development of acquired treatment resistance
(“tolerance”) that emerges during chronic drug treatment, a
common obstacle for neuropsychiatric drug therapy (29). Our

study builds on previous observations of diminished mGluR5
NAM effectiveness with repeat dosing in the audiogenic seizure
assay (30). In that early work, the protection from AGS conferred
by a single in vivo injection of the mGluR5 NAM MPEP
was significantly reduced (but not eliminated) after repeated
daily dosing. This effect appears to be exacerbated when MPEP
is combined with a GABA-B receptor agonist (31) and after
dosing with CTEP, another mGluR5 NAMwith greater selectivity
and a much longer half-life (32). In the current study we set
out to address three key questions that emerge from these
findings. (1) Is acquired treatment resistance to chronic mGluR5
NAM treatment observed in other FXS phenotypic assays? (2)
Does resistance to treatment with an mGluR5 NAM impact
the effectiveness of an intervention further downstream in the
signaling pathway? (3) What accounts for the observation that in
assays such as inhibitory avoidance, months long treatment with
mGluR5 NAMs corrected behavior?

Our data show acquired treatment resistance following
chronic treatment with the mGluR5 NAM CTEP occurs not
only in AGS but also in assays of visual cortical hyperexcitability
and elevated basal hippocampal protein synthesis. Treatment
resistance is not due to increased mGluR5 expression or
sensitivity as it cannot be overcome by additional treatment
with structurally distinct mGluR5 NAMs. Rather, the mechanism
of acquired treatment resistance appears to be downstream of
the Ras-ERK1/2 pathway that links mGluR5 activation with
increased synaptic protein synthesis. A selective inhibitor of
GSK3α was unable to overcome acquired treatment resistance,
but a protein synthesis inhibitor was still effective, positioning
the mechanism of acquired treatment resistance between GSK3α
and translation initiation. Finally, our data reveal that correction
of IA deficits in adult mice does not require chronic dosing at all,
but rather can be achieved by brief but timely treatment earlier in
postnatal development.

Taken together these results provide additional evidence
that acquired treatment resistance occurs following chronic
mGluR5 inhibition and broadly impacts the ability of these drugs
to correct pathophysiological phenotypes. However, treatment
resistance is neither inevitable nor an impediment to phenotypic
improvements if the pharmacological interventions are timed
to occur during critical developmental windows. These findings
will be important to consider during study design for future
clinical trials in FXS testing compounds that target mGluR5 and
the downstream signaling cascade linked to altered proteostasis,
especially for patients with demonstrated deficits in protein
synthesis (5).

MATERIALS AND METHODS

Study Design
Male Fmr1 knockout (Fmr1-KO) and wildtype (WT) littermates
on the C57BL/6J background were studied in all experiments.
The breeding scheme was female Fmr1 heterozygous mice
(Jackson Laboratory Stock Number: 003025) crossed with
wildtype male C57BL/6J mice (Jackson Laboratory Stock
Number: 000664). Sample size was determined by a power
analysis or laboratory historical experience and no outliers were
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removed from any data sets. Age-matched littermates were
randomized to treatment groups and a balanced number of
Fmr1-KO and WT mice were used. Mice were group housed on
static racks and maintained on a 12:12 h light:dark cycle. The
Committee on Animal Care at MIT approved all experimental
techniques, and all animals were handled in accordance with NIH
and MIT guidelines.

Reagents
The mGluR5 specific negative allosteric modulator CTEP
(chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-
1H-imidazol-4-yl)ethynyl)pyridine) was purchased from
Sigma-Aldrich (SML2306) and administered at 2 mg/kg
concentration by intraperitoneal (i.p.) injection. CTEP was
prepared daily as a microsuspension in vehicle (0.9% NaCl,
0.3% Tween-80). The GSK3α selective inhibitor BRD0705 was
synthesized at the Broad Institute at MIT and confirmed to be
of ≥95% purity based on HPLC LC-MS and 1H NMR analysis
and administered at 30 mg/kg by i.p. injection. BRD0705 was
prepared daily from frozen 50mM stocks in DMSO. ThemGluR5
specific negative allosteric modulator MPEP hydrochloride
(2-Methyl-6-(phenylethynyl)pyridine hydrochloride) was
purchased from Tocris (1212) and administered to brain
slices at 30µM by bath perfusion. MPEP was prepared daily
in vehicle (100% aCSF, see below). The mGluR5 specific
negative allosteric modulator MTEP (3-((2-Methyl-1,3-thiazol-
4-yl)ethynyl)pyridine hydrochloride) was purchased from
Tocris (2921) and administered to brain slices at 1µM by bath
perfusion. MTEP was prepared daily in vehicle (100% aCSF, see
below). The translation elongation inhibitor cycloheximide (3-
[2-(3,5-Dimethyl-2-oxocyclohexyl)-2-hydroxyethyl]glutarimide;
CHX) was purchased from Sigma-Aldrich (C7698) and
administered at 120 mg/kg concentration by i.p. injection and to
brain slices at 60µM by bath perfusion. For i.p. injection CHX
was prepared daily in vehicle (0.9% NaCl). For bath application
CHX was prepared daily in vehicle (aCSF, see below).

Audiogenic Seizure Assay
AGS experiments were performed as previously described (32).
Fmr1-KO and WT mice were housed on static racks to prevent
auditory desensitization that occurs with chronic exposure to the
ambient noise of ventilated racks. For acute dosing experiments,
mice received i.p. injections with vehicle or drug in a separate
room 1–2 h prior to exposure to the alarm in a separate room.
For chronic CTEP dosing experiments, mice received 3 i.p.
CTEP or vehicle injections, one every 48 h, with the final dose
occurring 1–2 h prior to testing. All injections began at P23-25
(immediately following weaning). Animals were habituated
to the behavioral chamber (28 × 17.5 × 12 cm transparent
plastic box) for 1min prior to stimulus onset. The auditory
stimulus was a 125 dB at 0.25m siren (modified personal alarm,
RadioShack model 49-1010, powered from a DC converter).
Seizures were scored for incidence during a 2-min stimulus
presentation or until the animal reached an AGS endpoint. Wild
running/jumping, status epilepticus, respiratory arrest or death
were all scored as seizure activity.

Spontaneous Spiking in Visual Cortex
Visual cortical excitability experiments were performed as
previously described (32). 350µm thick acute brain slices
containing primary visual cortex were isolated from P20-
P21 Fmr1-KO and WT littermate animals or from Fmr1-KO
animals that had received chronic or acute CTEP or vehicle
injections beginning at P16-P17. Slice were prepared using a
Leica Vibratome in ice-cold cutting solution containing (in mM):
87 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 7
MgCl2, 20 glucose, 1.3 ascorbate, 75 sucrose, saturated with
95% O2 and 5% CO2. Slices were recovered for 30min at
32◦C and then for an additional 2.5 h at room temperature
in a modified aCSF containing (in mM): 124 NaCl, 3.5
KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 0.8 MgCl2,
and 1 CaCl2, saturated with 95% O2 and 5% CO2. During
recordings, slices received a single 0.2ms duration electrical
stimulation of the white matter (clustered bipolar tungsten,
FHC) every 30 s using a stimulus intensity between 40 and
80 µA and neuronal activity was recorded by placing a glass
recording electrode (∼1 MΩ resistance when filled with aCSF)
in layer 5 of primary visual cortex. Extracellular recordings
were first collected in vehicle conditions for 30min (60 trials
total), followed by 30 additional minutes in the presence of
either 30µM MPEP or 60µM cycloheximide. All recordings
were acquired with a Multiclamp 700B amplifier (Molecular
Devices), amplified 1000 times, filtered between 300Hz and
10 kHz, and digitized at 25 kHz. Spontaneous spiking events
were classified as those occurring between 3.2 s and 30 s
after stimulation.

Metabolic Labeling
Metabolic labeling of new protein synthesis was performed as
previously described (33). Male P28-P32 Fmr1-KO and WT
littermate mice received three CTEP or vehicle i.p. injections
over 5 days. One to two hours following the final injection,
mice were anesthetized with isoflurane and the hippocampus was
rapidly dissected into ice-cold aCSF (in mM: 124 NaCl, 3 KCl,
1.25 NaH2PO4, 26 NaHCO3, 10 dextrose, 1 MgCl2, 2 CaCl2,
saturated with 95% O2 and 5% CO2). Five hundred µm thick
hippocampal slices were prepared using a Stoelting Tissue Slicer
and transferred into 32.5◦C aCSF (saturated with 95%O2 and 5%
CO2) within 5min. Slices were incubated in aCSF undisturbed
for 3 h to allow recovery of basal protein synthesis and then
transferred to either aCSF containing vehicle (dH2O) or MTEP
(1µM), which was present for the remainder of the experiment.
Actinomycin D (25µM) was added to the chamber for 30min to
inhibit transcription after which slices were transferred to fresh
aCSF containing ∼10 mCi/ml [35S] Met/Cys (Perkin Elmer) for
an additional 30min. Slices were then homogenized, and labeled
proteins isolated by TCA precipitation. Radiolabel incorporation
was measured with a scintillation counter and samples were
subjected to a protein concentration assay (Bio-Rad). Data
was analyzed as counts per minute per microgram of protein,
normalized to the [35S] Met/Cys aCSF used for incubation. The
average incorporation of all samples was analyzed and then
normalized to percent wildtype for each experiment.
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Inhibitory Avoidance Assay
Inhibitory avoidance (IA) experiments were performed as
previously described (32). Group housedmale Fmr1-KO andWT
littermate mice received three injections of 2 mg/kg CTEP or
vehicle over 5 days beginning at ∼P28. Drug was then withheld
for ∼4 weeks. Two days prior to IA testing, all animals were
habituated to handling which consisted of scruffing mice for
∼10 s to verify the ear tag number, followed by 5min of resting
in the gloved hands of the investigator and being allowed to
freely explore while the tail was lightly restrained to prevent
escape. On the day of testing, ∼P60 animals were placed into
the dark compartment of the IA training box (a two-chambered
Perspex box consisting of a lighted safe side and a dark shock
side separated by a trap door) for 30 seconds followed by 90 s in
the light compartment for habituation. Following the habituation
period, the door separating the two compartments was opened
and animals were allowed to enter the dark compartment.
Latency to enter following door opening was recorded (0-h time
point, collected between 8 and 10 a.m.); 1 animal with baseline
entrance latency of >120 s. was excluded. After each animal
stepped completely into the dark compartment with all four
paws, the sliding door was closed and the animal received a
single scrambled foot-shock (0.5mA, 2.0 s) via electrified steel
rods in the floor of the box. This foot shock intensity and
duration caused each animal to vocalize and jump. Animals then
remained in the dark compartment for 15–30 s following the
shock and were then placed in a fresh cage. After all members
of a single cage experienced the training, mice were returned
as a group to their home cage. Six to seven hours following IA
training, mice received a retention test (6-h time point, collected
between 2 and 4 p.m.). During post-acquisition retention testing,
each animal was placed in the lit compartment as in training;
after a 90 s delay, the door opened, and the latency to enter
the dark compartment was recorded (cut-off time 537 s). The
order of animals run was preserved between trials. For inhibitory
avoidance extinction (IAE) training, animals were allowed to
explore the dark compartment of the box for 200 s in the
absence of foot-shock (animals remaining in the lit compartment
after the cutoff were gently guided, using an index card, into
the dark compartment); following IAE training, animals were
returned to their home cages. Twenty-four hours following initial
IA training, mice received a second retention test (24-h time
point, collected between 8 and 10 a.m.). Animals were tested in
the same way as at the 6-h time point, followed by a second
200 s extinction trial in the dark side of the box; following
training, animals were again returned to their home cages. Forty-
eight hours following avoidance training, mice received a third
and final retention test (48-h time point, collected between 8
and 10 a.m.).

Statistical Analysis
All experiments were performed by trained experimenters blind
to genotype and drug treatment, and included same day,
interleaved controls for genotype and drug treatment. All data
are expressed as mean ±SEM, with n values represented in the
figures and figure legends. Unless indicated otherwise, the n
values stated in figures and figure legends represent numbers of

animals [in experiments in which more than one measurement
was taken from an animal (metabolic labeling and visual cortical
spiking activity), the value representing this animal is the
average of technical replicates]. Differences in audiogenic seizure
incidence were determined using a two-tailed Fisher’s exact
test. For brain slice electrophysiology experiments, the effect
of genotype or drug treatment of brain slices was determined
using a paired two-tailed Student’s t-test. For protein synthesis in
Figures 4B,C, differences between genotype and drug treatment
were determined using a two-way ANOVA with Šídák’s multiple
comparisons test for post-hoc analysis. For protein synthesis in
Figure 4D, differences between genotype and drug stimulation
conditions were determined using a three-way repeatedmeasures
ANOVA and Šídák’s multiple comparisons test for post-hoc
analysis. Differences between genotypes and treatment in the
inhibitory avoidance assay were determined using a repeated
measures two-way ANOVA with Greenhouse-Geisser correction
and Tukey’s post-test for post-hoc analysis.

RESULTS

Chronic mGluR5 Inhibition Induces
Treatment Resistance of Audiogenic
Seizure Susceptibility Which Is Overcome
by Inhibiting Protein Synthesis
The mGluR theory posits that glutamate acting via mGluR5
stimulates protein synthesis that is pathogenic in FXS. Early
studies showed that a single dose of MPEP was sufficient to
suppress audiogenic seizures in the Fmr1-KO mouse (30). This
result was later confirmed using CTEP, a NAM with increased
selectivity for mGluR5 (34), as well as with several other
structurally distinct mGluR5 inhibitors (35). However, as initially
suggested by Yan et al. (30), we showed in a recent study that
treatment resistance develops rapidly, with as few as 3 doses of
CTEP over 5 days [Figure 1, data reproduced from (32)].

It is usually assumed that the effects of mGluR5 NAMs
on fragile X phenotypes are due to suppression of excessive
protein synthesis that occurs in the absence of FMRP. However,
some fragile X phenotypes that respond to these NAMs are
expressly not improved by inhibiting protein synthesis directly
with cycloheximide (CHX) or other mRNA translation inhibitors
(36–39). Thus, to make sense of the effects of chronic CTEP,
it was important to determine if the AGS phenotype was
a readout of excessive ongoing protein synthesis. To that
end, we administered CHX (120 mg/kg) via a single i.p.
injection in Fmr1-KO animals 1.5 h prior to a 2-min exposure
to the 120 dB auditory stimulus. The AGS phenotype was
faithfully recapitulated in vehicle-treated animals and corrected
by CHX, confirming that in Fmr1-KO mice the expression
of AGS susceptibility is indeed protein synthesis dependent
(Figures 2A,B).

We next wondered if development of resistance to CTEP
would also render CHX ineffective, in which case the
reemergence of the AGS phenotype after chronic treatment
would be explained by an entirely different pathogenic
mechanism. To address this question, Fmr1-KO mice were

Frontiers in Psychiatry | www.frontiersin.org 4 September 2021 | Volume 12 | Article 71895378

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Stoppel et al. Treatment Resistance in Fragile X

FIGURE 1 | Acute but not chronic administration of the mGluR5 NAM CTEP ameliorates audiogenic seizures in Fmr1-KO mice. (A) Schematic shows acute CTEP
dose schedule and AGS experimental design. (B) Fmr1-KO mice treated with vehicle exhibit increased susceptibility to audiogenic seizures compared to WT treated
with vehicle (two-tailed Fisher’s exact test: p = 0.0001) and an acute dose of 2 mg/kg CTEP significantly reduced AGS incidence in Fmr1-KO mice (two-tailed Fisher’s

(Continued)
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FIGURE 1 | exact test: p = 0.0038). (C) Schematic shows chronic CTEP dose schedule and AGS experimental design. (D) Chronic treatment (3 doses over 5 days)
with 2 mg/kg CTEP no longer alleviates susceptibility to audiogenic seizures, indicating the development of acquired treatment resistance (Two-tailed Fisher’s exact
test: Fmr1-KO vehicle treated vs. CTEP treated: p = 1.0). Data re-plotted from (32).

FIGURE 2 | Acute cycloheximide treatment ameliorates audiogenic seizures in Fmr1-KO mice and overcomes acquired CTEP resistance. (A) Schematic shows acute
CHX dose schedule and AGS experimental design. (B) Acute treatment with 120 mg/kg CHX significantly reduced AGS incidence in Fmr1-KO mice (Two-tailed Fisher’s
exact test: p = 0.0069). (C) Schematic shows acute cycloheximide after chronic CTEP dose schedule and AGS experimental design. (D) Chronic CTEP (3 doses of
2 mg/kg over 5 days) causes treatment resistance that can be overcome by an acute injection of 120 mg/kg CHX immediately prior to assessing AGS (Two-tailed
Fisher’s exact test: Fmr1-KO 4x vehicle vs. Fmr1-KO 3x CTEP + CHX: p = 0.0131; Fmr1-KO 3x CTEP + vehicle vs. Fmr1-KO 3x CTEP + CHX: p = 0.0131).

first injected with vehicle or CTEP (2 mg/kg) 3 times over
5 days to induce treatment resistance. Then, following the
third injection, mice were injected with vehicle or CHX
and AGS susceptibility was measured. Fmr1-KO mice
again demonstrated a robust AGS phenotype that was, as
expected, not corrected by CTEP after chronic exposure
(Figures 2C,D). However, CHX treatment was still able to
acutely suppress AGS. Thus, CTEP resistance likely entails
upregulation of signaling pathways that converge on protein
synthesis regulation.

Acquired Treatment Resistance of Cortical
Hyperexcitability
AGS susceptibility is a complex behavioral phenotype that
arises from the absence of FMRP in the inferior colliculus
(40). To explore the generality of the phenomenon of acquired
treatment resistance, we employed an in vitro assay of neuronal
hyperexcitability in visual cortical slices from Fmr1-KO mice.
Previous studies have shown that layer 5 neurons display
increased spontaneous spiking activity in the Fmr1-KO that is
corrected acutely by treatments targeting signaling downstream
of mGluR5 (12, 32). We confirmed this cellular phenotype
(Figures 3A,B) and then investigated the sensitivity to acute
exposure to the mGluR5 NAM MPEP in Fmr1-KO mice

following treatment in vivo with either vehicle or 3x CTEP.
In brain slices prepared from Fmr1-KO animals injected with
vehicle, bath application of the mGluR5 inhibitor MPEP (30µM)
rapidly (within 30min) reduced the number of action potentials
(Figures 3C–E). If animals were first treated in vivo with a single
dose of CTEP shortly before brain slice preparation, we also
observed a complete suppression of aberrant spiking activity.
Inhibition of mGluR5 by CTEP is known to be long-lasting and
survive slice preparation, even a day later (34). Therefore, it was
not surprising that we observed no additional suppression of
spiking by bath applied MPEP in these experiments, presumably
because mGluR5 was fully inhibited by the CTEP treatment
(Figures 3D,E).

The findings were very different after 3 doses of CTEP in vivo.
Layer 5 neurons displayed the characteristic hyperexcitability
phenotype which could no longer be reversed by MPEP. The
inability of bath applied MPEP (on top of the residual CTEP
in the tissue) to correct the hyperexcitability suggests that
the molecular mechanism of acquired treatment resistance is
unlikely to be explained simply by an upregulation of receptors
in the membrane. However, as was observed for the AGS
phenotype, inhibition of protein synthesis with CHX was still
effective in correcting this phenotype even after the development
of resistance to the mGluR5 NAMs (Figures 3D,E).
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FIGURE 3 | Acute but not chronic CTEP treatment ameliorates hyperexcitability in Fmr1-KO layer 5 of primary visual cortex. (A) Representative traces of extracellular
recordings in layer 5 of primary visual cortex from wild type (black) and Fmr1-KO (red) animals show increased spontaneous firing in Fmr1-KO slices (Scale bar
represents 200 µV by 200ms). (B) Layer 5 neurons in Fmr1-KO mice have significantly increased spontaneous action potentials compared to wild type littermates
(paired t-test: wild type vs. Fmr1-KO: p = 0.0062). (C) Schematic shows acute and chronic CTEP dose schedules and visual cortical excitability experimental design.
(D1) Elevated spontaneous activity in layer 5 primary visual cortical slices from Fmr1-KO mice is significantly reduced by bath application of 30µM MPEP (Two-tailed
paired t-test: Fmr1-KO 3x vehicle + vehicle vs. Fmr1-KO 3x vehicle + MPEP: p = 0.0024) or (D2) an acute injection in vivo of 2 mg/kg CTEP (Two-tailed paired t-test:
Fmr1-KO 1x CTEP + vehicle vs. Fmr1-KO 1x CTEP + MPEP: p = 0.1693). (D3) Chronic 2 mg/kg CTEP (3 doses over 5 days) leads to treatment resistance of
spontaneous activity in layer 5 primary visual cortex that is not overcome by bath application of 30µM MPEP (Two-tailed paired t-test: Fmr1-KO 3x CTEP + vehicle
vs. Fmr1-KO 3x CTEP + MPEP: p = 0.4327) but (D4) is significantly reduced by bath application of 60µM CHX (Two-tailed paired t-test: Fmr1-KO 3x CTEP + vehicle
vs. Fmr1-KO 3x CTEP + CHX: p = 0.0102). (E) Representative traces of extracellular recordings in layer 5 primary visual cortex showing spontaneous activity in
Fmr1-KO slices treated with bath applied 30µM MPEP, animals injected acutely with 2 mg/kg CTEP, and animals injected chronically (3 doses over 5 days) with 2
mg/kg CTEP followed by bath application of either 30µM MPEP or 60µM CHX (Scale bar represents 200 µV by 200ms). Data are displayed as mean ±SEM. **p <

0.01, ****p < 0.0001.

Chronic mGluR5 Inhibition Fails to
Normalize Elevated Hippocampal Protein
Synthesis Rates in Fmr1-KO Mice

An elevated rate of basal protein synthesis in the hippocampus of
Fmr1-KO mice and rats is a hallmark fragile X phenotype, and it
is rescued by inhibiting proteins in the signaling cascade linking
mGluR5 activation with protein synthesis (5, 12, 32, 33, 41–
45). Consistent with these prior studies, we found that a single
dose of CTEP in vivo corrects the protein synthesis phenotype
measured∼4 h later in hippocampal slices (Figures 4A,B). Once
again, this effect was lost after dosing CTEP 3 times over 5
days (Figure 4C). Thus, the acquired resistance to treatment with
the mGluR5 NAM was not restricted to excitability phenotypes,
but also generalizes to a core biochemical phenotype in another
brain region.

We next asked if supplemental bath application of a
second mGluR5 NAM could overcome the resistance observed
after repeated dosing with CTEP treatment in vivo. In these
experiments we used MTEP, which is more selective and potent
than MPEP (46, 47). Although MTEP reversed the fragile X
phenotype in animals treated previously with vehicle, this effect
was lost in animals treated chronically with CTEP (Figure 4D).

This finding again suggests that this phenomenon is not due to
changes in the expression of the mGluR5 receptor but rather
depends on an adaption of intracellular signaling.

The Mechanism of Acquired Treatment
Resistance Lies Downstream of GSK3α

Activation
The signaling pathways that link mGluR5 activation with the
regulation of protein synthesis are well-described (27). The
Ras-ERK1/2 pathway is of considerable interest in FXS, as
inhibitors such as lovastatin and metformin that target this
signaling arm correct myriad phenotypes in the Fmr1-KO
mouse and rat (Figure 5A) (12, 48, 49), as well as biochemical
phenotypes in platelets and neurons derived from patients
with FXS (43, 50). We therefore could elucidate where in this
signaling cascade acquired treatment resistance arises by testing
which interventions more proximal to protein synthesis can
overcome the effects of chronic CTEP.We recently demonstrated
that the paralog-specific GSK3α inhibitor BRD0705 corrects
AGS susceptibility, cortical hyperexcitability, and basal protein
synthesis phenotypes in Fmr1-KO animals (32). In wildtype
mice, BRD0705 inhibits the stimulation of protein synthesis by
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FIGURE 4 | Acute but not chronic CTEP treatment ameliorates elevated basal protein synthesis rates in Fmr1-KO hippocampal slices. (A) Schematic shows acute
and chronic CTEP dose schedules and hippocampal metabolic labeling experimental design. (B) Basal protein synthesis rates are increased in hippocampal slices
prepared from Fmr1-KO mice compared to wildtype littermate animals and acute in vivo treatment with 2 mg/kg CTEP restores Fmr1-KO protein synthesis rates to
wildtype levels. There was a statistically significant effect of genotype [two-way ANOVA, F (1, 36) = 8.341, p = 0.0066] and a significant interaction between genotype

(Continued)
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FIGURE 4 | and treatment. [two-way ANOVA, F (1,36) = 4.501, p = 0.0408; Šídák’s multiple comparisons test: wild type 1x vehicle vs. Fmr1-KO 1x vehicle p =

0.0036, wild type 1x CTEP vs. Fmr1-KO 1x CTEP p = 0.8183). (C) Chronic (3 doses over 5 days) in vivo treatment with 2 mg/kg CTEP has no effect on radiolabel
incorporation in hippocampal slices from wildtype or Fmr1-KO animals. There was a statistically significant effect of genotype [two-way ANOVA, F (1,30) = 15.13,
p = 0.0005; Šídák’s multiple comparisons test: wild type 3x vehicle vs. Fmr1-KO 3x vehicle p = 0.0082, wild type 3x CTEP vs. Fmr1-KO 3x CTEP p = 0.0410]. (D)
Bath application of 1µM MTEP reduces elevated basal protein synthesis rates in Fmr1-KO hippocampal slices to wild type levels but has no effect on hippocampal
slices from animals injected with chronic (3 doses over 5 days) 2.0 mg/kg CTEP. There was a statistically significant effect of genotype [three-way ANOVA, F (1, 50) =

8.013, p = 0.0067] and a significant interaction between in vivo treatment and in vitro treatment. [three-way ANOVA, F (1, 50) = 8.536, p = 0.0052; Šídák’s multiple
comparisons test: Fmr1-KO 3x vehicle + MTEP vs. Fmr1-KO 3x CTEP + MTEP p = 0.0347). Data are displayed as mean ±SEM. *p < 0.05, **p < 0.01.

mGluR5 activation, but not phosphorylation of ERK1/2, thus
indicating that it acts well downstream in the signaling pathway.
We therefore reasoned that by acting more proximal to protein
synthesis regulation, BRD0705 might be able to overcome the
acquired treatment resistance induced by chronic CTEP.

To test this hypothesis, resistance to treatment with mGluR5
NAMs was first induced by 3x CTEP injections and then
the effect of BRD0705 was examined. In controls, receiving
only vehicle before BRD0705, we confirmed the suppression
of AGS by inhibiting GSK3α. However, previous chronic
exposure to CTEP eliminated the ameliorative effect of BRD0705
(Figures 5B,C). These findings suggest that whatever cellular
adaption is responsible for acquisition of treatment resistance
following CTEP treatment, it is likely to occur downstream
of signaling by GSK3α (but upstream of protein synthesis; see
Figure 2D).

Temporary Early Intervention With CTEP
Corrects Inhibitory Avoidance Behavior 1
Month After Treatment
We have demonstrated the development of rapid treatment
resistance in audiogenic seizure susceptibility, visual cortical
hyperexcitability, and hippocampal protein synthesis, after only
3 doses of CTEP. However, a previous study showed that
a deficit in inhibitory avoidance (IA), a contextual learning
behavior, was corrected inmice receiving doses of CTEP (2mg/kg
p.o.) every other day for >1 month (achieving a steady state
receptor occupancy of >80%) (34). Clearly that chronic dosing
schedule would have caused treatment resistance in the assays
employed here.

How might we reconcile these disparate findings? A recent
study using the rat model of fragile X offers a clue (48). They
demonstrated that temporary administration of lovastatin for
5 weeks starting at 1 month of age produced a persistent
improvement of cognitive behavior that could be measured
many weeks after the drug was discontinued. These findings
suggest that brief interventions during a postnatal critical period
may be sufficient to produce lasting effects. Thus, we wondered
if the effect of CTEP on IA memory observed previously by
Michalon et al. (34) was actually not a consequence of continuous
inhibition of mGluR5, but rather was due to the fortuitous timing
of the first dose(s) of CTEP.

To assess this hypothesis, we treated Fmr1-KO mice and
wild type littermates with vehicle or CTEP (2 mg/kg i.p.)
three times over 5 days beginning at postnatal day 28 and
then withheld the drug for 4 weeks and measured inhibitory

avoidance behavior beginning at postnatal day 58 (Figure 6A).
Vehicle injected Fmr1-KO animals replicated the well-described
IA deficits in memory acquisition and extinction compared to
vehicle treated wild type littermates (Figure 6B). However, early
and temporary intervention with CTEP fully restored memory
acquisition and extinction in Fmr1-KOmice, providing evidence
for a critical window in which mGluR5 inhibition produces a
durable behavioral improvement. These findings suggest that the
long-term treatment regimen deployed in previous studies was
unnecessary for the behavioral rescue.

DISCUSSION

Our results confirm the previous observation of acquired
resistance to mGluR5 inhibition in the AGS assay (30–32)
and demonstrate that this applies to two additional fragile X
phenotypes: cortical hyperexcitability and exaggerated protein
synthesis. These behavioral, cellular, and biochemical phenotypes
arise from dysfunction in three different parts of the brain—
inferior colliculus, primary visual cortex, and hippocampus—
suggesting that acquired treatment resistance is a general
phenomenon, not restricted to one part of the nervous system
or one functional readout.

One feature that these fragile X phenotypes have in common,
however, is that they have been shown to be corrected rapidly
(within tens of minutes) by acute inhibition of mGluR5 signaling
in drug naïve animals (12, 30, 33). This rapid drug response has
historically been attributed to suppression of mGluR5-regulated
protein synthesis. In support of this interpretation, we show
here (to our knowledge, for the first time) that both increased
susceptibility to AGS and cortical hyperexcitability are also
reversed acutely by CHX, an inhibitor of mRNA translation
(Figures 2, 3). These findings suggest the existence of pathogenic
protein species that are rapidly depleted by inhibiting mGluR5
or protein synthesis. Identifying these protein(s) will be of great
interest as they represent potential therapeutic targets that might
allow for more precise molecular interventions that do not
require manipulating proteostasis directly.

At this point, the mechanism for the acquired treatment
resistance is unknown, but our experiments help to narrow the
possibilities. We note that use of the term “tolerance” has been
avoided in this paper, because it is typically used to describe
the reduced effectiveness of receptor agonists with prolonged
exposure. Desensitization of G-protein coupled receptors upon
ligand binding is a well-known phenomenon, and is accounted
for by changes in receptor surface expression and/or the
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FIGURE 5 | Inhibiting GSK3α does not overcome audiogenic seizure treatment resistance induced by chronic CTEP. (A) Some elements of the signaling pathway that
couples mGluR5 to protein synthesis. AGS susceptibility in fragile X can be corrected by the protein synthesis inhibitor CHX and by compounds acting at several
different nodes in this pathway, including GSK3α. (B) Schematic shows drug dosing schedule and AGS experimental design. (C) Chronic (3 doses over 5 days)
treatment with 2.0 mg/kg CTEP followed by a vehicle injection does not alter Fmr1-KO audiogenic seizure susceptibility (two-tailed Fisher’s exact test: Fmr1-KO 4x
vehicle vs. Fmr1-KO 3x CTEP +1x vehicle p = 0.4267). A single injection of 30 mg/kg BRD0705 normalizes audiogenic seizure susceptibility in Fmr1-KO mice but has
no effect on seizure incidence in Fmr1-KO mice treated with chronic (3 doses over 5 days) 2.0 mg/kg CTEP (two-tailed Fisher’s exact test: Fmr1-KO 4x vehicle vs.
Fmr1-KO 3x vehicle + BRD0705 p = 0.0036; two-tailed Fisher’s exact test: Fmr1-KO 4x vehicle vs. Fmr1-KO 3x CTEP + BRD0705 p = 0.2357).
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FIGURE 6 | Brief treatment of juvenile Fmr1-KO mice with CTEP normalizes inhibitory avoidance measured 1 month after the end of treatment. (A) Schematic shows
when during the developmental timeline CTEP is administered and IA experimental design. (B) There was a statistically significant interaction between treatment and
time point (repeated measures two-way ANOVA with Greenhouse-Geisser correction, F(6,150) = 2.684, p = 0.0064). Fmr1-KO mice treated with vehicle displayed
impaired acquisition and extinction of IA learning compared to vehicle treated wild type mice (wild type vehicle vs. Fmr1-KO vehicle, Tukey’s post-test at time 0 h
p = 0.3488, at 6 h p = 0.0048, at 24 h p = 0.0116, at 48 h p = 0.0444) and CTEP treated Fmr1-KO mice (Fmr1-KO vehicle vs. Fmr1-KO 3x CTEP, Tukey’s post-test
at time 0 h p = 0.9756, at 6 h p = 0.1024, at 24 h p = 0.0067, at 48 h p = 0.0416). Data are displayed as mean ±SEM. *p < 0.05, **p < 0.01.

FIGURE 7 | Timely therapeutic interventions have the potential to correct the derailed postnatal development of some cognitive functions. (A) Some improvements
may not be immediately apparent, but emerge with time after treatment is discontinued. (B) Some measures of improvement may not be as susceptible to acquired
treatment resistance as others.
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coupling of the receptors to their G-proteins (51–53). It is
possible that an inverse process—sensitization or increased
expression of mGluR5—after chronic NAM treatment accounts
for the diminished effectiveness of treatment, but several
lines of evidence suggest otherwise. First, in the visual cortex
hyperexcitability and hippocampal protein synthesis assays, the
lost effectiveness of acute CTEP after chronic dosing was not
mitigated by the bath application of another mGluR5 NAM
(Figures 3, 4). Considered with the previous finding thatmGluR5
protein expression is not increased after development of NAM
resistance in the AGS assay (31), these data suggest that the
mechanism lies downstream of the receptor. This interpretation
is supported by the additional finding that resistance to CTEP
blocks the effectiveness of inhibiting GSK3α, an enzyme believed
to act downstream of ERK in the pathway coupling mGluR5 to
protein synthesis (Figure 5) (32). Thus, the treatment resistance
we observe here is best conceptualized as an intracellular
adaptation to chronic loss of signaling through mGluR5.
The re-expression of pathogenic proteins that cause neuronal
hyperexcitability after chronic CTEP presumably is the ultimate
basis for acquired treatment resistance, because phenotypic
rescue is still possible using a protein synthesis inhibitor.

A previous study did not assess the effects of chronic CTEP
administration on hippocampal protein synthesis but clearly
demonstrated that chronic, weeks long, CTEP dosing fully
restored many other phenotypes including inhibitory avoidance,
dendritic spine morphology, and overactivity of ERK and
mTOR (34). One important clue to resolving this discrepancy
comes from our finding that early and temporary modulation
of mGluR5 with CTEP rescues inhibitory avoidance behavior
measured 4 weeks after withholding CTEP. There now exists
an emerging body of evidence that there may be critical
developmental windows during which manipulating mGluR5
signaling may restore normal developmental trajectories leading
to long lasting behavioral improvements. A recent series of
experiments using the Ras/ERK inhibitor lovastatin showed that
temporary treatment early in juvenile development of Fmr1-KO
rats corrected learning and memory behavioral deficits weeks
after the drug had been withheld (48). Importantly, the rat
study also demonstrated that hippocampal protein synthesis was
rescued weeks after lovastatin was withheld suggesting the same
may be observed for CTEP.

Taken together, these data lead to the hypothesis that
the sustained correction of some phenotypes observed after
chronic CTEP may have been due to the restoration of a
normal developmental trajectory early in treatment, rather than
reflecting the need for sustainedmodulation ofmGluR5 signaling
throughout postnatal maturation (Figure 7A). Future studies
must continue to refine the timing of these early therapeutic
windows and determine if they are specific to individual
phenotypes or if they permit the correction of a wide range of
fragile X phenotypes. More broadly, these new findings highlight
the utility of model systems like the Fmr1-KO mouse and rat
to fully examine how the timing of initiation and duration of
treatments affects behavioral rescue outcomes.

Recognition of both the risk of acquired treatment resistance,
and the opportunity of inducing a persistent improvement

with timely intervention during development, should inform
the design of future clinical trials. These insights are also
usefully applied to the interpretation of the previous trials in
FXS using mGluR5 NAMs. The first thing to note is that
acquired treatment resistance is not an inevitable consequence
of inhibiting mGluR5 signaling. For example, although we saw
profound loss of effectiveness in the AGS assay after only 3 doses
of CTEP over 5 days, BRD0705 (targeting GSK3α) and MPEP
(an mGluR5 NAM) retain anticonvulsant activity after 5-6 daily
doses (31, 32). Both compounds have a far shorter half-life than
CTEP, and daily dosing does not produce continuous inhibition
of mGluR5 signaling. Thus, pulsatile rather than sustained
inhibition of mGluR5 might have durable therapeutic efficacy
while avoiding maladaptive treatment resistance. We note
that there are considerable differences in the pharmacokinetic
properties of mGluR5 NAMs that have advanced to human
studies, with affinities that range over 200-fold (54). In published
FXS trials, mavoglurant (AFQ056), with a half-life of ∼12 h (55),
was dosed twice daily for 12 weeks (26). It is entirely possible
that the failure of these trials to demonstrate benefit in their
primary endpoint was due to acquired treatment resistance. It is
also possible that not all efficacy measures are equally affected
by treatment resistance (Figure 7B), perhaps explaining why
significant improvements could still be observed using other
functional measures, notably in subjects receiving the lower drug
doses (56). Regardless, our findings make the case for limiting
the duration of continuous treatment, perhaps by providing
rest periods, to prevent development of drug resistance that
may have masked some benefits of mGluR5 NAMs in previous
clinical trials.

Another factor that clearly needs to be considered is the
age at treatment onset. Our findings together with those in
the rat model of fragile X (48) suggest that timely postnatal
intervention may be sufficient to restore some cognitive
functions by correcting the trajectory of subsequent brain circuit
development. The youngest age in the mavoglurant clinical trial
was 12 years old. It is possible that this age of treatment onset
was too late, or that the corrective effect of treatment on brain
development takes longer than 12 weeks to be detectable, as has
been suggested by observations during the open-label extension
period lasting over 2 years (57). Taken together, the evidence
indicates that it is premature to abandon the mGluR theory as
an organizing principle for developing new disease-modifying
therapies in FXS.
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Fragile X syndrome (FXS) is the most frequent monogenic cause of autism or intellectual

disability, and research on its pathogenetic mechanisms has provided important

insights on this neurodevelopmental condition. Nevertheless, after 30 years of intense

research, efforts to develop treatments have been mostly unsuccessful. The aim of

this review is to compile evidence from existing research pointing to clinical, genetic,

and therapeutic response heterogeneity in FXS and highlight the need of implementing

precision medicine-based treatments. We comment on the high genetic and phenotypic

heterogeneity present in FXS, as a contributing factor to the difficulties found during

drug development. Given that several clinical trials have showed a non-negligeable

fraction of positive responders to drugs targeting core FXS symptoms, we propose that

success of clinical trials can be achieved by tackling the underlying heterogeneity in FXS

by accurately stratifying patients into drug-responder subpopulations. These precision

medicine-based approaches, which can be first applied to well-defined monogenic

diseases such as FXS, can also serve to define drug responder profiles based on specific

biomarkers or phenotypic features that can associate patients with different genetic

backgrounds to a same candidate drug, thus repositioning a same drug for a larger

number of patients with NDDs.

Keywords: Fragile X syndrome, precision medicine-based treatments, autism spectrum disorders, biomarkers,

monogenic disease, heterogeneity

INTRODUCTION: HETEROGENEITY BEYOND IDIOPATHIC
NEURODEVELOPMENTAL DISORDERS

Neurodevelopmental disorders (NDDs) are a group of prevalent and highly heterogeneous
conditions characterized by impairment in “personal, social, academic, or occupational
functioning” with onset early in development, which include autism spectrum disorder (ASD),
intellectual disability (ID), attention deficit hyperactivity disorder (ADHD), communication
disorders, specific learning disorders, and motor disorders (1); moreover, the definition can also
include some neuropsychiatric disorders such as schizophrenia and bipolar disorder, and other
neurologic disorders such as cerebral palsy or epilepsy (2). Comorbidity of two or more of these
disorders is observed at rates higher than what it would be expected by chance, suggesting the
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existence of clusters of shared biological mechanisms (3, 4).
While cooccurrence of neurological features and conditions
is frequently observed, very often, NDDs also include a
variety of extra-neurological clinical signs such as hypotonia,
dysmorphology, cardiologic or metabolic features, as well
as gastrological problems such as constipation or diarrhea,
which are specially frequent in ASD and ADHD (5–7),
or immunological abnormalities (8, 9). The recent advances
in genotyping and sequencing technologies have propelled
the identification of risk/causal genes, which has pointed to
remarkable genetic heterogeneity among and within specific
NDDs; for intellectual disability alone, pathogenic mutations
in more than 1,000 genes have been confirmed in the SysID
database (a systematic and manually curated catalog of ID-
associated genes) (10). While syndromic neurodevelopmental
conditions associated to mutations in one single gene are by
definition genetically more homogeneous, they still involve
varying degrees of phenotype and genetic heterogeneity (11).
Further complexifying matters: well-defined clinical entities can
be caused by mutations in several genes (as it is the case for
Noonan syndrome, linked to mutations in 14 different genes)
(12), while mutations occurring in a same gene can result
into a wide spectrum of symptoms, as exemplified by MECP2
mutations in Rett syndrome (13). Adjunctly, different kinds of
mutations can result in different pathophysiological mechanisms,
as recently exemplified by mutations in SATB1, in which three
different kinds of variants were associated to distinct pathological
consequences (14).

Fragile X syndrome (FXS) is a well-characterized NDD
syndrome, caused by deficiency of FMRP (Fragile X Mental
Retardation Protein, encoded by FMR1), an RNA-binding
protein that regulates editing, translation, stability, and transport
of a large number of neuronal mRNAs (15). FXS has been
extensively studied in the last 30 years. It was first clinically
described in 1943 as a form of X-linked inherited intellectual
disability (16). In 1969, Lubs developed the chromosomal test
for FXS (17), although the causal gene, FMR1 (Fragile X Mental
Retardation 1), and the mutational basis of FXS, were not
discovered until 1991 (18). FXS is classically caused by an
expansion of >200 CGG repeats in the promoter region of
FMR1 (hereinafter referred as full FMR1 mutation); this leads
to the promoter methylation and transcriptional silencing of
FMR1. Nowadays, FXS represents the most frequently identified
monogenic cause of ASD and inherited intellectual disability
(19). But despite being a genetically well-characterized syndrome,
there is considerable heterogeneity within patients with FXS, and
the condition remains a high unmet medical need. This supports
the necessity for deeper characterization of the population with
FXS to enable the development of efficient treatments.

CLINICAL AND GENETIC
HETEROGENEITY IN FXS

A considerably high level of clinical and genetic heterogeneity
can be found in FXS. Despite being a highly recognizable
syndrome from the clinical point of view, patients with FXS

manifest a wide spectrum of behavioral phenotypes, although
some of them such as attention/hyperactivity, hyperarousal,
anxiety, and aggression episodes are commonly seen. Females
with FXS show a similar spectrum of behavioral difficulties
compared to males with FXS, but with milder symptoms (20).
Notably, there is a strong association between FXS and autism
spectrum disorder (ASD), as ∼50% of FXS male and 20% female
patients meet DSM-5 criteria for this disorder, and FXS is the
leading monogenic cause of ASD (21). Although autistic features
are not present in all individuals it is highly speculated that
FXS and some groups of patients with idiopathic ASD present
with shared pathophysiology, as defects in many proteins that
interact with FMRP have also been associated with idiopathic
ASD (15). Importantly, greater severity and lower level of
functioning is associated with ASD co-morbidity in FXS (22–24).
A higher prevalence of seizures, sleep problems, and co-occurring
problematic behaviors, especially aggressive/disruptive behavior,
is found in the pediatric population with FXS and a diagnosis of
ASD than in the FXS population without ASD (19). Individuals
with FXS also widely differ in level of cognitive impairment, while
some males with FXS function nearly normally, and others are
profoundly disabled (25). Several studies have reported “high-
functioning” males with intellectual ability in the normal to
borderline range (26, 27). Besides, one-third to half of females
with a full FMR1 mutation have intellectual functioning in the
normal range, due to the masking effect of the normal X-
chromosome FMR1 allele (28). Numerous additional associated
conditions and symptoms of variable severity can occur such as
sleep disturbance, seizures, frequent otitis media, strabismus, and
joint hyperlaxity (29). Interestingly, a FXS subgroup has been
reported, characterized by hyperphagia, lack of satiation after
meals and extreme obesity with a full, round face, small, broad
hands/feet, and regional skin hyperpigmentation, referenced in
literature as “Prader-Willi-like” (30, 31). This particular subgroup
might point to the existence of several subgroups of patients
with FXS which can be grouped based on phenotypic features
and treated by targeting the corresponding underlying molecular
differences. Prevalence of several conditions or symptoms
associated to FXS are shown in Tables 1, 2.

This important degree of phenotypic heterogeneity in FXS
probably mirrors a heterogeneous genetic background and the
cellular-level involvement of various signaling pathways co-
regulated by FMRP, such as PI3K and mTOR pathways (44).
Moreover, genetic background plays an important role as shown
in animal models (which would result in different patterns
of expression of other proteins, including FMRP-interacting
proteins) (45, 46), as well as (a) genetic consequences of variation
on FMRP function at different levels including FMRP expression,
and (b) FMRP effect on other genes mRNA transcripts by
regulation of splicing, translation (through ribosome stalling),
and RNA stability through the recognition of mRNA codon bias
and N6-methyladenosine (m6A) modifications (15). In addition,
individuals with FXS might show mosaicism at two different
levels: (1) CGG repeat lengths, with some cells harboring fully
expanded mutation alleles and other cells harboring more benign
alleles; and (2) methylation levels, with some cells containing
methylated FMR1 alleles and other cells containing unmethylated
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TABLE 1 | Reported prevalence of heterogeneous phenotypic features in FXS patients in several studies.

Global phenotypic features

Feature References Prevalence in FXS

females

Prevalence in FXS

males

Prevalence in FXS Prevalence in

FXS-negative controls

Adverse response to touch on the skin Lachiewicz et al. (32) – – 61.1% (22/36) 18.9% (7/37)*

Aortic root dilatation Ciaccio et al. (33) – – 25% –

Brisk deep tendon reflexes Lachiewicz et al. (32) – – 72.7% (26/36) 37.8% (14/37)*

Broad forehead Lachiewicz et al. (32) – – 72.2% (26/36) 67.6% (25/37)–

Curvature of the spine Lachiewicz et al. (32) – – 5.6% (2/36) 2.7% (1/37)–

Curved 5th finger Lachiewicz et al. (32) – – 63.9% (23/36) 48.6% (18/37)–

Difficulty touching tongue to lips Lachiewicz et al. (32) – – 75.9% (22/29) 27.6% (8/29)*

Difficulty pronouncing “puh–tuh–kuh” Lachiewicz et al. (32) – – 72.4% (21/29) 46.2% (12/26)–

Difficulty moving the extended tongue

from side to side

Lachiewicz et al. (32) – – 53.6% (15/28) 17.2% (5/29)*

Difficulty pronouncing “linoleum” Lachiewicz et al. (32) – – 86.2% (25/29) 73.1% (19/26)–

EEG anomalies Ciaccio et al. (33) – – 74% –

Elongated/narrow face Lachiewicz et al. (32) – – 83.3% (30/36) 45.9% (17/37)*

Lubala et al. (34) 72.18% (109/151) 19.53% (533/2,728)*

Ciaccio et al. (33) – – 83% –

Epilepsy / Seizures Lachiewicz et al. (32) – – 8.6% (3/35) 13.5% (5/37)–

Berry–Kravis et al. (35) 4.8% (1/23) 13.3% (15/113) 11.7% (16/136) –

Berry–Kravis et al. (36) 6% (19/304) 14% (154/1,090) 12,41% (173/1,394) –

Kidd et al. (37) 3.2% (n = 62) 12.1% (n = 198) 10% (n = 260) –

Bailey et al. (38) 2.7% (7/259) 1.84% (18/976) 2.02% (25/1,235) –

Ciaccio et al. (33) – – 10 – 20% –

Symons et al. (39) 94% (n = 51) 81.8% (n = 436) – –

Flat feet Lachiewicz et al. (32) – – 69.4% (25/36) 62.2% (23/37)–

Yuskaitis et al. (40) – – 50% (75/150) –

Lubala et al. (34) – – 70.27% (26/37) 37.39% (43/115)*

Ciaccio et al. (33) – – 29 – 69% –

Gastrointestinal problems Kidd et al. (37) 7% (n = 62) 12% (n = 198) 10.8% (n = 260) –

Ciaccio et al. (33) – – 31% –

Hallucal crease Lachiewicz et al. (32) – – 82.9% (29/35) 29.7% (11/37)*

Hyperextensible joints Lachiewicz et al. (32) – – 100% (36/36) 75.7% (28/37)*

Lubala et al. (34) – – 68.18% (150/220) 25.44% (849/3,336)*

Hand calluses Lachiewicz et al. (32) – – 27.8% (10/36) 2.7% (2/37)*

Highly arched palate Lachiewicz et al. (32) – – 94.4% (34/36) 70.3% (26/37)–

Horizontal palmar creases or distal axial

triradii

Lachiewicz et al. (32) – – 25% (9/36) 13.5% (5/37)–

History of eye problems Lachiewicz et al. (32) – – 45.7% (16/35) 21.6% (8/37)–

History of cleft lip/palate Lachiewicz et al. (32) – – 2.8% (1/36) 0% (0/37)–

Hypotonia Lachiewicz et al. (32) – – 72.2% (26/36) 48.6% (18/37)–

History of allergies Lachiewicz et al. (32) – – 37.1% (13/35) 32.4% (12/37)–

History of spine curvature Lachiewicz et al. (32) – – 2.8% (1/36) 2.7% (1/37)–

History of hernias Lachiewicz et al. (32) – – 8.3% (3/36) 5.4% (2/37)–

History of > five ear infections/recurrent

otitis media

Lachiewicz et al. (32) – – 97.2% (35/36) 91.9% (34/37)–

Kidd et al. (37) 45.8% (n = 62) 54.7% (n = 198) 52.6% (n = 260) –

Ciaccio et al. (33) – – 47 – 97% –

Inability to close eyes on request Lachiewicz et al. (32) – – 14.5% (4/27) 0% (0/29)–

Joint hypermobility/Excessive laxity of the

joints

Ciaccio et al. (33) – – 50% –

Yuskaitis et al. (40) – – 57% (85/150) –

Large and prominent ears Lubala et al. (34) – – 83.9% (173/206) 21.86% (756/3,458)*

(Continued)
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TABLE 1 | Continued

Global phenotypic features

Feature References Prevalence in FXS

females

Prevalence in FXS

males

Prevalence in FXS Prevalence in

FXS-negative controls

Ciaccio et al. (33) – – 72 – 78% –

Lachiewicz et al. (32) – – 72.2% (26/36) 35.1% (13/27)*

Large testicles/Macroorchidism Lachiewicz et al. (32) – – 62.9% (22/35) 29.7% (11/37)*

Lubala et al. (34) – – 69.61% (129/181) 9.98% (291/2,915)*

Ciaccio et al. (33) – – 63 – 95% –

Ciaccio et al. (33) – – 94% –

Low birth weight Kidd et al. (37) 12.7% (n = 62) 7.2% (n = 198) 8.6% (n = 260) –

Macrocephaly/Head circumference > 50th

centile

Lachiewicz et al. (32) – – 80.6% (29/36) 62.2% (23/37)–

Ciaccio et al. (33) – – 81% –

Mitral click Lachiewicz et al. (32) – – 2.8% (1/36) 0% (0/37)–

Mitral valve anomalies Ciaccio et al. (33) – – 3 – 12% –

Mitral Valve prolapse Kidd et al. (37) 1.7% (n = 62) 0.5% (n = 198) 0.8% (n = 260) –

Motor tics Kidd et al. (37) 6.7% (n = 62) 5.4% (n = 198) 5.7% (n = 260) –

Nystagmus Ciaccio et al. (33) – – 5 – 13% –

Obesity Ciaccio et al. (33) – – 53 – 61% –

Obstructive sleep apnea Kidd et al. (37) 7.1% (n = 62) 7.2% (n = 198) 7.2% (n = 260) –

Ocular abnormalities Lachiewicz et al. (32) – – 27.8% (10/36) 21.6% (8/37)–

Pale blue eyes Lubala et al. (34) – – 57.14% (28/49) 7.25% (23/317)*

Prominent helices Lachiewicz et al. (32) – – 66.7% (24/36) 40.5% (15/37)–

Prominent jaw Ciaccio et al. (33) – – 80% –

Pectus excavatum Lachiewicz et al. (32) – – 50% (18/36) 29.7% (11/37)–

Pectus excavatum Ciaccio et al. (33) – – 50% –

Plantar crease Lubala et al. (34) – – 85.71% (84/98) 22.91% (162/707)*

Refractive errors Ciaccio et al. (33) – – 17 – 59% –

Simply formed helices Lachiewicz et al. (32) – – 27.8% (10/36) 13.5% (5/37)–

Strabismus Kidd et al. (37) 12.9% (n = 62) 17.5% (n = 198) 16.4% (n = 260) –

Ciaccio et al. (33) – – 8 – 40% –

Sleep problems Kidd et al. (37) 29.8% (n = 62) 26% (n = 198) 26.9% (n = 260) –

Spine deformity Ciaccio et al. (33) – – 6 – 9% –

Scoliosis Yuskaitis et al. (40) – – 6.6% (10/150) –

Skin soft and velvety Lubala et al. (34) – – 88.37% (38/43) 5.24% (95/1,811)*

Soft skin over dorsum of hand Lachiewicz et al. (32) – – 100% (35/35) 73% (27/37)*

Transverse palmar crease/Sydney lines Lubala et al. (34) – – 26% (30/115) 9.77% (104/1,064)*

*Studies in which a significative difference was found between FXS patients and FXS-negative controls.

FMR1 alleles. It is estimated that nearly half of individuals
carrying the full FMR1 mutation exhibit some sort of size
and/or methylation mosaicism (47) (Table 3). Novel methods
have improved detection of these alleles, which previously
could only be detected by Southern blot (50). Size mosaicism,
which is thought to arise due to CGG repeat instability, is
normally observed as a combination of full mutation (>200
repeats) alleles with premutation alleles (>55) or rarely, even
normal alleles. Methylation mosaicism can be observed in the
form of unmethylated alleles, either showing a full mutation
or a premutation allele. Both types of mosaicism will support
the production of some FMRP, so individuals with size and
/or methylation mosaicism might have less severe cognitive

and behavioral defects than a patient with a full mutation
and a completely methylated FMR1 promoter, and in whom
FMRP is markedly reduced or absent (19). Several authors
have reported that male patients having full mutation with
complete methylation had the lowest IQ scores and greatest
physical involvement, in comparison to mosaic cases, although
other studies have not observed this correlation (48, 51, 52).
Correlation of degree of size and/or methylation mosaicism with
other phenotypic features (seizures, hyperactivity, and autism)
has been more difficult to establish. In a recent paper evaluating
a cohort of male and female patients with FXS, male children
carrying full FMR1 mutation and expressing some degree of
FMR1 mRNA due to incomplete methylation had significantly
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TABLE 2 | Reported prevalence of heterogeneous neurobehavioral features in FXS patients in several studies.

Neurobehavioral features

Feature Study Prevalence in FXS

females

Prevalence in FXS

males

Prevalence in FXS Prevalence in

FXS-negative controls

Autism/Autistic-like behavior Symons et al. (41) 6.17% (16/259) 4.71% (46/976) 5.02% (62/1,235) –

Symons et al. (39) 34% (n = 51) 55.4% (n = 436) – –

Lubala et al. (34) – – 76.05% (162/213) 24.7% (854/3,457)*

Budimirovic et al. (42) 1/5 (20%) 12/26 (46%) – –

Kaufmann et al. (21) 18% (n = 237) 51% (n = 237) 42% (n = 237) –

Lewis et al. (43) – – 10/44 (22%) –

Attention problems Ciaccio et al. (33) – – 74 – 84% –

Symons et al. (41) 25.86% (67/259) 8.6% (84/976) 12.22% (151/1,235) –

Lubala et al. (34) – – 79.13% (91/115) 48.07% (511/1,063)*

Symons et al. (39) 81.6% (n = 51) 87.4% (n = 436) – –

ADHD Lubala et al. (34) – – 75.3% (122/162) 55.20% (870/1,576)*

Anxiety Disorder Ciaccio et al. (33) – – 58 – 86% –

Budimirovic et al. (42) – – 100% (31/31) –

Depression Ciaccio et al. (33) – – 8 – 12% –

Symons et al. (41) 8.49% (22/259) 1.22% (12/976) 2.75% (34/1,235) –

Symons et al. (39) 29.2% (n = 51) 13.5% (n = 436)

Developmental delay Symons et al. (41) 24.71% (64/259) 9.83% (96/976) 12.95% (160/1,235) –

Family history of intellectual disability Lachiewicz et al. (32) – – 69.4% (25/36) 32.4% (12/37)*

Lubala et al. (34) – – 80.97% (166/205) 23.61% (807/3,418)*

Gaze avoidance/ poor eye contact Lachiewicz et al. (32) – – 83.3% (30/36) 51.4% (19/37)*

Lubala et al. (34) 86.33% (139/161) 34.32% (517/1,506)*

Hand flapping Lubala et al. (34) – – 58,59% (75/128) 29% (404/1,391)*

Hand–biting Lubala et al. (34) – – 39.13% (45/115) 20.52% (218/1,062)*

Hyperactivity Symons et al. (41) 11.58% (30/259) 6.76% (66/976) 7.77% (96/1,235) –

Ciaccio et al. (33) – – 50 – 66% –

Lubala et al. (34) – – 74.07% (120/162) 52.6% (829/1,576)*

Symons et al. (39) 38.8% (n = 51) 71.9% (n = 436)

Symons et al. (41) 21.62% (56/259) 7.17% (70/976) 10.2% (126/1,235) –

Perseverative speech Lubala et al. (34) – – 66.45% (107/161) 46.04% (675/1,466)*

Previous diagnosis of intellectual disability Lachiewicz et al. (32) – – 91.4% (32/35) 64.9% (24/37)*

Self-injurious behavior Symons et al. (41) 3.86% (10/259) 4.2% (41/976) 4.12% (51/1,235) –

Sleep problems Ciaccio et al. (33) – – 30% –

Tactilely defensive Lubala et al. (34) – – 65% (108/166) 19.12% (626/3,274)*

*Studies in which a significative difference was found between FXS patients and FXS-negative controls.

higher Autism Diagnostic Observational Schedule (ADOS)
severity scores, compared to individuals with FXS carrying full
FMR1 mutation but with completely silenced FMR1. However,
this association should be replicated in additional cohorts (53).
In female premutation carriers, a study found that FMR1
mRNA levels increase as the number of CGG repeats increases,
suggesting that due to skewed X inactivation, mRNA levels
tend to normalize in females when the number of CGG repeats
increases, making clinical-genetic correlations more difficult to
establish (54). While larger studies are needed, the expression
levels of FMRP and methylation status of the FMR1 gene have
been correlated with cognitive ability (positive correlation for
FMRP levels, negative correlation for methylation) (55), whereas
little correlation between CGG repeat number and cognition is

thought to exist. Given that residual levels of FMRP expression
explain in part the heterogeneity in the FXS phenotype, the
integration of diagnostic genomic data with FMR1 mRNA
measuring assays and more accurate FMRP profiles could clarify
the relationships between genotypes, mRNA/protein expression
and patient phenotypes. Deciphering these links would both
improve disease prognostics and be useful to stratify patients with
FXS for clinical trials (56).

In a very recent study, which assessed quantification of
methylation, DNA, RNA, and FMRP protein levels in buccal
and blood samples, methylation mosaicism was estimated to
be slightly over 50%. Molecular-neurobehavioral correlations
confirmed the inverse relationship between overall severity of
the FXS phenotype and decrease in FMRP levels. Co-occurrence
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TABLE 3 | Mosaicism features in FXS patient cohorts.

Study Features

Nolin et al. (45) 148 patients (males)

Full mutation/full methylation → 87/148 (59%)

Mosaic pattern (full mutation/premutation) →

61/148 (41%)

Merenstein et al. (48) 218 patients (males)

Full mutation/full methylation → 160/218 ∼73%

Full mutation partial methylation → 12/218 ∼6%

males

Mosaic pattern (full mutation/premutation) v 46/218

∼ 21% males

Rousseau et al. (49) 1,051 patients (485 males, 283 females)

Full mutation/full methylation → 425 males (87.6%),

268 females (94.6%)

Mosaic pattern (full mutation/premutation) → 60

males (12.3%), 15 females (5.3%)

of FXS with an autism diagnosis correlated significantly with
2-fold lower levels of FMRP specially in younger age- and IQ-
adjusted males, compared to FXS without ASD, and patients
with severe Intellectual Disability had even lower FMRP levels
(42). In the same study, while Budimirovic et al. (42) also
showed a high level of agreement in regard to FMRP protein
levels between blood and buccal samples, but these findings
have not always been replicated, and discordant presence of
mutations between different tissues such as blood and skin
have been reported (57–59). In parallel, it has been shown that
repeat number can vary in different tissue types from the same
individual carrying premutation alleles, suggesting that numbers
obtained from blood mononuclear cells may not always directly
translate to the brain. These results can complicate efforts to use
blood results for clinical trial inclusion/exclusion criteria (60), as
they suggest that FMRP levels in patients’ cortical brain tissue
might differ from levels observed in blood, at least for some
FXS patients. Evidences of correlation between blood and brain
FMRP levels in the individual subjects are limited; in particular, a
study comparing brain and blood suggested that males with full
mutations also have a certain level of mosaicism in brain tissue
(61, 62). Further studies using blood and post-mortem brain
samples will be required to shed light on this matter.

DIVERSITY OF RESPONSES TO
THERAPEUTIC TREATMENTS

Despite two decades of preclinical work and several clinical trials
targeting at least 10 different mechanisms associated with FXS
pathogenesis (19), candidate drugs have been unsuccessful in
reaching primary endpoints, and there are still no approved
treatments to address the core symptoms of FXS. Well-
studied pathophysiological mechanisms of FXS include excessive
glutamatergic signaling, endocannabinoid system impaired
signaling, voltage-gated ion channel dysfunction, GABAergic
system inhibition, or excess of protein translation activity. While
preclinical studies of drugs targeting these mechanisms in FXS

mouse models (such as the widely used FMR1-KO model)
provided positive results, translation to therapeutic use in human
patients have not achieved the expected efficacy outcomes.
Nevertheless, several clinical trials are ongoing, and several past
clinical trials conducted in FXS did show clinical benefit in
subsets of patients, providing hope for future drug development
studies (63).

FMRP plays a critical role in mGluR (metabotropic glutamate
receptor)-dependent long-term depression and its absence causes
dysregulated synaptic function due to excessive and persistent
protein synthesis in postsynaptic dendrites (64). Accordingly, in
two clinical trials with mGlu5 receptor antagonists (fenobam,
mavoglurant), which target an excessive activity of mGluR
signaling downstream due to loss of inhibitory control by FMRP,
improvement was observed in six and seven subjects out of 12
and 30 patients, respectively. In the fenobam study, a calmed
behavior with improvement in eye contact, ability to interact,
anxiety and/or motor overactivity was observed in nine out of 12
patients, pointing to an even higher rate, although further studies
were not performed afterwards (65). In the initial mavoglurant
clinical trial, seven out of 30 responder patients identified in a
post-hoc analysis, had improved Aberrant Behavior Checklist—
Community Edition scores (ABC-C) associated to complete
FMR1 promoter methylation and no detectable FMR1messenger
RNA, while no improved response was shown in 18 patients with
partial promoter methylation (66). These encouraging results
prompted the design of two large IIb clinical trials (double—
blind, placebo—controlled, performed in parallel, n = 175,
139), in which patients were also stratified by methylation
status. Nevertheless, these studies did not report data on
efficacy scores, nor evaluated the presence of positive responder
patients (67). After negative results in the Phase III study,
Novartis announced the discontinuation of the mavoglurant FXS
development program (68). However, despite lack of success in
past clinical trials, further studies continue to support a possible
role of FMR1 promoter methylation to stratify patients (69, 70).

On the other hand, in 2012 a first phase II clinical trial
with arbaclofen (a GABAB receptor agonist) was performed
based on successful preclinical model studies (71). Although no
differences from placebo on the primary endpoint (irritability
scores) were found, secondary outcomemeasures were associated
with significant improvement. Using a novel ABC—Social
Avoidance (ABC-SA) scale validated for the assessment of
FXS, arbaclofen treatment was also associated with an overall
beneficial effect. Furthermore, a post-hoc analysis focused on a
subgroup of 27 subjects with more severe social impairment
showed improvements in several scales compared to placebo
treatment. The results were also more robust among subjects
who met Diagnostic and Statistical Manual of Mental Disorders-
Fourth Edition (DSM-IV) and Autism Diagnostic Interview-
Revised (ADI-R) criteria for autistic disorder. Significantly more
subjects were responders on the CGI-I scale when receiving
arbaclofen vs. placebo (35 vs. 18% overall; 50 vs. 6% autism) in
the autism subgroup, although again the ABC-C Irritability was
not sensitive to these effects. Arbaclofen was then tested in two
parallel phase 3 studies (randomized, double—blind, placebo—
controlled, n = 125 and 172) in adults and children (35). These
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two studies did not show benefit for arbaclofen over placebo for
any measure (including the primary objective, showing efficacy
reducing the ABC-CFX Social Avoidance score). Nevertheless,
the child study showed that the highest dose group was associated
to a benefit over placebo on ABC-CFX Irritability subscale
and Parenting Stress Index, and results showed a trend toward
improvement in social avoidance and hyperactivity subscales
and CGI-I. Although additional studies with a larger cohort on
higher doses would be required to confirm this finding, these
results suggested potential dose- and age-related effects as well
as a possible optimization of primary study endpoints, pointing
toward a potential benefit of arbaclofen in future optimized
clinical trials. Double-blind, randomized, placebo-controlled
studies in FXS are also highly recommended to properly assess
the sensitivity and specificity of clinical endpoints (63, 72, 73).

Clinical trials have also been performed for other drugs with
limited success. Although not reaching primary outcomes,
secondary endpoints or post-hoc analyses pointed to a
considerable positive responder fraction of patients in several of
them (Table 4), which suggest a potential benefit of these drugs
that should be targeted and improved in future clinical trials.
Only very recently, a promising phase-2 crossover study using
phosphodiesterase-4D inhibitors (to increase cAMP production
levels, which are reduced in patients with FXS) on a cohort of
30 FXS male adult patients showed improvement on cognition
and daily function, while also meeting the primary objectives
of safety and tolerability (78). Although these results shall be
validated in future larger clinical trials, this study accounts for the
importance of addressing cohort variability through the selection
of meaningful endpoints capturing inter-individual variability.

DISCUSSION: THE NEED AND POTENTIAL
IMPLICATIONS OF PRECISION MEDICINE
IN FXS AND RELATED SYNDROMES

Although past efforts in clinical trials with FXS have mainly
resulted in lack of success at meeting primary endpoints, these
works have not been unfruitful. These large studies have built
a base for future studies in FXS and other NDDs, in which
several improvements should be incorporated, such as: use of
optimized primary outcomemeasures (both neurobehavioral and
related to cognition/language), discovery of novel prognosis and
progression markers, administration of drugs from an earlier
age and possibly longer times, performance of well-powered
studies (as clinical trials with a lower number of participants were
invariably positive in post-hoc analyses), and a better analysis and
translation of preclinical mouse model studies to clinical studies
in humans (63). A particular point of relevance for the future
design of successful clinical trials in FXS is the characterization
and further identification of subgroups of patients that respond
to a specific drug treatment. While some studies have focused on
establishing lists of minimal features to be screened to diagnose
patients with FXS (32, 34), less focus has been put on the
identification of subgroups of patients with FXS according to
their phenotypic or molecular characteristics. Improved patient
stratification would most likely help to pair pharmacologic

agents with patients most likely to respond positively to such
therapeutic treatments.

Besides FMR1 methylation levels and selection on isolated
clinical features (such as high-functioning individuals or Prader-
Willi-like subphenotype mentioned above), other stratification
strategies based on precision medicine have been suggested
and might be implemented in the future. A recent work
reported the use of structural brain growth as a marker to
identify clinically significative subgroups. Using topological data
analysis on T1-weighted anatomical MRI data from 42 FXS
children patients, researchers identified two previously unknown
large subgroups of patients. Post-hoc analyses between these
groups demonstrated that one group was consistently higher
functioning on cognition, adaptive functioning, and autism
severity scores. As pointed by the authors, anatomical MRI
data analysis might become a useful method to define subtypes
within other neuropsychiatric disorders (79). In another recent
study, electronic health records from more than one million
people were mined to investigate health characteristics of
individuals clinically diagnosed with FXS. This resulted into
(1) the identification of previously unnoticed significative co-
occurring health conditions in patients with FXS (heart and
circulatory disorders, medication side effects, and among others),
and (2) the development of a predictive model to identify
patients with FXS in the general population without using any
genetic data, successfully identifying cases 5 years prior to clinical
diagnosis of FXS (80). While this AI-assisted diagnosis method
was instrumental to identify cases in the general population prior
to the onset of more severe symptoms (80), no computational
methods have been oriented toward stratifying patients with
FXS into more homogenous subgroups, which is the first step
needed to enrich future clinical trials in FXS with responder
patients. Recently, the use of patient-derived induced pluripotent
stem cells was proposed to model the disease in a patient-
specific manner and to develop new therapeutic opportunities
(81); nevertheless, to our knowledge, there is still no clinical
trials in FXS involving therapeutic treatments developed using
patient-derived induced pluripotent stem cells.

Accurate stratification of patients is expected to be crucial
for the development of efficient drug treatments in FXS.
Early applications of systems biology driven in silico drug
repositioning in FXS were conducted without specific focus
on genetic heterogeneity (HealX drove the advancement of a
FXS repurposing discovery effort in collaboration with FRAXA)
(82). In order to overcome this limitation, systems biology and
precision-medicine based computational aided modeling are
emerging in the NDD space both in academic and industry
setting. These approaches offer new potential for novel subgroup
characterization and further identification of FXS and other
NDD patients with stronger biological potential to respond
to specific drug candidates. For instance, STALICLA’s DEPI
platform was recently used to identify subsets of clinical features
that significantly correlate with the molecular responses induced
by arbaclofen in cellular models, which could support the
identification of patients predicted to improve under arbaclofen’s
treatment. An observational study involving patients with FXS
which had participated in previous clinical trials with arbaclofen
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TABLE 4 | FXS clinical trials showing positive responder results.

References Drug Phase Positive responders

%

Primary

endpoint

Scales used to

define or

measure

improvement in

responders

Negative responders

Berry-Kravis et al. (65) Fenobam (mGluR5

antagonist)

IIa, open-label study 50% (6/12: 4/6 males

and 2/6 females)

- PPI (improved over

test–retest

controls)

No adverse effects reported

Jacquemont et al. (66) Mavoglurant

(mGluR5

antagonist)

IIa 23.33% (7/30 males) ABC-C (not

attained)

ABC-C of selected

patients after

post-hoc analysis

No neurobehavioral adverse

effects reported (24/ 30 mild

to moderate fatigue and

headache)

Berry-Kravis et al. (71) Arbaclofen

(GABAB receptor

agonist)

II 47.6% (10/21 patients

with increased social

impairment, most of

them males) vs. 8.7%

(placebo)

ABC-I (not

attained)

Defined by CGI-I,

ABC-LSW

No neuro behavioral

adverse effects reported

(8% cases of sedation and

of headache)

Berry-Kravis et al. (35) Arbaclofen

(GABAB receptor

agonist)

III 35% in children

patients, vs. 21%

(placebo)

ABC-CFX (not

attained)

Defined by CGI-I,

ABC-CFX

Irritability, agitation, anxiety,

hyperactivity (45 vs. 40%

controls in adults, ∼36 vs.

34% in children), other extra

neurological features

Erickson et al. (74) Acamprosate III open-label study 75% (9/12 subjects) CGI-I CGI-I irritability, repetitive behavior

Berry-Kravis et al. (75) Lithium IIa 86% (13/15, ABC-C),

86% (13/15, CGI),

80% (12/15, VAS),

ABC-C Irritability

(not attained)

ABC-C, CGI, VAS Irritability, appetite changes,

bed wetting, constipation or

diarrhea, headache,

polydipsia, polyuria, sleep

problems, tiredness,

vomiting, high TSH

Paribello et al. (76) Minocycline IIa (open-label) 63% (12/19) ABC-C ABC-C, CGI, VAS Minor diarrhea,

seroconversion to a positive

ANA

Greiss Hess et al. (77) Sertraline 52% (13/25 sertraline)

vs. 44% (12/27 control)

improved symptoms

CGI-I, MSEL-EL MSEL-EL,

post-hoc analysis

Upper respiratory infection,

diarrhea, and

gastrointestinal issues

Berry-Kravis et al. (78) BPN14770 II, two-way crossover

study

NA Safety, tolerability National Institutes

of Health-Toolbox

Cognition Battery

(NIH-TCB) and

Test of Attentional

Performance for

Children (KiTAP)

There was no TEAE

(treatment-emergent

adverse events) judged by

the investigator to be at

least possibly related to

treatment with BPN14770.

ABC-C, Aberrant Behavior Checklist–Community Edition; ABC-I, ABC–Irritability; ABC-LSW, ABC—Lethargy/Social Withdrawal; ABC-CFX, ABC- Fragile X specific; MSEL-EL, Mullen

Scales of Early Learning, Expressive Language; ET, eye tracking; CGI-I, Clinical Global Impression-Improvement; PPI, Prepulse Inhibition; VAS, Visual Analog Scale.

is currently ongoing, with the main goal to provide clinical
validation for this defined subgroup of patients with FXS.
Importantly, other NDDpatients (without a FXS diagnose)might
qualify to fit into this target population and potentially benefit
from the same compound.

In summary, well-defined NDD syndromes such as FXS (the
most frequent monogenic cause of intellectual disability and
ASD among NDDs) constitute a first step to switch from a
behavioral to a molecular-centered based diagnosis. Precision
medicine in FXS will continue to be necessary to (1) define more

precisely subgroups of patients for clinical trials, and (2) define
drug responder profiles that can associate patients with different
genetic backgrounds to a same candidate drug. Importantly,
these targeted populations of patients might expand beyond the
FXS indication.
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Background: Fragile X syndrome (FXS) is a monogenic disorder characterized by high

rates of autism spectrum disorder (ASD) and anxiety. A longstanding “hyperarousal

hypothesis” in FXS has argued that ANS dysfunction underpins many symptoms of

FXS. However, the developmental onset and trajectory of ANS dysfunction, as well as

the consequences of ANS dysfunction on later psychiatric symptoms, remain poorly

understood in FXS. Insight into the emergence, trajectory, and consequences of ANS

dysfunction across early development in FXS has critical implications for prevention,

intervention, and optimal outcomes in both typical and atypical development. This

longitudinal study investigated whether and when males with FXS evidence atypical ANS

function from infancy through early childhood, and how trajectories of ANS function

across infancy and early childhood predict ASD and anxiety symptom severity later

in development.

Methods: Participants included 73 males with FXS and 79 age-matched typically

developing (TD) males. Baseline heart activity was recorded at multiple assessments

between 3 and 83 months of age, resulting in 372 observations. General arousal and

parasympathetic activity were indexed via interbeat interval (IBI) and respiratory sinus

arrhythmia (RSA), respectively. ASD and anxiety symptoms were assessed at 36 months

of age or later in a subgroup of participants (FXS n = 28; TD n = 25).

Results: Males with FXS exhibited atypical patterns of developmental change in

ANS function across infancy and early childhood. As a result, ANS dysfunction

became progressively more discrepant across time, with the FXS group exhibiting

significantly shorter IBI and lower RSA by 29 and 24 months of age, respectively.

Shorter IBI at 24 months and a flatter IBI slope across development predicted

elevated anxiety symptoms, but not ASD symptoms, later in childhood in both

FXS and TD males. Reduced RSA at 24 months predicted elevated ASD

symptoms, but not anxiety symptoms, in both groups. Developmental change in

RSA across early development did not predict later anxiety or ASD symptoms.
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Conclusion: This is the first longitudinal study to examine the “hyperarousal hypothesis”

in infants and young children with FXS. Findings suggest that hyperarousal (i.e., shorter

IBI, lower RSA) is evident in males with FXS by 24–29 months of age. Interestingly, unique

aspects of early ANS function differentially relate to later ASD and anxiety symptoms.

General arousal, indexed by shorter IBI that becomes progressively more discrepant

from TD controls, predicts later anxiety symptoms. In contrast, parasympathetic-related

factors, indexed by lower levels of RSA, predict ASD symptoms. These findings

support the “hyperarousal hypothesis” in FXS, in that ANS dysfunction evident early in

development predicts later-emerging symptoms of ASD and anxiety. This study also have

important implications for the development of targeted treatments and interventions that

could potentially mitigate the long-term effects of hyperarousal in FXS.

Keywords: autonomic nervous system, respiratory sinus arrhythmia, interbeat interval, hyperarousal, fragile X

syndrome, autism spectrum disorder, anxiety

INTRODUCTION

The autonomic nervous system (ANS) is primarily responsible
for maintaining physiological balance in the human body by
mobilizing the body’s resources in the face of challenge or
stress and facilitating physiological rest and relaxation when
that challenge or stress has abated (1–4). When the sympathetic
nervous system (SNS) and parasympathetic nervous system
(PNS) of the ANS are balanced and functioning optimally, our
bodies respond flexibly to and recover quickly from stress (5).
Cardiac indices of ANS function provide unique, moment-to-
moment insight into SNS and PNS influences on the heart
(6, 7); specifically, interbeat interval (IBI), the time between
successive heartbeats, indexes heart rate (HR) and is a reflection
of general arousal, which is influenced by both the PNS and SNS
(5, 6, 8). Alternatively, respiratory sinus arrhythmia (RSA), the
variability in IBI that corresponds with spontaneous breathing,
indexes heart rate variability (HRV) and more specifically PNS
regulation of the heart via the vagal nerve (2, 4, 9–12). The
ANS underlies processes related to attention as well as emotional
and behavioral regulation (5, 13–15). Furthermore, at baseline
and in the absence of challenge, stronger vagal regulation of
the heart, reflected in higher RSA, is thought to support social
engagement and has been associated with flexible response to
stress, adaptive functioning, and prosocial behavior (4, 16).
Thus, chronic imbalance between the two branches of the ANS
has significant cascading effects on emotional, behavioral, and
cognitive development as well as overall physical well-being
(17, 18). Given the connection between the ANS and emotion
regulation, it is unsurprising that ANS dysfunction has been
linked to several psychiatric conditions characterized by emotion
regulation difficulties, such as anxiety disorders and autism
spectrum disorder (ASD) (9, 19).

Abbreviations: ASD, Autism spectrum disorder; ANS, Autonomic nervous

system; FXS, Fragile X syndrome; HR, Heart rate; HRV, Heart rate variability; IBI,

Interbeat interval; PNS, Parasympathetic nervous system; RSA, Respiratory sinus

arrhythmia; SNS, Sympathetic nervous system.

Much of what is known about ANS function and its role in
psychiatric disorders comes from studies of older TD children
and adults; however, emerging evidence from longitudinal
studies has provided some insight on trajectories of ANS function
across early neurotypical development. For example, Bar-Haim
et al. (20) examined stability and developmental change in
baseline IBI and HRV across the first four years of life in TD
children. Interbeat interval was shown to increase steadily from
four months to four years, with the greatest increase between
four and nine months. Heart rate variability also increased
steadily across this age range. In a series of longitudinal studies,
Patriquin et al. (21, 22) characterized baseline RSA across
the first four years of life in relation to a variety of social-
emotional and behavioral symptoms at age four. Results revealed
that developmental trajectories of baseline RSA could be best
characterized by two patterns, a “typical” pattern, in which
RSA increased steadily across development, and an “atypical”
pattern, in which RSA was consistently lower or plateaued
over time. Of relevance to the current study, the children with
atypical RSA trajectories exhibited more behavioral problems
(e.g., withdrawal, aggression, oppositional defiance), and poorer
social responsiveness, and all children with parent-reported
developmental delay or ASD exhibited atypical RSA growth
trajectories (21, 22).

According to Porges’ polyvagal theory (3), healthy ANS
function, driven primarily by PNS-mediated vagal regulation
of the heart, supports social engagement and social learning.
Given that ASD is characterized primarily by social and social-
communicative impairments, much prior research has focused
on non-syndromic ASD, and ANS dysfunction in individuals
with non-syndromic ASD is fairly well established. Most studies
have shown that children with ASD exhibit elevated HR and
lower HRV at baseline, suggesting attenuated PNS function and
subsequent chronic hyperarousal, as well as atypical reactivity
to stressors [for thorough reviews, see (19, 23–25). In children
with ASD, ANS dysfunction has been linked with poorer social
functioning, higher sensory sensitivity, greater anxiety, and
poorer emotion recognition (19, 21, 23, 26–30). Furthermore,
recent work has suggested that reduced SNS activity differentiates
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children with ASD with and without anxiety, whereas reduced
PNS activity differentiates children with ASD from typically
developing children (31). In the only longitudinal study of
baseline ANS function in ASD, Sheinkopf and colleagues (32)
found that children with ASD exhibited less change in RSA
across early childhood, with significantly lower RSA evident as
early as 18 months, while HR developed similarly in typically
developing (TD) children and children with ASD. However,
this study focused on infants at high risk for ASD because of
prenatal drug exposure, with only 12 children with ASD in the
sample. Thus, it is difficult to generalize these findings or draw
conclusions about how ANS function develops across infancy
and early childhood in the majority of children with ASD.

It has been hypothesized that ANS dysfunction plays a
significant role in anxiety disorders as well (33, 34). For
example, in the autonomic inflexibility model, Friedman (33)
posits that biological competence is characterized by strong
vagal regulation (i.e., high HRV), which consequently permits
adaptive physiological and behavioral response to stress or fear
followed by rapid physiological recovery. When vagal regulation
is reduced or disrupted, as reflected by lower HRV, physiological
responding becomes chronically blunted, rigid, and predictable,
and physiological recovery is slower, ultimately leading to the
emergence and maintenance of anxious symptoms. In support
of this theory, lower baseline HRV has been associated with
greater anxiety symptoms in children (35), and children with
anxiety disorders exhibit lower baseline HRV than those without
(36, 37). Several studies have also reported elevated baseline
HR in children with social anxiety symptoms, suggesting that
chronic hyperarousal plays a role in social anxiety (37–39). To
our knowledge, no studies have examined how ANS maturation
across early development relates to later anxiety symptoms in
either typical development or neurodevelopmental disorders.

ANS dysfunction has also been implicated in fragile X
syndrome (FXS), a monogenic disorder cause by a CGG
trinucleotide expansion mutation on the FMR1 gene on the X
chromosome. Fragile X syndrome is relatively rare, affecting
approximately 1 in 7,000 males and 1 in 11,000 females (40).
It is characterized by moderate intellectual disability, behavior
problems, and sensory processing difficulties. Children with
FXS are also at significantly increased risk for both ASD
(∼61%) and anxiety (∼40–50%) (41–45), both of which are
linked with poorer developmental and social outcomes (46–50).
Understanding how ANS dysfunction contributes to increased
risk for ASD and anxiety in infants with FXS is of critical
importance, as such knowledge will enable early identification
of high-risk infants and inform the development of targeted
prevention and interventions, which may in turn optimize
developmental outcomes and quality of life for children with
FXS. Furthermore, the elevated risk for these clinical features
along with relatively well understood molecular-genetic and
neurobiological mechanisms make FXS an ideal model to
improve our understanding of gene-behavior associations related
to emerging psychopathology in childhood.

For nearly three decades, the “hyperarousal hypothesis”
of FXS has argued that ANS dysfunction underpins many
symptoms of FXS (51, 52). Most evidence for hyperarousal

in FXS comes from cross-sectional studies of older children
and adolescents, which have documented elevated HR and
attenuated HRV at baseline as well as atypical reactivity to
challenges (30, 53–55). However the emergence, trajectory,
and consequences of ANS dysfunction in FXS have not
been characterized, thus the developmental origins of ANS
dysfunction in FXS remain poorly understood. Despite the
limited understanding of ANS dysfunction in FXS, the
assumption that “hyperarousal” is a primary causal mechanism
for many of the phenotypic features in FXS remains fairly
widespread. For example, according to an expert consensus
document (56) published on the National Fragile X Foundation
website (www.fragilex.org), “Individuals with FXS are always
susceptible to hyperarousal,” “. . . hyperarousal. . . is believed to
underlie many of the phenotypical behaviors commonly
associated with fragile X syndrome,” and “When problem
behaviors occur, it is important to recognize that they may
be caused by hyperarousal. . . ” However, surprisingly little
research has directly examined the relationship between ANS
dysfunction and the FXS behavioral phenotype, particularly using
longitudinal methods in early development. Roberts et al. (57)
documented elevated HR and lower RSA in the youngest sample
to date (8–40 months of age), and found that lower RSA was
associated with greater ASD symptoms in children aged 22
months or older, but not in younger children. In the only
longitudinal study to date in FXS, Roberts et al. (41) found
that shorter initial IBI in infancy, but not change over time,
predicted later ASD diagnoses in young children with FXS.
Interestingly, neither initial RSA nor change over time in RSA
predicted ASD diagnoses. These findings are surprising given that
PNS dysfunction, as indexed by HRV and RSA, is thought to
support social engagement and social learning (3) and has been
consistently linked to non-syndromic ASD (19, 24).

In conclusion, despite the long-standing “hyperarousal
hypothesis” in FXS, most previous studies have examined
ANS function in FXS cross-sectionally across a limited
age range. Furthermore, there has been little emphasis on
infancy, developmental change across early childhood, or
the developmental consequences of early ANS dysfunction
on later psychopathology. The first aim of this longitudinal
study was to characterize developmental change in ANS
function across infancy and early childhood in FXS and
typical development using the cardiac indices of IBI and
RSA. Based on previous cross-sectional work in children
with FXS, we hypothesized that a profile of hyperarousal,
indexed by shorter IBI and lower RSA, emerges early in life
increases in severity across early development in FXS. We
also hypothesized that early ANS dysfunction has important
developmental repercussions, conferring heightened risk for
later ASD and anxiety symptoms. Thus, the second aim of
the study was to examine the relationship between early ANS
function and developmental change in ANS function with later
ASD and anxiety symptoms. Based on leading theories of the
role of ANS dysfunction in the development of anxiety (33,
34) and ASD symptoms (3, 25), we predicted that shorter
IBI and slower change in IBI across development would be
related to later anxiety symptoms, while lower RSA and slower
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TABLE 1 | Participant characteristics: research question 1.

FXS (n = 73) TD (n = 79)

Total number of observations 175 197

Observations per participant, M (SD) 2.40 (1.38) 2.49 (1.89)

Observations per participant, Range 1–6 1–7

Chronological age (months), M (SD) 33.96 (21.85) 34.10 (23.97)

Chronological age (months), Range 3.05–82.99 5.67–83.81

change in RSA across development would be related to later
ASD symptoms.

MATERIALS AND METHODS

Participants
This study included 152 male children (FXS: n = 73; TD: n =

79). Baseline heart activity was measured longitudinally between
3 and 83 months of age, resulting in 372 observations (FXS:
n = 175; TD n = 197). Groups were matched on average
chronological age, t(370) = 0.06, p = 0.954, and exhibited similar
distributions of observations across age. This age range was
selected to maximize the number of longitudinal heart activity
data points available per participant in order to address our first
research question of characterizing the emergence and trajectory
of autonomic dysfunction across infancy and early childhood
(i.e., infancy through six years of age). Participant characteristics
are detailed in Table 1. Participants were drawn from two sites
that collected baseline heart activity data longitudinally across
infancy and early childhood. Data for 77 children (FXS: n = 36;
TD n = 41) children were collected at the University of North
Carolina at Chapel Hill (P30HD003110; PI: Bailey), and data for
75 children (FXS: n = 37; TD n = 38) were collected at the
University of South Carolina (R01MH107573, R01MH090194;
PI: Roberts). Thus, this is a convenience sample that provides
the opportunity to analyze the developmental trajectory of ANS
function from a large sample of infants and children with a
rare genetic disorder. As a result, the present study represents
the largest longitudinal sample of males with FXS (n = 73)
spanning the most inclusive age range across early development
(3–83 months) to date. Heart activity collection and processing
procedures were identical at both study sites and were designed
and overseen by the senior author. Some of the data included in
the present study have been included in previous cross-sectional
studies (53, 58–60) and a recent longitudinal study that examined
various predictors of ASD diagnoses in preschool-agedmales and
females with FXS (41). The objectives and analyses of the present
study are quite different from those of previous studies, and no
studies have been published that focus on characterizing ANS
function using longitudinal data across this age range or with
such a large sample.

Recruitment procedures and inclusionary criteria were similar
across sites. Children with FXS were recruited through local and
national organizations that serve children with FXS. Diagnosis
of FXS was confirmed through genetic report (i.e., >200 CGG
repeats on 5′UTR on FMR1). TD children were recruited through

TABLE 2 | Participant characteristics at outcome timepoint: research question 2.

FXS (n = 28) TD (n = 25) t(51) p-value

Chronological age

(months), M (SD)

63.96 (12.04) 63.22 (12.49) −0.22 0.828

Chronological age

(months), Range

46.76–83.55 35.78–83.81

Developmental level,

M (SD)

51.39 (9.29) 102.08 (13.78) 15.85 <001

Developmental level,

Range

30–76 70–130

ASD Diagnosis, n (%) 20 (71.43%) 0 (0%)

ADOS-2 CSS, M (SD) 6.07 (2.28) 1.84 (1.31) −8.16 <001

ADOS-2 CSS, Range 1–10 1–6

PAS total raw score,

M (SD)

16.04 (9.03) 12.08 (7.41) −1.73 0.090

PAS total raw score,

Range

0–39 3–25

advertisements placed in the community and were required to
have no family history of ASD, FXS, or related disorders. Typical
development was confirmed by direct clinical-behavioral testing
through the larger studies, and was defined by a standard score
of ≥70 on the Mullen Scales of Early Learning [MSEL; (61)] or
Differential Abilities Scale, Second Edition [DAS-II; (62)] and
case review via a thorough clinical best estimate review procedure
(41, 63). Participants were excluded if they were born at <37
weeks gestation, had uncorrected vision or hearing impairments,
or had parents who were not proficient in English.

To investigate our second research question of whether early
ANS function or developmental change in ANS function across
early development predicted later ASD or anxiety symptoms, we
included a subset of children from the larger sample who had
at least two heart activity data points and completed clinical-
behavioral “outcome” testing at ≥36 months of age (FXS: n =

28; TD: n = 25). These children were drawn exclusively from
the University of South Carolina study, as that study included
outcome assessments of ASD and anxiety symptoms using gold-
standard diagnostic assessment procedures. The groups did not
differ on chronological age at the outcome timepoint, although,
as expected, they did differ on developmental level and ASD
symptom severity (see Table 2).

Measures
Heart Activity
Heart activity data were collected during a baseline period
with a telemetry-based monitor (Alive Technologies, Copyright
2005–2009; CamNtech Ltd., Cambridge, UK). Infants aged 3–
30 months sat on a parent’s lap or in a highchair and watched
a 3-min Baby Einstein video and children aged 31–83 months
sat in a chair and watched a 5-min Pixar animated short film.
Both videos contained music and sound effects, but no spoken
language. Interbeat interval (i.e., IBI, the time in milliseconds
between two consecutive heartbeats) was visually inspected and
edited to correct arrhythmias, false heart periods, and artifacts
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by trained research assistants using CardioEdit software (Brain-
Body Center, University of Illinois at Chicago). Heart activity
data were excluded if >10% of the file was edited. In this
sample, an average of 1.09% of IBI values were edited per
file. Respiratory sinus arrhythmia (RSA) was extracted from
the edited IBI data using CardioBatch software (Brain-Body
Center, University of Illinois at Chicago). CardioBatch samples
sequential heart periods at 250ms epochs and then uses a 21-
point moving polynomial algorithm to detrend the data (64). The
data are bandpass filtered to extract variance associated with the
spontaneous breathing frequency for infants aged 3–30 months
(0.3–1.3Hz) or for children aged 31–83 months (0.24–1.04Hz).
The variance is then transformed into its natural logarithm to
provide an estimate of RSA. Mean IBI and mean RSA for the
entire baseline period were computed in CardioBatch and used
as dependent variables in this study.

ASD Symptoms
The Autism Diagnostic Observation Schedule, Second Edition
[ADOS-2; (65)] was administered by a research-reliable examiner
to assess ASD symptom severity at the outcome timepoint. The
ADOS-2 is a play-based, semi-structured measure developed for
children and adults older than 12 months of age. The overall
Calibrated Severity Score (CSS) provided a continuous index of
ASD symptom severity. Scores range from 1 to 10, with higher
values reflecting more severe ASD symptoms. To investigate
inter-rater agreement, 18.9% of ADOS administrations in the
present study were coded by a second research-reliable examiner,
and an intraclass correlation (ICC) of 0.90 on overall CSS
indicated excellent agreement.

Anxiety Symptoms
Anxiety symptoms were assessed at the outcome timepoint using
the total raw score from the Preschool Anxiety Scale [PAS;
(66)]. The PAS is a 28-item parent-report questionnaire for
preschool-aged children designed to assess symptoms of anxiety
andworry. The PAS demonstrates good construct, predictive, and
discriminant validity as well as satisfactory internal consistency
(57). Total raw scores range from 0 to 112, with higher scores
indicating more severe anxiety symptoms.

Developmental Level
Developmental level was assessed at the outcome timepoint for
children ≤68 months old (n = 33) via the Mullen Scales of
Early Learning (MSEL; 64), a developmental measure designed
to assess cognitive abilities in infants and children up to 68
months of age. The early learning composite (ELC), a composite
score of the Visual Reception, Fine Motor, Expressive Language,
and Receptive Language subscales, was used. The Differential
Abilities Scale, Second Edition – [DAS-II; (62)] was used to
assess developmental level in children >68 months old (n =

20). The DAS-II is designed to measure cognitive ability in
children between 2 years, 6 months and 17 years, 11 months.
Developmental level was estimated via the General Conceptual
Ability (GCA) score, which is a composite of the Verbal
Reasoning, Nonverbal Reasoning, and Spatial Abilities subscales.

Procedure
Procedures were approved by the Institutional Review Boards at
both sites (University of North Carolina at Chapel Hill: #05-0106,
initial date of approval 3/17/2003; University of South Carolina:
#00001966, initial date of approval 4/30/2009). Informed consent
was obtained from the parents before study enrollment.
Assessments occurred at participants’ homes or in research
laboratories. Baseline ECG was collected at the beginning of
the assessment. Parents received monetary compensation for
their participation.

Statistical Analyses
Developmental change in IBI and RSA across early childhoodwas
characterized using separate hierarchical linear models (HLMs)
via SAS PROCMIXED in SAS 9.4 (SAS Institute Inc., Cary, NC).
A model-building approach was utilized to determine the most
parsimonious, best-fitting model (67). The results of all models
considered are detailed in the Supplementary Materials. For
both IBI and RSA, the best fitting model included the fixed and
random effects of age (grand-mean centered at 34.04 months),
fixed effects of group and site and the age by group interaction.
Importantly, the model that included the age by group by site
interaction term was a poorer fit and the interaction was non-
significant, indicating that group differences in developmental
change in RSA and IBI were similar across both sites.

In our second research question, which investigated whether
early ANS function or developmental change in ANS function
across early development predicted ASD or anxiety symptoms,
the model was recentered at 24 months and slope and intercept
values were extracted for each participant. This age was selected
to represent a timepoint earlier in development that could be
used to predict ASD and anxiety symptoms measured at ≥36
months, when ASD symptoms are considered reliable and stable
and anxiety symptoms have begun to emerge. Four separate
multivariate general linear models were employed in SPSS 27
(SPSS Inc., Chicago, IL) to examine how IBI intercept, IBI slope,
RSA intercept, and RSA slope predicted ASD symptoms (i.e.,
ADOS-2 CSS score) and anxiety symptoms (i.e., PAS total raw
score). Group was entered as a fixed factor and the group by
heart activity variable (e.g., group by IBI intercept) was included
initially to determine whether heart activity predicted symptoms
differently between groups. The interaction term was non-
significant in everymodel, so results frommain effects models are
reported in text. Results of non-significant interaction models are
included in the Supplementary Materials. Developmental level
was included as a covariate in these models, as it differed between
groups and was correlated with RSA slope, r=.29, p= 0.026, and
ASD symptom severity, r=−0.69, p< 0.001, and was marginally
correlated with RSA intercept, r= 0.26, p= 0.053.

RESULTS

Change in ANS Function Across Early
Development
IBI
Figure 1 depicts developmental change in IBI and RSA across
age within each participant. Significant main effects of group,
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FIGURE 1 | Maturation of (A) IBI and (B) RSA across age within each participant. Males with FXS are indicated in blue; TD males are indicated in red.

TABLE 3 | Estimates for Hierarchical Linear Models of IBI and RSA across early

development.

IBI RSA

Fixed effects

Intercept 512.06*** (7.32) 4.72*** (0.15)

Age 3.66*** (0.24) 0.05*** (0.00)

Group (FXS) −21.75** (7.40) −0.54*** (0.16)

Age*Group (FXS) −1.10** (0.36) −0.02*** (0.01)

Site (USC) 45.88*** (7.78) 0.70*** (0.16)

Error variance

Intercept 682.16*** (218.82) 00.47*** (0.10)

Slope 1.68*** (0.49) 0.00‡ (0.00)

ICC (from Model 1) 0.14 0.31

‡p < 0.10; **p < 0.01; ***p < 0.001; n = 372; Values represent parameter estimates

with standard errors in parentheses; Estimation method = Full; Covariance structure =

Variance components.

F(1,132) = 8.65, p = 0.004, age, F(1,111) = 313.11, p <.001, and
site, F(1,163) = 34.77, p < 0.001, were observed. A significant
group by age interaction was observed, F(1,116) = 9.25, p =

0.003, with IBI increasing more each month in TD children
than in FXS, b = 1.10ms (Table 3, Figure 2). The FXS group
exhibited significantly shorter IBI by 29 months, t(139) = −2.12,
p= 0.036.

RSA
Results indicated significant main effects of group, F(1,150) =

11.88, p < 0.001, age, F(1,109) = 268.19, p < 0.001, and
site, F(1,172) = 18.94, p < 0.001. A significant group by age
interaction was observed, F(1,109) = 12.01, p < 0.001, suggesting
that RSA increased more each month in TD children than in
FXS children, b = 0.02 (Table 3, Figure 2). The FXS group
exhibited significantly lower RSA by 24 months, t(150) = −2.10,
p= 0.037.

Relationship Between ANS Function at 24
Months and ASD and Anxiety Symptoms at
≥36 Months
IBI
Full multivariate general linear model results are outlined in
Table 4. IBI intercept was a marginally significant predictor in
the overall model, F(2,48) = 2.78, p = 0.072. The main effect of
group was significant, F(2,48) = 4.28, p= 0.019. Tests of between-
subjects effects indicated that IBI intercept predicted anxiety
symptoms, F(1,49) = 4.59, p = 0.037, but not ASD symptoms,
F(1,49) = 0.67, p = 0.419 (Figures 3A,B). Group predicted ASD
symptoms, F(1,49) = 6.58, p = 0.013, but not anxiety symptoms,
F(1,49) = 1.45, p = 0.235. Parameter estimates suggested that
for every 1ms increase in IBI intercept (i.e., IBI at 24 months),
anxiety scores decreased by 0.12 points. The effect of IBI slope
emerged as a significant predictor in the model, F(2,48) = 4.05,
p = 0.024, as did group, F(2,48) = 4.96, p = 0.011. Between-
subjects tests indicated that IBI slope predicted anxiety, F(1,49)
= 6.75, p = 0.012, but not ASD symptoms, F(1,49) = 0.85, p =

0.362 (Figures 3C,D). Group predicted ASD symptoms, F(1,49) =
7.04, p = 0.011, but not anxiety symptoms, F(1,49) = 2.06, p =

0.158. Parameter estimates indicated that for every 1ms increase
per month in IBI, anxiety scores decreased by 2.60 points.

RSA
RSA intercept emerged as a marginally significant overall
predictor, F(2,48) = 3.10, p = 0.054 (Table 5). The main effect
of group was significant, F(2,48) = 4.43, p = 0.0174. Tests of
between-subjects effects indicated that RSA intercept predicted
ASD symptoms, F(1,49) = 6.13, p = 0.017, but not anxiety
symptoms, F(1,49) = 0.06, p = 0.802. Group predicted ASD
symptoms, F(1,49) = 6.79, p = 0.012, but not anxiety symptoms,
F(1,49) = 1.66, p = 0.203 (Figures 3E,F). Parameter estimates
suggested that for every 1-unit increase in RSA at 24 months,
ASD severity scores decreased by 0.91 points (Figure 3E). RSA
Slope was not a significant predictor in the overall model, F(2,48)
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FIGURE 2 | Maturation in (A) IBI and (B) RSA across age in males with FXS and TD males. Males with FXS are indicated in blue; TD males are indicated in red.

TABLE 4 | Multivariate general linear model results for IBI intercept and IBI slope at 24 months predicting later ASD and anxiety symptoms.

IBI Intercept IBI Slope

λ F(2,48) p-value η2
p λ F(2,48) p-value η2

p

Intercept 0.85 4.30 0.019 0.15 0.76 7.75 0.001 0.24

IBI 0.90 2.78 0.072 0.10 0.86 4.05 0.024 0.14

Group 0.85 4.28 0.019 0.15 0.83 4.96 0.011 0.17

Developmental Level 0.98 0.48 0.624 0.02 0.98 0.53 0.592 0.02

λ = Wilks’ lambda; η2p = partial eta squared.

= 1.86, p= 0.166 (Figures 3G,H), while group was, F(2,48) = 4.23,
p = 0.020. Group predicted ASD symptoms, F(1,49) = 6.45, p =

0.014, but not anxiety symptoms, F(1,49) = 1.48, p= 0.229.

DISCUSSION

Findings from the present study indicate that physiological
hyperarousal is present by 24 months of age in males with
FXS and that trajectories of hyperarousal across infancy to early
childhood differentially predict ASD and anxiety symptoms.
This study is the largest longitudinal study to document
the developmental emergence of hyperarousal in very young
children with FXS, and it provides important evidence in
support of the “hyperarousal hypothesis” in FXS (51). While
previous cross-sectional studies (30, 53–55, 57, 68) were critical
in establishing evidence of atypical ANS function in FXS,
until now the lack of dense longitudinal sampling early in
development has precluded conclusions about the developmental
emergence of the hyperarousal profile so often considered to
be a primary source of impairments in FXS [e.g., (56)]. The
emergence of hyperarousal early in development, as observed
in the present study, has important long-term developmental
repercussions as the first years of life represent a developmental
period where multiple critical social, emotional, regulatory,
and communication skills are rapidly developing alongside
extensive brain maturation in a dynamic inter-dependent
manner [e.g., (69)].

We were somewhat surprised that the FXS group was not
statistically distinguishable from the TD group on cardiac indices
earlier in infancy, given that other FXS-related developmental
differences are evident earlier in development. While ANS
dysfunction may originate earlier in infancy or even in prenatal
development, it is possible that our relatively small number
of datapoints under 12 months of age (n = 26), with the
median age of first datapoint of 21 months, limited our
statistical ability to identify differences in ANS function in
infancy. It is worth noting that marginally significant group
differences began to emerge at 27 months for IBI and 21 months
for RSA, suggesting that perhaps with additional longitudinal
data in infancy, we may have been able to detect group
differences earlier in development. However, with more than
half of participants (n = 82, 53.95%) entering the study before
their second birthday (FXS: 53.42%; TD: 54.47%), our sample
still represents the largest study to date of ANS function
in early development in FXS. Future studies should consider
denser longitudinal sampling throughout the first year of
life to document the earliest potential onset and trajectory
of ANS dysfunction in FXS. Understanding the timing and
nature of ANS dysfunction as early as possible in infancy will
provide critical opportunities for early identification, prevention,
and intervention.

The relationship between early developmental trajectories of
hyperarousal to increased psychiatric symptom severity later in
development support the critical role that ANS function has
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FIGURE 3 | Relationship between IBI and RSA at 24 months of age and ASD and anxiety symptoms at 36 months of age or older (predicted values). Males with FXS

are indicated in blue; TD males are indicated in red. IBI intercept predicting ASD and anxiety symptoms is depicted in (A) and (B), respectively. IBI slope predicting

ASD and anxiety symptoms is depicted in (C) and (D), respectively. RSA intercept predicting ASD and anxiety symptoms is depicted in (E) and (F), respectively. RSA

slope predicting ASD and anxiety symptoms is depicted in (G) and (H), respectively.

on the FXS phenotype, which is characterized by high rates of
both anxiety and ASD. Specifically, shorter IBI at 24 months
and slower change in IBI across development predicted higher

anxiety symptoms, but not ASD symptoms. The relationship
between early hyperarousal and later anxiety symptoms is in line
with the theory of “autonomic inflexibility” (33, 34) and empirical
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TABLE 5 | Multivariate general linear model results for RSA intercept and RSA slope at 24 months predicting later ASD and anxiety symptoms.

RSA intercept RSA slope

λ F(2,48) p-value η2
p λ F(2,48) p-value η2

p

Intercept 0.74 8.57 0.001 0.26 0.77 7.09 0.002 0.23

RSA 0.89 3.10 0.054 0.12 0.93 1.86 0.166 0.07

Group 0.84 4.43 0.017 0.16 0.85 4.23 0.020 0.15

Developmental Level 0.98 0.42 0.658 0.02 0.98 0.46 0.635 0.02

λ = Wilks’ lambda; η2p = partial eta squared.

work that has documented the relationship between elevated
baseline arousal and anxiety in neurotypical children (37–39).
Generally, these studies suggest that anxiety is characterized
by heightened arousal and reduced parasympathetic activity at
baseline as well as blunted reactivity to and delayed recovery from
stress. While our study did not investigate autonomic reactivity
or recovery, previous cross-sectional studies of autonomic
reactivity to social stress in FXS have yielded conflicting results
that are suggestive of developmental shifts in both baseline
activity and autonomic reactivity in FXS across infancy and early
childhood. For example, 12-month-old infants with FXS have
been shown to exhibit normative baseline RSA but reduced RSA
reactivity to a stranger approach (60), whereas young children
with FXS exhibit shorter IBI and lower RSA at baseline but
typical patterns of reactivity and recovery when approached by
a stranger (58). Interestingly, shorter IBI was associated with
more behavioral indicators of fear in younger children (<29
months), while longer IBI was associated with more behavioral
indicators of fear in older children (>51 months). These
findings, taken together with the findings of the present study,
highlight the importance of longitudinal work in elucidating
the developmental emergence and developmental trajectory of
autonomic dysfunction in FXS. Furthermore, while our findings
suggest a relationship between developmental change in baseline
hyperarousal and later anxiety symptoms, much remains to
be understood about the role that autonomic reactivity to
and recovery from stress plays in the development of anxiety
symptoms in children with FXS.

In the present study, lower RSA at 24 months predicted
greater ASD symptoms, but not anxiety symptoms. Our findings
of a relationship between lower baseline RSA and higher ASD
symptoms parallel converging evidence of poor parasympathetic
regulation in children with non-syndromic ASD [for thorough
reviews, see (19, 23–25)]. These findings, in combination with
our own that document a relationship between early RSA,
but not early IBI, and later ASD symptoms, suggest that
parasympathetic activity may play an important role in ASD,
whereas overall arousal may be less relevant. This is in line
with leading theories (e.g., polyvagal theory) that argue that
PNS-mediated regulation of the vagal nerve supports social
engagement, social learning, and social-emotional development
(3). Our findings also correspond with recent research that
suggests that lower parasympathetic activity can differentiate
children with ASD from TD controls but does not differentiate
anxious and non-anxious children with ASD (31). Previous

studies of FXS have also suggested that parasympathetic activity
may also predict ASD symptoms, but the findings have been
nuanced. For example, IBI has been shown to predict later
ASD symptoms in a non-linear fashion across age, with greater
ASD severity in childhood being associated with longer IBI in
infancy but shorter IBI in childhood (57). In the only longitudinal
study of ANS function in young children with FXS to date,
Roberts and colleagues (41) found that shorter initial IBI, but
not developmental change in IBI, predicted later ASD diagnoses
in young children with FXS. Interestingly, neither initial RSA
nor RSA maturation predicted ASD diagnoses. It is important to
note that some data from these previous studies are included in
the convenience sample used in the present study, but there are
several important methodological differences that may explain
why our findings differed. For example, Roberts and colleagues
(41) examined categorical diagnostic outcomes while we used
a continuous measure of ASD symptom severity which may
have provided more variability and statistical power. Both of
these previous studies also included females in their study,
while the present study was limited to males, who tend to
be more severely impaired and have higher ASD symptom
severity (70).

Surprisingly, developmental change in RSA did not
predict ASD symptoms later in childhood, despite findings
of developmental change in RSA being linked with later ASD
symptoms in previous studies of low-risk and high-risk infants
(21, 22, 32). For example, slower developmental change in RSA
has been linked with later ASD diagnoses in infants with prenatal
drug exposure (32). Slower or plateauing developmental change
in RSA has also been linked with behaviors associated with
ASD, such as behavioral problems (e.g., withdrawal, aggression,
oppositional defiance) and poorer social responsiveness (21, 22).
The findings of the present study suggest that it is RSA in early
development, not growth or change over time, that has long-term
impact on ASD symptoms.

Limitations and Future Directions
This study is the largest longitudinal study of ANS function
in FXS to date, and it is the first to examine developmental
emergence and change in ANS function across infancy and
early childhood in relation to symptoms of anxiety of ASD,
which are the most common psychiatric comorbidities of FXS.
Despite our important findings, certain limitations should be
considered. First, the nature of our convenience sample compiled
from multiple larger studies was both a strength, in that
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it enabled us to examine ANS function in a large sample
of infants and children with a rare genetic disorder, and a
weakness, in that some measures (e.g., outcome measures)
were available in only a subset of participants. Additionally,
we did not have detailed molecular-genetic data (e.g., FMRP,
methylation) on most of our participants, so we were unable to
investigate the relationship between molecular-genetic variation
and physiological hyperarousal. These analyses would provide
valuable information about the pathophysiological mechanisms
underlying atypical development in FXS and should be
considered in future studies.

Examining early development over a large age range also
posed certain methodological challenges, including discontinuity
of measures across development. For example, in our study, the
Mullen Scales of Early Learning (61) was used as a measure
of developmental level through early childhood, but it is only
appropriate until 68 months of age, at which point we used
the Differential Abilities Scale–Second Edition [DAS-II; (62)].
However, because identical procedures were used in both FXS
and TD, and developmental level served as a covariate at the
outcome timepoint and not a primary variable of interest, we
believe this is a minor limitation. Finally, this study was limited
to males, and the exclusion of females with FXS restricts the
generalizability of findings to all children with FXS. Because
of their unique clinical profiles and the fact that FXS is less
common in females (40), females have often been overlooked
in previous studies (71). Work focused on characterizing
and understanding ANS function in females with FXS is
desperately needed, and we intend to address that critical gap in
the future.

Summary and Implications
Findings indicate that ANS dysfunction and hyperarousal
emerge by 24 months of age in males with FXS. Importantly,
hyperarousal across early childhood predicts elevated symptom
severity for both anxiety and ASD, which is in line with
the “hyperarousal hypothesis” of FXS and clearly documented
negative impact of hyperarousal on multiple domains of function
in non-syndromic populations. The findings of the present
study have several important clinical implications. For example,
diagnostic efforts should account for the potential impact
of hyperarousal on the process and outcome of diagnostic
differentiation in children with FXS. Clinicians should consider
the role that hyperarousal may be playing in behaviors observed
during diagnostic assessments and those reported by parents.
Measurement of hyperarousal during the diagnostic process
may provide complementary insight into risk for anxiety or
ASD symptoms. Additionally, treatment efforts should consider
that physiological hyperarousal might represent a modifiable
factor that could increase behavioral intervention efficacy. For
example, learning to recognize the signs of hyperarousal, directly
monitoring arousal in real time, and incorporating calming
activities into treatment as needed might be effective approaches
to maximizing treatment benefit.

Given that ANS dysfunction, and in particular, attenuated
PNS function, has been shown to impact social-communicative
development specifically (3), hyperarousal in infancy and early
childhood may have detrimental long-term impacts on brain
development and social-communicative functioning. However,
research on non-syndromic ASD has clearly documented that
this developmental period is a prime period for maximum
impact of targeted early intervention (72, 73). Furthermore,
ANS dysfunction may be an especially promising target for
early intervention in FXS, as several treatment methods have
been shown to be effective in improving ANS dysfunction
and ANS-related symptoms in other disorders. For example,
non-invasive transcutaneous vagal nerve stimulation has been
shown to be effective in reducing hyperarousal in veterans
with posttraumatic stress disorder and traumatic brain injury
(74). It is also effective in reducing severity of drug-
resistant epilepsy (75) and major depressive disorder (76,
77), and it has been proposed as a potential treatment
in non-syndromic ASD (78). Additionally, HRV biofeedback
has been shown to be effective in increasing HRV and
decreasing symptoms of depression, anxiety, and insomnia
in patients with major depressive disorder (79–82), though
the cognitive demands of a biofeedback protocol may be
difficult for some children with FXS. The findings of the
present study suggest that hyperarousal is present very
early in development in FXS and has detrimental long-term
consequences. Thus, future studies should investigate the efficacy
of treatment approaches that directly target ANS dysfunction
in FXS.
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The mechanisms underlying the common association between autism spectrum

disorders (ASD) and sensory processing disorders (SPD) are unclear, and treatment

options to reduce atypical sensory processing are limited. Fragile X Syndrome (FXS)

is a leading genetic cause of intellectual disability and ASD behaviors. As in most

children with ASD, atypical sensory processing is a common symptom in FXS, frequently

manifesting as sensory hypersensitivity. Auditory hypersensitivity is a highly debilitating

condition in FXS that may lead to language delays, social anxiety and ritualized

repetitive behaviors. Animal models of FXS, including Fmr1 knock out (KO) mouse,

also show auditory hypersensitivity, providing a translation relevant platform to study

underlying pathophysiological mechanisms. The focus of this review is to summarize

recent studies in the Fmr1 KO mouse that identified neural correlates of auditory

hypersensitivity. We review results of electroencephalography (EEG) recordings in the

Fmr1 KO mice and highlight EEG phenotypes that are remarkably similar to EEG

findings in humans with FXS. The EEG phenotypes associated with the loss of FMRP

include enhanced resting EEG gamma band power, reduced cross frequency coupling,

reduced sound-evoked synchrony of neural responses at gamma band frequencies,

increased event-related potential amplitudes, reduced habituation of neural responses

and increased non-phase locked power. In addition, we highlight the postnatal period

when the EEG phenotypes develop and show a strong association of the phenotypes

with enhanced matrix-metalloproteinase-9 (MMP-9) activity, abnormal development of

parvalbumin (PV)-expressing inhibitory interneurons and reduced formation of specialized

extracellular matrix structures called perineuronal nets (PNNs). Finally, we discuss how

dysfunctions of inhibitory PV interneurons may contribute to cortical hyperexcitability

and EEG abnormalities observed in FXS. Taken together, the studies reviewed here

indicate that EEG recordings can be utilized in both pre-clinical studies and clinical

trials, while at the same time, used to identify cellular and circuit mechanisms of

dysfunction in FXS. New therapeutic approaches that reduce MMP-9 activity and restore

functions of PV interneurons may succeed in reducing FXS sensory symptoms. Future

studies should examine long-lasting benefits of developmental vs. adult interventions on

sensory phenotypes.
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INTRODUCTION

There is a strong association between autism spectrum disorders
(ASD) and sensory processing disorders (SPD). Indeed, the latest
diagnostic criteria for ASD includes atypical sensory function as
a core deficit. Research findings in both humans with ASD and
animal models of ASD suggest that abnormal sensory processing
in early development may lead to a broader array of symptoms
including abnormal anxiety, social, and hyperactive behaviors
(1–5). Despite the association between ASD behaviors and SPD,
little is known about underlying cellular and circuit mechanisms
that links autism to sensory issues. This review focuses on recent
studies of the auditory system in Fragile X Syndrome (FXS),
the most common genetic cause of ASD-associated behaviors
and makes the case that studying basic sensory processing has
multiple advantages in terms of identifying translation-relevant
neural correlates, while at the same time gaining insight into the
circuit mechanisms that lead to symptoms.

FRAGILE X SYNDROME

Fragile X syndrome is a genetic disorder that affects ∼1 in
4,000 males and 1 in 8,000 females (6, 7). FXS results from
the loss of Fragile X Mental Retardation protein (FMRP), an
mRNA binding protein that targets key synaptic pathways.
FMRP is reduced or absent in humans with FXS due to an
expansion and hyper-methylation of CGG trinucleotide repeats
in the promoter region of the FMR1 gene (8). Individuals with
FXS experience a wide array of symptoms including intellectual
impairment, language delays, seizures, repetitive behaviors,
social anxiety, and hyperactivity. Consistently, abnormal sensory
sensitivity (typically hypersensitivity) is seen in humans with
FXS. Approximately 15–33% of individuals with FXS meet
the diagnostic criteria for autism, with ∼5% of autism cases
attributed to FXS (9–12). Many symptoms of FXS and ASD are
similar, suggesting that studies of neural mechanisms in FXSmay
be broadly informative.

WHY STUDY THE AUDITORY SYSTEM IN
FXS?

Both humans with FXS, and a commonly used animal model
of the condition, the Fmr1 knockout (KO) mouse, show
auditory hypersensitivity. Neural circuits involved in auditory
processing, particularly those in the early stages of processing,
are likely to be more conserved across humans and rodents
than circuits involved in social and cognitive symptoms. There
are many similarities between humans and rodents in the basic
organization of the auditory system from subcortical areas to
the primary auditory cortex. There is also a rich history of

Abbreviations: ASD, Autism Spectrum Disorders; Fmr1, Fragile X Mental

Retardation 1 gene; FMRP, Fragile X Mental Retardation Protein; FXS, Fragile

X Syndrome; EEG, Electroencephalography; ERP, Event Related Potential; ITPC,

Inter-Trial Phase Coherence; KO, Knock Out; MMP-9, Matrix Metalloproteinase-

9; P, Post-natal day; PNN, Perineuronal Nets; PV, Parvalbumin; SPD, Sensory

Processing Disorder; STG, Superior Temporal Gyrus; STP, Single Trial Power; WT,

Wild Type.

studying auditory system development. Given that FXS is a
neurodevelopmental disorder, existing knowledge on normal
auditory circuit development provides a strong basis to study
circuits that underlie hypersensitivity. The auditory system and
auditory-related symptomatology offer a translation-relevant
platform to identify clinically-relevant phenotypes and study
circuit mechanisms of deficits in FXS. Indeed, as reviewed below,
studies of auditory cortical processing in humans with FXS and
mouse models have found remarkable similarities across species.

EEG PHENOTYPES RELATED TO
SENSORY PROCESSING IN HUMANS
WITH FXS

Many of the early studies of auditory hypersensitivity in humans
with FXS focused on auditory event-related potential (ERP)
recordings. ERP studies consistently showed enhanced amplitude
of various components (e.g., N1, P2). Enhanced synchrony of
population responses to individual tones is likely responsible
for enlarged N1 component of ERPs observed in humans with
FXS (13–20), which may be generated by specific cell types in
the auditory and frontal cortex (21, 22). A study using MEG
also revealed enlargement of the N100m [the MEG equivalent
of the N1 in EEG (14)]. In addition, the habituation of the
N1 component to repeated tones is reduced in humans with
FXS (17, 23); and the P2 amplitude of the ERP is enhanced in
FXS (18). The similarity in observed MEG and EEG phenotypes
adds further validity to the findings. The increase in N1 and
P2 amplitude may be related to neuroanatomical abnormalities
in the superior temporal gyrus (STG) where the auditory
cortex is located (24), and to white matter enlargement in
the temporal lobe (25). The enhanced N1 amplitude is also
consistent with functional imaging studies that show that the STG
displays higher levels of activation in individuals with FXS (26).
Behavioral auditory hypersensitivity may therefore result from
altered cortical responses to sounds (cortical hyperexcitability)
in humans with FXS. Both enhanced population responses to
sounds and reduced habituation of cortical neurons to repeating
sounds may lead to auditory hyperexcitability (27).

Human EEG Spectral Component Analysis
and Relationship to Clinical Measures
More recent EEG studies in humans have examined spectral
components of baseline and sound-evoked responses to identify
deficits in neural oscillations that are associated with sensory
and cognitive symptoms in FXS. Wang et al. (28) found that
FXS patients (n = 21, mean age = 26.4, range 10–55 yrs)
exhibited greater gamma frequency band power (30–80Hz)
in the resting state EEG compared to age matched controls
(n = 21). There was a reduction in alpha-gamma amplitude
coupling across electrodes in FXS that suggests reduced
top-down cortico-cortical control in FXS (29). The gamma
power abnormality was correlated with social and sensory
processing difficulties as measured with Social Communication
Questionnaire and Adolescent/Adult Sensory Profile scores.
These data are consistent with the reduced alpha-increased
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gamma power trends observed across ASDs (30). Ethridge et
al. (31) replicated the gamma band finding in humans with
FXS (n = 17, mean age = 26.2, range = 11–55) and showed
that abnormalities in gamma power were related to more
severe behavioral and psychiatric features and reductions in
neurocognitive functions. In addition, test-retest data shows
reliability of measures in a third group of humans with FXS (n
= 38, mean age= 25.5, range = 10–53) (18). Taken together, the
resting EEG gamma power and ERP amplitude phenotypes have
been replicated multiple times, with indications of scalability and
retest reliability, which is critical for biomarker development.
Importantly, these data demonstrate a close relationship between
EEG measures and clinical manifestations.

Although elevated gamma power is found consistently,
additional studies are needed to address its relevance. For
example, Wilkinson and Nelson (32) found elevated aperiodic
power in the beta-gamma range (25–50Hz) in a younger
cohort of boys with FXS age 2.5–7 (mean ∼4 yrs). However,
they found no association between gamma power and sensory
hypersensitivity or adaptive behaviors. Rather, they found an
association between elevated gamma power and improved
language ability in boys with FXS, suggesting that the
gamma elevation may reflect compensatory mechanisms in
FXS (33). Given the links between gamma oscillations and
sensory-cognitive functions, and the emerging evidence that
aperiodic gamma power may reflect cortical activation and
excitatory/inhibitory balance in the cortex (34), a comprehensive
quantification of oscillatory and aperiodic gamma power in the
resting EEG needs to be obtained and correlated with clinical
scores across development to properly identify biomarkers for
clinical use. Abnormal periodic and aperiodic gamma power may
serve as specific biomarkers for stratification of patients and
outcome measures for clinical trials.

The gamma power related to local network excitation may
reduce the ability of the neural population to synchronize
periodic gamma band activity. Indeed, Ethridge et al. (31) found
specific deficits in the gamma synchronization by testing the
ability of the neural generators of the EEG signals to phase lock
to dynamic auditory stimuli called “chirp.” The chirp stimulus is
a tone whose amplitude is modulated by a sinusoid of linearly
increased or decreased frequency in the 1–100Hz range. The
ability of the auditory system to phase lock consistently across
trials to the different frequencies (1–100Hz range) in the chirp
is quantified as the inter-trial phase coherence (ITPC). Humans
with FXS including ages in 12–57 range (mean ∼26 yrs) show
reduced ITPC in the 30–50Hz gamma frequencies, but enhanced
non-phase locked baseline broadband gamma power as the chirp
trial was ongoing. These findings were replicated in another study
of control and FXS human subjects (mean∼25 yrs, range 10–53)
at a different clinical site and using different EEG equipment (18)
compared to the Ethridge et al. (31) paper.

The abnormal responses of auditory cortex to sound that
are present from early development may affect communications
and language skills (35, 36). Indeed, humans with FXS
show delays and abnormalities in expressive language skills
[Reynell Developmental Language Scales—Roberts et al. (37)].
Individuals with FXS experience difficulty articulating words,

poor co-articulation, substitutions, and omissions of words,
reduction in the number of intelligible syllables produced,
difficulty sequencing sounds, and echolalia (38–42). Similar
language delays seen in autism may be associated with basic
auditory processing abnormalities in early sensory cortical
regions (43). Schmitt et al. (44) used a “talk/listen” paradigm
and EEG recordings to address possible underpinnings of
the expressive language deficits in FXS. In this task, EEGs
were recorded when the subject either uttered a phoneme
or passively listened to the same phoneme. In a healthy
individual a suppression of ERP component amplitudes is
normally observed when subjects say the phoneme compared
to when they listen to it (so called N1 suppression) with a
negative signal in the EEGs just before the speech sound is
produced (pre-speech negativity). These changes are attributed
to an efference copy from the motor generators to the speech
perception regions of the brain. In contrast, FXS subjects
showed reduced pre-speech negativity and elevated gamma
power in frontal loci that were related to speech intelligibility
when frontal and temporal EEG recordings were compared
between controls and humans with FXS (44). There was also
reduced frontotemporal coherence in the theta-alpha frequency
bands just prior to speech production, but no difference in
N1 suppression was observed during the speech production.
These EEG data suggest that abnormal signaling between
frontal and temporal cortical regions (45) may underlie the
expressive speech deficits in FXS. Elevated gamma power in
the pre-speech time window indicates the gamma phenotype
described above in sensory regions is also seen more broadly,
can be task-related, and may relate to broader cognitive deficits
in FXS.

EEG PHENOTYPES RELATED TO
SENSORY PROCESSING IN ANIMAL
MODELS OF FXS

Recent implementation of new EEG technology for pre-clinical
studies in awake and freely moving mice demonstrated that
similar EEG phenotypes are also observed in animal models of
FXS, mainly Fmr1 KOmice (Table 1) (51, 58). Lovelace et al. (55)
compared EEG recordings between adultWT and Fmr1KOmice
on FVB background and showed elevated baseline gamma power,
reduced phase locking at gamma band frequencies with the
chirp stimuli, enhanced non-phase gamma band power during
the chirp trials and enhanced N1 ERP amplitude. Enhanced
gamma power, enhanced ERP amplitude and reduced gamma
synchronization to chirp are also seen in adult Fmr1 KOmice on
the C57BL6 background (47, 55). In addition, enhanced baseline
gamma power and impaired sound-responses were observed in
young P21–P28 Fmr1 KO mice from both backgrounds (52, 59),
suggesting early development of the abnormal EEG phenotypes.
Interestingly, the Fmr1 KO mice showed a larger increase in
gamma band power during movement (46), suggesting the
possibility that the motor modulation of auditory cortex may
be abnormal in FXS. Although abnormal habituation to sound
was not reported in awake and freely moving mice, earlier EEG
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studies in anesthetized adult Fmr1 KO mice on the FVB strain
showed reduced habituation of N1 with repeated stimulation
(56). This phenotype has not been tested in younger mice or the
C57 strain. While these EEG data were obtained with epidural
screw electrodes, for more immediate translation relevance,
recent studies using a 30-channel skull surface multielectrode
array (MEA) recording technique showed essentially the same
EEG phenotypes in the Fmr1 KO mice (49). The increased
number of recording sites, along with broader spatial coverage
will now facilitate advanced EEG analysis, including cross-
frequency and cross-region analysis in awake and freely moving
mice to more closely relate to high-density human EEG studies.

Similar EEG phenotypes were also observed in the Fmr1 KO
rat model of FXS, which displayed enhanced baseline gamma
band power, reduced alpha power and behavioral hyperactivity
(57). In addition, sound-evoked response, more specifically ITPC
when tested with click trains to elicit an auditory steady state
response, also showed a decrease in the gamma oscillations in the
Fmr1 KO rat. The findings were consistent with reduced ITPC
auditory steady state response observed in the Fmr1 KO mouse
in response to a 40Hz click train (47). Interestingly, studies
in juvenile Fmr1 KO rat visual cortex showed that the typical
switch from higher to lower frequency dominance in cortical
response was impaired when the animal went from an active to
a resting state (53). The high-frequency power remained elevated
in the Fmr1 KO rat compared to the WT counterparts yet again
suggesting abnormal modulation of sensory cortex responses by
movement states. The species similarity (humans, mice, and rats)
in the EEG phenotypes and the specific frequency bands affected
is remarkable, and could prove critically useful in developing
similar outcomemeasures between pre-clinical and clinical trials,
while at the same time facilitate discovery of underlying cellular
and circuit mechanisms, and new therapeutic interventions in
the animal models. Future studies need to validate selected EEG
phenotypes as biomarkers by performing studies on robustness,
scalability, tolerance to settings and equipment and sensitivity to
drug treatments.

SYSTEMS, CIRCUIT, AND CELLULAR
MECHANISMS OF AUDITORY
HYPERSENSITIVITY IN FXS

Considering clinical relevance of the sensory hypersensitivity,
several recent studies are focused on deciphering cellular and
circuit mechanisms underlying it, utilizing both in vivo and
in vitro approaches. Rotschafer and Razak (60) showed that
individual neurons in the auditory cortex of Fmr1 KO mice
responded with more action potentials to tones than inWTmice,
using in vivo single unit recordings. Although the onset responses
were similar across the genotypes, the responses were prolonged
and continued well after sound offset in Fmr1 KO neurons, but
not in WT neurons. This indicates an increased duration of
responses in the Fmr1 KO mouse cortex, and may be related to
the observed increase in baseline corrected single trial power (18,
46) and increase in resting gamma power in EEG responses (46,
50). Rotschafer and Razak (60) also showed that the frequency

tuning receptive field of cortical neurons was broader in the Fmr1
KO mice. This indicates that for the same tone, more neurons
will be synchronously activated in the auditory cortex of Fmr1
KO mice compared to WT mice and may underlie enhanced N1
amplitudes of ERPs, and the larger STG activation in humans
with FXS (26). These increases in neural responses may arise
from abnormal activation of inhibitory neurons (61, 62). In these
studies, an examination of excitatory (E) and inhibitory (I) inputs
to neurons in the somatosensory cortex provides important clues
in terms of underlying circuit mechanisms of cortical neuron
hyper-responsiveness. The strength of cortical E→ E and I→ E
synaptic connections is shown to be relatively normal in the
developing somatosensory cortex of Fmr1 KO mice. However,
cortical E → I synaptic communication is reduced leading
to reduced activation of inhibitory neurons, that may lead to
increased excitation in the network. Local hyperconnectivity
between pyramidal neurons due to deficient pruning may also
lead to increased synchrony and responses in the network (63).

Development of Electrophysiological
Abnormalities in Fmr1 KO Mice
To investigate developmental trajectory of the abnormal
phenotypes, Wen et al. (59) compared neuronal responses to
sound between Fmr1 KO and WT mice and identified the
postnatal (P14–P21) window during which cortical responses
began to diverge in the auditory cortex of Fmr1 KO mice.
Single unit recordings showed that responses were similar in
cortical neurons of WT and Fmr1 KO mice at P14. However,
the responses were larger in the Fmr1 KO cortex at P21.
This indicates that just after hearing onset (∼P10) in mice,
the abnormal development of circuits induced by auditory
experience may underlie cortical hypersensitivity in the Fmr1KO
mice. The Fmr1 KO rat visual cortex, as well, shows a divergence
of responses around the period of eye-opening (53). The P14–
21 developmental window coincides with the age during which
the excitatory and inhibitory connections mature in the mouse
auditory cortex acquiring adult-like characteristics (64, 65).
Perturbation of auditory experience during this window using
tone exposure leads to tonotopic plasticity in the WT mouse, but
such critical period plasticity is disrupted in Fmr1 KO mice (66),
possibly due to impaired stability of long-term potentiation (67).

Disentangling Cortical vs. Subcortical
Contributions to Auditory Hypersensitivity
Besides auditory cortex, FMRP expression is detected across
the entire auditory neuraxis, with the possible exception of
the cochlea (68–70). While the preponderance of studies
in both humans and animal models have focused on the
cortex, both subcortical site abnormalities and/or local cortical
processing abnormalities may contribute to the phenotypes
recorded in the cortex (70–73). Indeed, both the brainstem
and midbrain auditory nuclei show abnormal synaptic markers
and electrophysiological responses. The inferior colliculus shows
broader frequency tuning curves, and enhanced responses to
tones and amplitude modulated sounds (73). As in the cortex,
these abnormalities develop between P14 and P21, a time window
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TABLE 1 | Species similarity in EEG phenotypes.

EEG phenotype Fmr1 KO mouse/rat Humans with FXS

Resting (baseline) EEG gamma band power Increased/increased (46–54) Increased (18, 28, 30, 31)

Non-phase-locked power in the gamma band Increased (47, 48, 50, 52) Increased (18, 30, 31)

ERP N1 amplitude Increased (46, 49, 50, 55, 56) Increased (13, 15, 16, 19)

ERP N1 habituation Decreased (56) Decreased (18, 23)

Phase locking to chirp stimuli in the gamma band (ITPC) Decreased (46–49, 54) Decreased (18, 31)

Phase locking in 40Hz auditory steady state response (ITPC) Decreased/decreased (48, 57) Non tested

Cross-frequency coupling Reduced alpha-gamma coupling (52) Reduced alpha-gamma coupling (28)

The table lists the major EEG findings in rodents and humans that could be used as EEG correlates of sensory hypersensitivity. The direction of change is remarkably similar across

species. ITPC, Inter-Trial Phase Coherence.

during which intracollicular intrinsic inhibitionmatures to adult-
like levels (74). More neurons exhibit cFos immunoreactivity
in response to sounds in the inferior colliculus, indicative of
enhanced cell activation, suggesting that population synchrony
may be elevated in this region. The hyperexcitability of the
inferior colliculus during early development is consistent with the
suggestion that this midbrain region is involved in the generation
of audiogenic seizures, a commonly studied phenotype in Fmr1
KO mice (75). Supporting the role of midbrain in increased
susceptibility to the audiogenic seizures, re-expression of FMRP
in the glutamatergic neurons of inferior colliculus, in the
Fmr1 KO mouse, prevents audiogenic seizures. Conversely,
the deletion of Fmr1 in glutamatergic neurons of the inferior
colliculus triggers audiogenic seizures. These data suggest that
subcortical auditory sites show hyperexcitability, at least during
early development.

While the brainstem and midbrain studies suggest that
cortical hyperexcitability may reflect subcortical abnormalities,
in vitro slice studies also indicate that local cortical processing
may be abnormal. Goswami et al. (76) found that layer 2/3
circuits were hyperexcitable and showed increased gamma power
in layers 2/3 and 5 in auditory cortical slices from Fmr1 KO
mice following optogenetic activation of local circuits. These
studies were consistent with in vivo studies of resting and sound
driven activity and showed increased synchrony between layers
2/3 and 5. Considering that subcortical inputs are absent in
slice electrophysiological studies, these data indicate local cortical
deficits or reflect compensatory plasticity of intrinsic properties
during the development of the mice from which slices were
taken. To investigate the contribution of local cortical deficits in
vivo, Lovelace et al. (47) examined the effects of Fmr1 deletion
only from excitatory neurons in the forebrain using the Nex1
promoter. In this mouse model of FXS, FMRP expression was
normal in the midbrain and thalamus, while cortical excitatory
neurons showed loss of FMRP allowing for an examination of
local cortical abnormalities following FMRP loss. EEG resting
gamma power, and non-phase locked power in sound-evoked
trials were elevated, as seen in global Fmr1 KO mice. However,
the chirp-induced gamma synchronization (ITPC) was normal.
These data indicate that a mixture of local cortical processing
deficits and inherited deficits from subcortical sites lead to the
observed cortical phenotypes, pointing to the need for a balanced

investigation across the auditory neuraxis. Indeed, very little is
known about subcortical auditory responses in humans with FXS.
Interestingly, hyperactive locomotor behavior, but no changes
in anxiety-like behaviors, was observed in mice with forebrain
excitatory-specific Fmr1 deletion, pointing to combined cortical
and subcortical contributions to behavioral deficits in FXS.

Cellular Mechanisms of Auditory
Hypersensitivity in Fmr1 KO Mice—The
MMP-9 Link
Delving more into the cellular mechanisms of abnormal cortical
responses, several studies reported abnormal development and
function of specific GABAergic neuron subtype parvalbumin
(PV)-expressing interneurons. In particular, PV inhibitory
interneurons in the cortex have been implicated in sensory
hypersensitivity and abnormal sensory processing in Fmr1 KO
mice in both visual and somatosensory systems (77–79). Gibson
et al. (61) found a significant reduction in local excitatory drive
on fast-spiking interneurons (putative PV neurons) in layer 4 of
the somatosensory cortex. PV-expressing interneurons provide
synchronous inhibition of multiple neighboring pyramidal cells,
a process that is thought to be important in the generation
of the narrowband gamma frequency rhythm (80–82). These
cells may also be involved in desynchronizing higher frequency
broadband gamma activity, implicating PV cells in the observed
EEG phenotypes in FXS (83, 84). A characteristic structural
feature of PV cells in the cortex is the preponderance of a
specialized extracellular matrix structures called the perineuronal
nets (PNNs) (59). PNNs are thought to increase excitability of
PV cells (85) and thereby increase network inhibition. PNNs
formation around PV cells also coincides with the closure of
critical period plasticity windows in sensory cortices (86–89).

Auditory cortical hyperexcitability in FXS may arise from
abnormal development of PV cells and PNNs during the P14–P21
window, the time window of divergence in cortical responses in
Fmr1KOmice (59). A reduced density of PV-expressing cells and
the numbers of PNN-enwrapped PV cells in the Fmr1 KOmouse
cortex at P21 may affect PV cell function and cortical inhibition.
PNNs are dynamic structures and can be degraded by the activity
of multiple proteases, including matrix metalloproteinase-9
(MMP-9). MMP-9 is a zinc-dependent endopeptidase that is
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found inmany cell types, including neurons and glia (90). Among
a large family of MMPs, MMP-9, MMP-2, andMMP-3 are widely
expressed in the CNS and the expression of MMP-9 is regulated
during development (90).

MMP-9 is a translational target of FMRP (91) and in the
absence of FMRP, there is increased activity of MMP-9 across
multiple brain regions and developmental periods in Fmr1 KO
mice (59, 92, 93). Increased MMP-9 levels and activity were
also observed in FXS human samples (92, 94). In addition,
neural circuit deficits in Drosophila model of FXS were linked
to MMPs and removal of mmp1, that encodes a secreted form
of mmp in drosophila, ameliorated synaptic architecture defects
at the neuromuscular junctions of dfmr1 null mutants (95).
While reduction or loss of MMP-9 expression in Fmr1 KO mice
reduced FXS-like symptoms (59, 92), MMP-9 overexpression in
mice resulted in FXS-like symptoms (94). To test the role of
MMP-9 in abnormal PV and PNN development, Wen et al.
(59) utilized a genetic approach allowing to reduce MMP-9 to
the normal levels in the Fmr1 KO mice. In these mice, not
only PNNs were restored to normal levels, in particular around
PV-expressing cells, cortical tone-driven responses were also
normalized. In addition, abnormal sensory gating as tested with
the pre-pulse inhibition of acoustic startle was also improved
in these mice (93). Interestingly, even a complete removal
of MMP-9 in the Fmr1 KO mice improved ERP habituation
(56). The effectiveness of minocycline treatment in normalizing
abnormal ERP habituation in FXS humans was also linked to the
reduction of MMP-9 activity (17, 96), suggesting that elevated
levels of MMP-9 may contribute to auditory hyperexcitability in
FXS. Increased cortical MMP-9 activity and abnormal PV/PNN
development were also observed in forebrain excitatory neuron-
specific Fmr1 KO mice (47), suggesting a key role of cortical
excitatory neurons in the dysfunction of PV interneurons,
enhanced MMP-9 activity and abnormal PNN development.
The loss of FMRP in excitatory neurons lead to reduced
excitatory innervation of PV cells (61) and PNN loss via
enhanced MMP-9 activity (47), both of which can affect PV
cell functions and cortical inhibition resulting in EEG gamma
band abnormalities. Consistent with the role of PV hypofunction
in cortical hyperexcitability, enhancing PV cell function in the
visual cortex of Fmr1 KO mice corrected orientation tuning of
excitatory neurons and improved mouse performance in a visual
perceptual learning task (78).

Therapeutics to Reduce Sensory
Hypersensitivity
Given the strong evidence linking dysregulation of MMP-9
activity to the development of auditory cortex hyperexcitability,
this pathway may serve as a potential therapeutic target to reduce
sensory hypersensitivity. Minocycline is an FDA-approved
antibiotic and a known inhibitor of MMP-9. Minocycline
treatment in humans with FXS improved ERP habituation
responses (17), and open label studies have shown significant
functional improvements in FXS (97). A randomized placebo-
controlled study of minocycline showed improvement in Clinical
Global Impression Scale compared to placebo and greater

improvement in anxiety and mood-related behaviors on the
Visual Analog Scale (98).

Several studies have also shown benefits of minocycline
treatment in the mouse and the drosophila models of FXS (95).
For example, both minocycline treatment and genetic reduction
of MMP-9 normalized the rate of ultrasonic vocalizations in
Fmr1 KO mice when paired with a receptive female (99, 100).
Minocycline reduced audiogenic seizures, hyperactivity and
anxiety-like behaviors in both young and adult Fmr1 KO mice,
but the effects lasted longer when the treatment was given at
a young age (101). In contrast, adult mice had to be treated
continuously for sustained benefits. These data point to an
important element of treatment design –age of administration.

In addition to the improvements in mouse behaviors, a
10-day treatment of adult Fmr1 KO mice with minocycline
also influenced EEG phenotypes (47). By testing resting EEG,
ERPs, auditory steady state and chirp response ITPC and
non-phase locked power, this study found beneficial effects of
minocycline over vehicle treatment in all phenotypes, except
resting gamma EEG power. Minocycline treatment increased
gamma synchronization in response to auditory stimuli, and
reduced sound-evoked power of auditory ERPs in Fmr1 KO
mice compared to vehicle treatment. Although resting gamma
power was reduced by minocycline, it was also reduced by
vehicle treatment. Because minocycline has multiple targets
besides MMP-9, including apoptotic pathway and microglia, it
is necessary to test more specific inhibitors. Toward that goal,
Pirbhoy et al. (52) tested acute treatment with SB-3CT, aMMP2/9
inhibitor, and demonstrated improved ITPC to auditory stimuli,
enhanced PNN formation, and increased PV levels and TrkB
phosphorylation in the auditory cortex of Fmr1 KO mice.
Importantly, the reduction of MMP2/9 activity also improved
mouse behavior as tested in the open field and elevated plusmaze.
Good sensitivity and reproducibility of EEG recordings provide a
scientific justification for future use of EEG outcome measures
in pre-clinical studies, including translationally relevant MEA
EEG recordings. Jonak et al. (54) showed that an orally active
phosphodiesterase 10A (PDE10A) inhibitor (14-day treatment)
normalized the chirp ITPC in Fmr1 KO mice even at a low
dose (0.5 mg/kg) without causing any sedation or effects on
baseline EEG power. Taken together, these data indicate that
sound-evoked EEG responses may be more sensitive measures,
compared to resting EEG measures, to isolate drug effects from
placebo in humans with FXS. Minocycline or other MMP-9
inhibitors show much promise in reducing sensory issues in FXS
and selecting sensitive outcome measures based on the mouse
EEG data may prove useful in designing statistically powerful
clinical trials.

Kulinich et al. (55) also explored a non-pharmacological
approach in reducing sensory hypersensitivity, in particular,
therapeutic effects of reduced sound exposure during the
P14–P21 developmental period, when auditory cortical
hyperexcitability was first observed. Surprisingly, development
of Fmr1 KO mice in a sound-attenuated environment did not
reduce abnormal phenotypes, and in some cases exacerbated
the symptoms (55). However, cortical correlates of auditory
hypersensitivity were reduced when the mice were exposed
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to repeated tones at a rate of 5Hz during this developmental
window. Development of PV cells and PNNs, dendritic spines,
TrkB phosphorylation and ERP amplitudes were normalized
following the developmental sound exposure. These data
suggest that developmental sound exposure during the critical
period window, and not sound attenuation, may serve as a
potential treatment option either alone, or in combination with
pharmacological approaches.

Summary—Quadruple Hit Model of
Auditory Hypersensitivity in FXS
Auditory hypersensitivity is a highly debilitating and commonly
associated condition in humans with FXS (102). The Fmr1 KO
mouse model of FXS also shows this behavioral phenotype
providing a strong basis for examining mechanisms that may
help to develop new therapeutic approaches in humans. At a
functional level, the remarkable similarities in EEG phenotypes
are evident across humans and rodents, including increased
gamma band resting power, reduced phase locking to time
varying and steady state auditory stimuli but increased non-
phase locked power, increased ERP amplitude and reduced
habituation of ERPs to repeated stimuli (Table 1). The specificity,
reproducibility and sensitivity of these EEG measures provide
a strong rationale for using EEG outcomes in pre-clinical trials
in mice. Importantly, the scalability and clinical correlations
in human EEG work supports widespread use of similar EEG
outcomes in clinical studies to see real-world benefits in humans
with FXS.

Based on studies of the circuit mechanisms underlying
auditory hypersensitivity in FXS, we emphasize a “quadruple
hit” model to explain auditory hypersensitivity: (1) individual
cortical neurons are hyper-responsive to sounds (59, 60);
(2) more cortical neurons respond synchronously to the
same sound (60); (3) habituation of cortical neurons to
repeated/continuous sounds is reduced (56); (4) background
cortical activity is increased (46, 49, 50). These four
phenotypes create a milieu of background noise, particularly
manifesting as elevated broadband gamma noise, above
which cortical neurons need to increase their responses
to improve signal to noise ratio in information transfer.
From a cellular and molecular perspective, recent studies
from our and other groups implicated MMP-9 and PV-
expressing inhibitory interneurons in abnormal circuit
functions that underlie cortical hyperexcitability (47, 52, 59)
as follows:

Loss of FMRP → Increased MMP-9 → Reduced PNNs
around PV cells → Reduced excitability of PV cells → Reduced
inhibition of cortical networks → Abnormal gamma synchrony
and cortical hyperexcitability.

Future Studies
1. The functional deficits in sensory processing may emerge

during specific developmental windows due to abnormal
changes in circuit development providing an opportunity to
target specific circuits for treatments during these windows
(36). Given the vast literature on the critical role of
developmental sensory experience that shapes brain structure

and function over the lifespan, it is highly likely that
early developmental treatments to normalize sensory circuit
development will be most effective. However, it remains to be
tested whether early developmental therapeutic interventions
can normalize sensory processing with long-lasting benefits.
It is also unclear whether early postnatal interventions to
normalize sensory processing will have broader impacts
and prevent abnormal behaviors in humans with FXS,
such as anxiety, impaired social communication, delayed
language function, and hyperactivity. Early reversal of sensory
processing deficits may result in broad-acting benefits, an idea
that remains untested in FXS.

2. There is a significant number of molecular targets considered
as a treatment for FXS (103, 104). However, clinical trials
have either failed or are inconclusive (105), contributing
to mounting frustration in the FXS community. While
very recent studies using phosphodiesterase inhibitors are
promising (54, 106), continued efforts to understand how
multiple pathways implicated in FXS interact, leading to
circuit dysfunction and abnormal behaviors. One earlier
theory suggests enhanced mGluR5-dependent protein
synthesis in the Fmr1 KO mouse model providing a possible
link between over-activated mGluR5 and enhanced protein
translation in neurons lacking FMRP (107). A recent study
also showed a new link between mGluR5 and MMP-9
reporting that deleting or blocking mGluR5 can decrease
MMP-9 activity resulting in an elevated (almost doubling)
number of PNNs in the somatosensory cortex (108). These
data suggest that the increase in mGluR5 activity can lead to
increased MMP-9 activity and PNN loss in FXS, suggesting
a potential link between the mGluR5 and MMP-9 theories
of FXS hyperexcitability. Future studies should explore these
links in greater detail to determine whether MMP-9 acts
downstream of mGluR5 and can be targeted therapeutically
alongside or instead of mGluR5 antagonists, helping to reduce
any buildup of tolerance and side-effects.

3. There is a predominant focus on the neocortex and
hippocampus in studies of FXS and ASD, which is
particularly true in humans. However, our investigations of
the mechanisms of auditory dysfunction in FXS indicate that
the cortically recorded phenotypes may reflect a mixture of
local circuit deficits and subcortical deficits. A systematic
investigation of deficits in subcortical processing and their
developmental time course using transgenic mouse lines and
promoters that allow spatial and cell-type-specific deletion
or re-expression of FMRP could facilitate these studies in
animal models. In humans, frequency following responses
(FFR) which likely originate in the midbrain/brainstem region
(109, 110) can be recorded to identify differential subcortical
processing in FXS and ASD.

4. The ability of early sound exposure, but not sound
attenuation, to reduce cortical hyperexcitability symptoms
suggests that developmental trajectories of atypical sensory
processing need to be investigated across closely spaced
developmental ages. Examination of deficits at a single age or
a small number of ages may miss the main cause of pathology
early on, and only record manifestation of compensatory
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mechanisms (32, 33), which may be indirectly altered by the
genetic mutation and can be beneficial (111–113).

5. The excitement around developments in the field of gene
therapy indicates this approach may allow re-expression
of FMRP in the near future (114, 115). However, our
understanding of the function of FMRP at different ages
remains underwhelming. In particular, it is unclear whether
adults may benefit from FMRP re-expression, or if re-
expression has to occur during embryonic or early postnatal
development. There is no study comparing the developmental
vs. adult effects of FMRP expression in the same model,
using the same outcome measures. One published paper on
this topic showed that acute expression of FMRP in adult
prefrontal cortex is sufficient to elicit normal learning of
adult Fmr1 KO mice in a prefrontal cortex dependent task
(116). Despite the strong evidence for early developmental
abnormalities in FXS, whether targeted interventions at
this age provide long-lasting benefits is also unclear. In
Angelman Syndrome, reactivation of Ube3A at different
developmental time points has a phenotype-specific effect,
but in Rett Syndrome benefits are seen for both early
and late corrections of the deficits (117–119). These data
from other forms of ASD indicate that a systematic study
of effects of FMRP re-expression at different ages, and

using a broad range of structural, functional and behavioral
outcome measures is necessary. The findings reviewed here
indicate that studies of sensory hypersensitivity may provide
a tangible and translationally relevant niche to address these
urgent issues.
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FMR1 premutation is defined by 55–200 CGG repeats in the Fragile X Mental

Retardation 1 (FMR1) gene. FMR1 premutation carriers are at risk of developing a

neurodegenerative disease called fragile X-associated tremor/ataxia syndrome (FXTAS)

and Fragile X-associated primary ovarian insufficiency (FXPOI) in adulthood. In the last

years an increasingly board spectrum of clinical manifestations including psychiatric

disorders have been described as occurring at a greater frequency among FMR1

premutation carriers. Herein, we reviewed the neuroimaging findings reported in relation

with psychiatric symptomatology in adult FMR1 premutation carriers. A structured

electronic literature search was conducted on FMR1 premutation and neuroimaging

yielding a total of 3,229 articles examined. Of these, 7 articles were analyzed and are

included in this review. The results showed that the main radiological findings among

adult FMR1 premutation carriers presenting neuropsychiatric disorders were found on

the amygdala and hippocampus, being the functional abnormalities more consistent and

the volumetric changes more inconsistent among studies. From a molecular perspective,

CGG repeat size, FMR1 mRNA and FMRP levels have been investigated in relation with

the neuroimaging findings. Based on the published results, FMRP might play a key role in

the pathophysiology of the psychiatric symptoms described among FMR1 premutation

carriers. However, additional studies including further probes of brain function and a

broader scope of psychiatric symptom measurement are required in order to obtain

a comprehensive landscape of the neuropsychiatric phenotype associated with the

FMR1 premutation.

Keywords: FXAND, neuropathology, FMR1 premutation, neuroimaging, functional studies

INTRODUCTION

Fragile X premutation carriers is defined by 55–200 CGG repeats in the Fragile X Mental
Retardation 1 (FMR1) gene, whilst the full mutation is caused by >200 CGG repeats. Two
major conditions associated with the FMR1 premutation have been well-established: the fragile
X-associated Tremor/Ataxia Syndrome (FXTAS) and the fragile X-associated Primary Ovarian
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Insufficiency (FXPOI) [reviewed in (1)] FXTAS is a late
onset neurodegenerative condition, and it is seen in around
40% of male premutation carriers and 16% of females (2).
FXPOI is characterized by menopause before age 40 and it is
seen in around 20% of women with the FMR1 premutation
(3). Nevertheless, a broader clinical spectrum of symptoms,
including psychiatric, sleep, and autoimmune conditions, has
been described among FMR1 permutation carriers (4). Although
the extent of all this group of conditions needs further
delineation, in order to bring recognition to these problems,
different names were proposed. Hagerman et al., proposed
fragile X-associated Neuropsychiatric Disorders (FXAND) and
the European Fragile X Network (EFXN) proposed to name them
Fragile X-associatedNeuropsychiatric Conditions (FXANC), and
Fragile X Various Associated Conditions (FXVAC) to cover other
physical conditions associated with the FMR1 premutation (51).

FMR1 premutation main neuropsychiatric disorders in
adults include anxiety and depression and, to a lesser
extent, obsessive compulsive disorder (OCD), attention-
deficit/hyperactivity disorder (ADHD), and substance abuse.
Although most prior work has been performed examining
different neuropsychiatric aspects in separate study samples,
neuroimaging studies have depicted structural, functional,
and connectivity changes within the brain associated to
neuropsychiatric disorders. In regard to FMR1 premutation
this relationship has been addressed, although with different
approaches and with different population cohorts. Furthermore,
a correlation on how neurostructural and neurofunctional
effects might be associated with molecular aspects of the
FMR1 premutation and psychiatric symptomatology has also
been reported with varying results. This review focuses on
the neuroimaging findings associated with neuropsychiatric
disorders in adult FMR1 premutation carriers. Due to
the wide clinical spectrum of neurological symptoms
associated with the FMR1 premutation, including motor
and cognitive impairment, executive and memory deficits, and
psychiatric symptoms, we believe that a review focusing on the
neuropathology, molecular underpinnings, and neuroimaging
associated with neuropsychiatric findings could help to
untangle the complex physiopathology associated with the
FMR1 premutation.

METHODS

Search Strategy
A review of the literature was conducted. PubMed, Web
of Science, Pschynfo and Cochrane Central Register of
Controlled Trials were searched for eligible studies from 2000
to April 2021. Search terms are listed in Research Algorithm
(Supplementary Table 1) where the complete search strategy
is displayed. Inclusion criteria included FMR1 premutation
carriers, both genders, from 18 to 99 years old and all ethnicities.
As exclusion criteria, the search was only focused on pure
psychiatric symptoms and therefore motor and cognitive
impairments, executive function, or memory deficits were
not considered.

Study Eligibility Criteria
Eligible qualitative studies were those that matched
neuroimaging findings with psychiatric symptomatology in
FMR1 premutation carriers. The type of studies selected were
those of any design published in peer-reviewed academic
journals with abstract available. Conference proceedings, theses,
case reports and case series were excluded, and review articles,
non-English articles, and studies on animal models were not
considered (for a graphical summary of the selection procedure,
see Figure 1).

After establishing and applying the inclusion criteria, two
researchers (A. EM and L.RR) separately read the titles of the
papers retrieved in the search and examined the structured
abstract of the selected articles. Seven studies that described
the relationship between neuroimaging and neuropsychiatric
findings in adult FMR1 premutation were selected. All potential
differences in interpretation between the reviewers were
discussed to ensure that all the articles reviewed presented a
satisfactory level of evidence.

This study is a review of previously published data and, as
such, does not require ethics approval. The data were not used
for any purpose other than those of the original study, and no
new data were collected.

RESULTS

Synthesis of Qualitative Studies
A total of 3,229 studies were identified from the initial search.
After de-duplication and initial screening, 1,933 full-text articles
were assessed for eligibility and 7 were included in this review
(Figure 1, Table 1) (5–11).

Represented in these manuscripts were views from 413 study
participants (244 FMR1 premutation carriers and 169 control
individuals) from 2 countries (UK, USA). Participants included
adult men and women ranging in age from 18 to over 79 years.
FMR1 premutation carriers were recruited through screening of
pedigrees of probands with FXS with a CGG repeat size ranging
from 55 CGGs to 199 CGGs. All subjects who participated in
Koldewyn et al. (6) also participated in the Hessl et al. (5) study
and, therefore, were counted only once. Such relation was not
mentioned in the rest of the studies. One study (11) included 3
FMR1 premutation mosaic participants and 1 intermediate allele
participant within the premutation group and, thus, was not
considered when evaluating the CGG range (Table 2).

All but one of the seven studies were performed in male
population, whereas only one included both male and female
permutation carriers. Four of them used functional magnetic
resonance imaging (fMRI), five of them used volumetric
measures and one used voxel-based morphometry. It is
important to note that comorbid medical and psychiatric
conditions, such as the mood of participants when performing
tasks, were not considered, or at least not mentioned in any of the
reviewed studies. Moreover, some of the participants enrolled in
the studies were medicated with different drugs (Table 2), which
might act as a potential confounding factor, and finally had an
effect on the neuroimaging findings.
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FIGURE 1 | Diagram for identification and selection of studies.

The synthesis of the 7 neuroimaging studies identified the
amygdala and the hippocampus as the two major brain areas
involved with FXAND. Table 3 summarizes results reported in
the 7 studies.

Amygdala
The relationship between both the amygdala function and
volume with psychological symptoms has been evaluated in
several studies.

Regarding the amygdala function, male premutation carriers
without FXTAS have been found to have decreased amygdala
activation to emotional inputs which correlate with an increase
of psychological symptoms. In 2007, Hessl et al. (5) described
a negative correlation between psychological symptoms and
amygdala activation compared to controls during an fMRI
task consistent in passively viewing fearful vs. scrambled faces.
Moreover, they also found that FMR1 premutation participants

had decreased potentiation of the eye blink startle reflex to
fearful faces, which is an indirect evidence of reduced amygdale
activation, and diminished skin conductance response during a
brief social stressor; evidencing reduced sympathetic activation.
Similarly, Hessl et al. (9) described a negative correlation between
higher ratings of autism spectrum symptoms and reduced left
amygdala activation during an emotion processing fMRI task.

The reduced amygdala activation in FMR1 premutation
carriers has been associated with abnormal elevation of FMR1
mRNA (5) and in particular, with reduced FMRP levels (9).

As for the amygdala volume and its correlation with
psychological symptoms, results are controversial. While some
studies did not find differences between groups in the amygdala
volume and psychological symptoms (measured on the SCL-90-
R) or cognitive ability (based on full scale IQ) (5, 10), others
reported higher ratings of autism spectrum symptoms correlated
with smaller bilateral amygdala volume (9). Additionally,
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TABLE 1 | Summary of the reviewed studies.

Author and

Year

Participants Cognitive test Psychological test Molecular measures Imaging (MRI) Other

Hessl et al. (5) 12 FMR1 premutation males

without FXTAS

13 male controls

WAIS-III SCL-90-R CGG repeat size

FMR1 mRNA

Amygdala volumes

Total cranial volume

Total brain volume

fMRI face processing task

Eye blink response to fear-

potentiated startle (EMG

activity of orbicularis oculi)

Skin conductance during

social greeting

(electrodermal electrodes)

Koldewyn

et al. (6)

11 FMR1 premutation males

without FXTAS

11 male controls

WAIS-III SCL-90-R CGG repeat size

FMR1 mRNA

fMRI recall task

Total brain volume

Hippocampal volume

-

Adams et al.

(7)

16 FMR1 premutation

female with FXTAS

17 FMR1 premutation

female without FXTAS

8 female controls

34 FMR1 premutation male

with FXTAS

21 FMR1 premutation male

without FXTAS

30 male controls

WAIS-III SCL-90-R CGG repeat size

FMR1 mRNA

methylation status

activation ratio

Total brain volume

Hippocampal volume

FXTAS clinical staging

Hashimoto

et al. (8)

31 FMR1 premutation male

with FXTAS

24 FMR1 premutation male

without FXTAS

28 male controls

Behavioral Dyscontrol Scale

2

Working Memory Score of

the WAIS-III

SCL-90-R CGG repeat size

FMR1 mRNA

Voxel-based morphometry

analysis

FXTAS clinical staging

Hessl et al. (9) 23 FMR1 premutation male

without FXTAS

25 male controls

WAIS-III Autism Diagnostic

Observation Schedule

Module 4 SRS (adult

version)

CGG repeat size

FMR1 mRNA

methylation status

FMRP levels

Amygdala volume

Total cerebral volume

fMRI targeting the amygdala

with an emotion processing

task and concurrent

infra-red eye tracking

-

Selmeczy

et al. (10)

49 FMR1 premutation male

without FXTAS

48 male controls

WAIS-III SCL-90-R CGG repeat size

FMR1 mRNA

Amygdala volume

Total cerebral volume

-

Brown et al.

(11)

17 FMR1 premutation male

without FXTAS

17 male controls

KBIT SCL-90-R

AQ

EQ

Ekman Faces Test

(version 1.0)

CGG repeat size Emotional processing fMRI

task to examine the

response to a change in

emotional arousal

-

SCL-90-R, Symptom Checklist-90—Revised; WAIS-III, Wechsler Adult Intelligence Scale (Third Edition); KBIT, Kaufman Brief Intelligence Test (Second Edition); AQ, Autism Spectrum Quotient; EQ, Empathy Quotient; SRS, Social

Responsiveness Scale.
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TABLE 2 | Study participant characteristics.

Study

(Country)

Control population FMR1 premutation

Number of

participants

Age (years

old)

Ethnicity CGGs

repeat size

Medical

history

Number of

participants

Age (years

old)

Ethnicity CGGs

repeat size

Medical

history

Hessl et al. (5)

(USA)

N = 11 (all

men)

26–55 2 Hispanic

1 East Indian

8 Caucasian

17–32 Neurological

examination

normal

1 participant

on venlafaxine

and buproprion

N = 11 (all

men)

28–56 2 Hispanic

9 Caucasian

57–166 Neurological

examination

normal

2 participants

on amitriptyline

Koldewyn

et al. (6) (USA)

Same participants as Hessl et al. (5)

Adams et al.

(7) (USA)

N = 38 (8

females, 30

males)

Female:

50.63 ±

11.43 (mean

± SD)

Male: 57.20

± 14.12

(mean ± SD)

NA Female: 32 ±

6.89 (mean ±

SD)

Male: 28.42

± 4.82 (mean

± SD)

No significant

difference in

psychotropic

medication

taken

N = 88 (16

female with

FXTAS, 17

Female

without

FXTAS, 34

male with

FXTAS, 21

male without

FXTAS)

Female with

FXTAS: 57.50

± 12.46

(mean ± SD)

Female

without

FXTAS: 44.94

± 11.23

(mean ± SD)

Male with

FXTAS: 66.44

± 6.77 (mean

± SD)

Male without

FXTAS: 52.38

± 12.11

(mean ± SD)

NA Female with

FXTAS: 95.19

± 14.18

(mean ± SD)

Female

without

FXTAS: 96.40

± 20.17

(mean ± SD)

Male with

FXTAS: 92.76

± 18.86

(mean ± SD)

Male without

FXTAS: 88.52

± 32.33

(mean ± SD)

75% of

females with

FXTAS and

41.2% of

males with

FXTAS on

psychotropic

medication

Hashimoto

et al. (8) (USA)

N = 28 (all

men)

40–79 NA 17–34 Neurological

examination

normal

N = 55 (31

male with

FXTAS, 24

male without

FXTAS)

Male with

FXTAS:

47–79

Male without

FXTAS: 41–78

NA Male with

FXTAS:

59–130

Male without

FXTAS: 55–

166

NA

Hessl et al. (9)

(USA)

N = 25 (all

men)

30.12 ± 7. 5

(mean ± SD)

68.5%

Caucasian

19–33 Neurological

examination

normal 33.3%

Psychoactive

medication

N = 23 (all

men)

32.95 ± 8.89

(mean ± SD)

82.6%

Caucasian

55–199 Neurological

examination

normal

28.6%

Psychoactive

medication

Selmeczy

et al. (10)

(USA)

N = 48 (all

men)

19–76 NA 17–42 Neurological

examination

normal

N = 49 (all

men)

18–78 NA 55–199 Neurological

examination

normal

Brown et al.

(11) (UK)

N = 17 (all

men)

24–68 NA 19–40 Neurological

examination

normal

N = 17 (all

men)

24–68 NA 58–185 3

premutation

mosaic (150

± 5; ∼200 ±

10), (133,

156; 198 ±

10), (148 ± 5;

∼200) 1

Intermediate

allele

(50 CGGs)

Neurological

examination

normal

Hashimoto et al. (8) demonstrated that increased levels of
obsessive–compulsiveness and depression in male premutation
carriers was associated with gray matter loss in the left amygdala
evaluated by voxel-based morphometry. A plausible explanation

for these discordant results might be the different neuroimaging

methods used in each study. Whereas, Selmeczy et al. (10) used
both 1.5 and 3.0 Tesla MRI, the study conducted by Hessel et al.
(9) only used a 3.0 T structural imaging.

Interestingly, even though Selmeczy et al. (10) found no
difference between groups in the amygdala volume, a significant
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TABLE 3 | Summary of the psychological, neuroimaging and molecular findings reported in FMR1 premutation carriers compared to control population in the papers

reviewed.

Study Psychological findings Neuroimaging findings Molecular findings

Hessl et al. (5) Diminished autonomic responsivity to

social–emotional stimuli

Diminished amygdala activation

No differences in amygdala volume

Positive correlation with increased FMR1

mRNA levels

Koldewyn

et al. (6)

Significantly worse performance on an

immediate memory recall test but not on

the in-scanner recall task 24 h later

Reduced left hippocampal activation and

increased right parietal activation

No differences in hippocampal volume

Positive correlation with increased FMR1

mRNA levels

No significant correlation with the CGG

repeat number

Adams et al.

(7)

Increased psychological symptoms in

FMR1 premutation carriers with FXTAS

(obsessive–compulsive behaviors,

somatization and anxiety)

Significant negative correlations between

hippocampal volume and psychological

symptoms

Negative correlation between CGG repeat

size and total and left hippocampal volume

in males with FXTAS.

Negative correlation between CGG repeat

length and right hippocampal volume in

females with FXTAS

Positive correlation between FMR1 mRNA

levels and left hippocampal volume in

female carriers without FXTAS.

Hashimoto

et al. (8)

Increased levels of

obsessive–compulsiveness and

depression

Poor working memory performance

Gray matter loss in the left amygdala

Decreased gray matter in the left inferior

frontal cortex and anterior cingulate cortex

Significant negative effect of CGG repeat

size on gray matter density in the

dorsomedial frontal regions

Hessl et al. (9) Higher ratings of communication and

reciprocal social behavior symptoms of

autism spectrum disorder (althought not

significant)

Significantly smaller left and right amygdala

volume during an emotion-matching task

Reduced right amygdala activation during

the task

Reduced FMRP as the primary factor

involved in alterations of brain activity and

behavior

Selmeczy

et al. (10)

No difference on the global severity index

score of the SCL-90-R

No significant differences in amygdala

volume

Significant negative correlation between

amygdala volume and CGG repeat

expansions was found in the lower, but not

in the higher, range of CGG repeat

expansions

Brown et al.

(11)

Significantly worse symptoms of

neuropsychiatric symptomatology of

obsessive-compulsiveness, anxiety, global

psychiatric severity and positive symptom

distress levels

Higher levels of autistic traits

Impaired facial emotion recognition

Significantly lower activation at the bilateral

superior parietal lobes, bilateral Brodmann

Area (BA) 17 (primary visual cortex), right

intraparietal area and right BA18 (visual

association area) when comparing high

and low arousal conditions

Not examined

negative correlation was found between amygdala volume
and the lower range of CGG repeat expansion (CGG≥55
and <85), but not in the higher range of CGG repeat
expansion (CGG≥85). This observation raises the intriguing
possibility that different molecular mechanisms could be
affecting the brain structure, and potentially the function, in
FMR1 premutation carriers depending on the CGG repeat
expansion size.

Hippocampus
The relationship between psychological symptoms and
hippocampal function and volume in FMR1 premutation
carriers has also been examined.

Reduced hippocampal activation during an fMRI memory
recall task has been associated to psychiatric symptomology in
FMR1 premutation male carriers without FXTAS (6). Moreover,
this reduction was found in association with parietal over-
activation, which might be a feedback effect to compensate the
decreased hippocampal involvement, and abnormal elevation of
FMR1mRNA.

A hippocampal volume effect has been associated with FMR1
premutation, albeit some inconsistent findings. While Jäkälä
et al. (12) found reduced volumes; Loesch et al. (13) described
increased volumes in this region in premutation carriers. On the
other hand, Koldewyn et al. (6) did not find hippocampal volume
effects associated with the premutation. The lack of consistent
findings between these three studies may be due to specific cohort
effects, especially if these cohorts included participants with and
without FXTAS.

To our knowledge, only two papers explored the relationship
between psychological measures and hippocampal size. While
Koldewyn et al. (6) did not find hippocampal volume
differences, Adams et al. (7) found a significant negative
correlation between total hippocampal volume and anxiety
in female carriers with and without FXTAS. This association
seemed to be mainly driven by the right hippocampus
since correlations were stronger. The association in male
permutation carriers was weaker and was only significant
for one of the psychological problems assessed (paranoid
ideation). Furthermore, they found a negative correlation
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between CGG repeat size and total and left hippocampal volume
in males with FXTAS and a similar correlation with CGG
repeat length and right hippocampal volume in females with
FXTAS (7).

Other Findings
The selected studies also showed other structural findings
in FMR1 premutation carriers, even though there was no
correlation with psychological symptoms. First, total brain
volume has been found to be significantly decreased in older
permutation carriers (13). Secondly, gray matter loss has also
been examined in several studies: all of them evidencing reduced
density in several brain regions in the permutation group. In
this regard, Hashimoto et al. (8) reported significant gray matter
loss in medial temporal lobe structures and cerebellar areas, such
as the vermis lobule VII, and the cerebellar hemisphere lobule
IX, as well as in multiple regions outside the cerebellum that
have been related with several psychiatric conditions. Although
significant loss was found when comparing the permutation
group with controls, the correlation analysis failed to show
significant association between all these areas and psychiatric
problems in FMR1 premutation carriers. Finally, Brown et al.
(11) found that permutation carriers exhibited significantly lower
BOLD activation compared to controls at the bilateral superior
parietal lobe, bilateral Brodmann Area (BA) 17 (V1) (primary
visual cortex), right intraparietal area, and right BA18 (V2)
(visual association area), when comparing high and low arousal
conditions. However, no correlations were found between more
psychiatric symptoms and higher levels of autistic traits observed
in carriers and BOLD activation at the emotional processing
fMRI task.

Study Limitation
Overall, the studies herein reviewed provided valuable
neuroimaging data of brain abnormalities in FMR1 premutation
carriers related to neuropsychiatric disorders. However, the
majority of them were conducted on small sample sizes of
groups, which might have limited detection of true significances.
Moreover, some of them included FMR1 premutation carriers
with FXTAS which might also influence significant results.
In addition, the neuroimaging methods used were different,
which makes it difficult to compare results. It should also
be noted that fMRI is a complex technique that can be
influenced by many factors such as the paradigm design (the
manner of stimulating the brain in order to obtain meaningful
information), magnetic field strength,MRI acquisition parameter
and subject collaboration. Furthermore, the parameters that
have an influence in blood flow and oxygenation have an
impact on fMRI signal and, overall, fMRI has a challenging
data interpretation (14). Finally, there are several variables
that have to be taken into account as potential confounding
factors in all the studies reviewed. Aspects such as comorbid
medical conditions, medication taken by the participants
(psychotropic or psychoactive) or unmeasured (unobserved)
factors, such as the mood or the stress of participants, could
have influenced the results. The reviewed studies were aware
of these aspects and tried to minimize their effect by matching

FMR1 premutation and control groups, although this was not
always possible.

DISCUSSION

FMR1 premutation carriers are at risk of developing an
adult-onset neurodegenerative disorder named FXTAS (20). In
addition, several studies reveal that young FMR1 premutation
carriers are at increased risk for psychiatric conditions, memory
problems and executive deficits (15–18). Indeed, brain function
is also affected by FMR1 premutation status in relatively young
premutation carriers without FXTAS who demonstrate no overt
neurological symptoms (5, 6, 9, 11). Contrary to movement-
related neurodegeneration, which increases over time, emotional
symptoms seem to be consistent over the lifespan in FMR1
premutation carriers; suggesting a neurodevelopmental origin,
different from the neurodegeneration seen in FXTAS (7, 11,
19).

FMR1 premutation carriers have elevated levels of FMR1
mRNA and can also have some degree of FMR1 protein (FMRP)
deficiency, mainly at the high end of the FMR1 premutation
range (20). FMRP is an RNA binding protein that regulates
the translation of many gene products and has been implicated
in dendritic maturation and in the formation of axons and
myelin (21–23). In fact, FMRP activity is regulated in response
to neuronal activity, and is an important mediator of synapse
development, synaptic plasticity, learning andmemory (reviewed
in (52)). The mRNA targets of FMRP have received additional
attention due to their enrichment for genes harboring risk
to psychiatric disorders (24). Recently, Clifton et al. (52) has
reported that a substantial proportion of FMRP targets have
functions related to synaptic activity, anatomy or development.
The association between synaptic plasticity and psychiatric
disorders has been well-established with several genetic and
functional studies describing the relevance of imbalanced of
excitation and inhibition (25). FMRP levels have been reported
to be reduced in FMR1 premutation brains of a mouse model
(26), as well as in patients with psychiatric disorders such as
autism, schizophrenia, bipolar disorder, and major depressive
disorder (27). Whilst some studies had found a relationship
between FMR1 mRNA levels and psychiatric symptomology or
brain function in FMR1 premutation carriers (5, 6, 28), others
have pointed out a stronger relationship with reduced FMRP
levels (9). Taking into consideration the importance of FMRP in
normal neurodevelopment and its association with psychiatric
disorders, there is the possibility that moderate reductions in
FMRP levels could play a role in the behavioral dysfunction seen
in FMR1 premutation carriers.

Both structural and functional changes in the hippocampus
and amygdala have been found to be altered in FMR1
premutation carriers and some studies have proved a relationship
between such changes and psychiatric symptomatology (5–
9). However, while functional changes have been consistently
reported (5, 6, 9, 11), volumetric measures showed some
inconsistent results, with some studies showing increase,
decrease, or no significant differences between hippocampal
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and amygdala volumes or voxel density in FMR1 premutation
carriers (6, 10, 12, 13, 29–31). The lack of consistent findings
between studies may be due to a cohort effect either in the
size, the inclusion of participants with and without FXTAS,
gender of participants or differences in the CGG repeat size.
Moreover, technical aspects such as the volumetric techniques
used, the image quality or segmentation technique followed
might also contribute to explain discrepancies. However, and
in consonance, findings of amygdala and hippocampal volumes
in mood disorders such as depression or anxiety in non FMR1
premutation carriers have also been conflicting, with some
studies reporting positive, negative and no associations (32–46).

Although an association between the above described
structural and functional changes and molecular aspects of the
FMR1 pemutation carriers has been proven in some of the studies
reported (Table 3), there is still need to better define them.
What does seem certain, and evidence points to it, is that the
limbic system is a brain structure particularly susceptible to RNA
toxicity. During normal fetal development, the hippocampus is
one of the areas in which FMR1 transcription is the highest (47)
and in adult human brain, the hippocampus demonstrates one
of the highest expression rates of FMR1 mRNA (48). Similarly,
FMR1 mRNA levels are disproportionately increased in the
amygdala of FMR1 premutation carriers (48, 49). Moreover,
in post-mortem brain studies of male FMR1 premutation
carriers with FXTAS, it has been shown that, compared to
other brain areas, the hippocampi harbors high density of
intranuclear inclusions (22, 23). Additionally, the knock-in
mouse model of the FMR1 premutation showed a significantly
reduced FMRP expression in several brain regions, including the
hippocampus (50).

Future studies with larger and more homogeneous sample
size are needed in order to increase statistical power and
validate such findings. Furthermore, longitudinal studies will
be needed to evaluate progression of the neuroimaging and
clinical findings. In addition, looking for modifying factors,
either predisposing or protective factors, able to modulate
neuroimaging, and clinical symptomatology is a key point for
the knowledge and understanding of the disease. It is also crucial
to clarify the metabolic causes of brain toxicity and to identify

early presymptomatic brain changes that precede, but which
are ultimately associated with neuropsychiatry disorders. Finally,
further investigations that include quantitative measurements of
molecular changes will be of great interest in order to clarify
the relative roles of increased FMR1 mRNA and FMRP protein
changes in the Fragile X-associated phenotypes.

Overall this review would like to encourage all FMR1
research groups furthering investigating the neuropsychiatric
involvement in FMR1 premutation with testing other brain
systems, with additional probes of brain function and a broader
scope of psychiatric symptom measurement. The combination
of all these missing data would help to obtain a comprehensive
landscape of the neuropsychiatric phenotype associated with the
FMR1 premutation
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Fragile X Syndrome (FXS) is the most frequent cause of inherited intellectual disabilities

and autism spectrum disorders, characterized by cognitive deficits and autistic

behaviors. The silencing of the Fmr1 gene and consequent lack of FMRP protein, is the

major contribution to FXS pathophysiology. FMRP is an RNA binding protein involved

in the maturation and plasticity of synapses and its absence culminates in a range of

morphological, synaptic and behavioral phenotypes. Currently, there are no approved

medications for the treatment of FXS, with the approaches under study being fairly

specific and unsatisfying in human trials. Here we propose peptides/peptidomimetics

as candidates in the pharmacotherapy of FXS; in the last years this class of molecules

has catalyzed the attention of pharmaceutical research, being highly selective and

well-tolerated. Thanks to their ability to target protein-protein interactions (PPIs), they

are already being tested for a wide range of diseases, including cancer, diabetes,

inflammation, Alzheimer’s disease, but this approach has never been applied to FXS.

As FXS is at the forefront of efforts to develop new drugs and approaches, we discuss

opportunities, challenges and potential issues of peptides/peptidomimetics in FXS drug

design and development.

Keywords: Fragile X syndrome, targeted therapy, peptides, peptidomimetics, drug development

INTRODUCTION

Fragile X syndrome (FXS) was first described in 1943 and it is now established as the most
common cause of inheritable intellectual disabilities (ID) (1). The molecular cause of FXS is
the extensive repeat expansion of a CGG triplet (200 repeats in the full mutation) in the 5

′

untranslated region (UTR) and consequential hypermethylation of the Fmr1 gene, finally leading
to transcriptional silencing of the fragile X mental retardation protein (FMRP) (2–4). A small
proportion of individuals affected by FXS with different levels of severity show deletion or point
mutation in the Fmr1 gene, that in turn cause the complete loss of FMRP or the production of a
functionally deficient protein (5–7).

This disease affects 1:4,000 males and 1:6,000–8,000 females (8, 9) showing symptoms from
moderate to severe ID (10). The clinical picture of the syndrome is complex; FXS phenotype
displays characteristics in common with autism spectrum disorder (ASD) and attention deficit
hyperactivity disorder (ADHD), with general anxiety, social avoidance and hyperactive behaviors
(11–13). Seizures, recurrent otitis media, strabismus and obesity are also often occurring in patients
affected by FXS. Besides, about 10% of males with FXS display a Prader-Willi like phenotype (14).
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The physical features of FXS comprehend elongated face, broad
forehead, high palate, prominent ears, hyperextensible finger
joints, flat feet and macroorchidism (15). All these behavioral,
phenotypical and clinical characteristics of FXS, are due to
the lack of FMRP, a well-characterized RNA-binding protein,
showing crucial functions mainly related to mRNAs metabolism
(16). Its main role is represented by the translational repression
of numerous key mRNAs in pre- and postsynaptic neurons (17,
18). The FMRP deficiency results in increased protein synthesis,
causing the upregulation of several signaling effectors, such as
excitatory metabotropic glutamate receptor (mGluR) (19, 20), α-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptor (21), extracellular signal-related kinase (ERK1/2) (22–
24), matrix metalloproteinase 9 (MMP-9) (25–27), brain-
derived neurotrophic factor (BDNF) (28, 29), and mammalian
target of rapamycin (mTOR) (30, 31). Moreover, functional
impairment in gamma-aminobutyric acid (GABA) receptor and
in the endocannabinoid system have been also documented
in FXS (32–34). In healthy conditions all these machineries
orchestrate neurotransmission and local protein synthesis that
impact synaptic plasticity, learning and memory. Hence, in
FXS pathology, the lack of FMRP leads to increased protein
synthesis with a direct effect on dendritic spine dysgenesis and
cognitive disabilities (9, 17), causing the majority of the FXS
symptoms. Evidences from Fmr1 knockout (KO) mice and from
human post-mortem brain biopsies showed increased amount
and length of dendritic spines, with an immature profile (35–37).

FMRP inhibits translation initiation through its interactions
with eIF4E (Eukaryotic translation Initiation Factor 4E) and
CYFIP1 (Cytoplasmic FMRP Interacting Protein 1) (4, 7, 38–
40). eIF4E is the cap-binding protein known to be activated
by the interaction with the scaffold protein eIF4G (Eukaryotic
translation Initiation Factor 4G) or inhibited by 4E-binding
proteins (4E-BPs), these last being a well-characterized group
of proteins that repress protein synthesis (41, 42). The 4E-
BPs and eIF4G compete for the same binding site on the
eIF4E surface; thus, 4E-BPs inhibit the eIF4E-eIF4G complex
formation by sequestering the unbound eIF4E (43, 44). CYFIP1
belongs to the 4E-BPs family and in neurons, mainly at synapses,
the FMRP-CYFIP1-eIF4E inhibitory complex regulates protein
synthesis during synaptic activity, playing a pivotal role in
the modulation of long-term synaptic plasticity at synapses
(18, 38). Moreover, the CYFIP1 paralog CYFIP2 is itself able
to interact with FMRP and with the FMRP-related proteins
FXR1P/2P, which are cytoplasmatic proteins that share with
FMRP the functional domains deputed to promote homo- and
heteromerization (45, 46).

CURRENT STRATEGIES IN FXS
TREATMENT

Recently, strong effort was dedicated to develop specific FXS
pharmacological treatment that can lead to a possible cure, or at
least alleviate symptoms (47–51). The most promising or studied
treatments for FXS are listed in Table 1. However, although
several therapeutic approaches are being tested on different FXS

animal models (i.e., Fmr1 KO mouse, rat and zebrafish; dFmr
null mutant fly) and patients over the years, an approved and
successful curative therapy for FXS is missing to date, and the
management of the clinical aspects of the syndrome continue to
focus on symptomatic treatment of psychiatric and behavioral
problems, rather than the molecular causes (49, 50, 52).

One of the first approaches that was suggested for FXS
treatment was the Fmr1 gene activity restoration through changes
in the DNA methylation levels and epigenetic modifications (53,
54). Although different compounds were tested and successfully
achieving in vitro reactivation of the Fmr1 gene, such as 5-
azadeoxycytidine (5-azadC) (53), this strategy has not been
tested with in vivo studies due to safety problems related to
low reactivity and high toxicity of these chromatin-modifying
enzymes inhibitors (55). Similarly, another strategy involves
the use of non-coding RNAs to affect DNA methylation state
and histones modification (56). Based on the promising results
obtained in cancer and other diseases (57), several miRNAs and
lncRNAs were identified and tested in different FXS models (58–
60), but their potential use in clinical therapy is still far away
similarly to the modern application of gene therapy methods
to restore the Fmr1 gene (61). Indeed, independent groups
demonstrated the possibility to use viral-vectors or CRISPR-
technology, with encouraging results in preclinical FXS models
(62–67); however, the clinical application in patients is being
debated for several undisclosed questions, as safety and brain-
targeted delivery. Regarding this approach it is also important to
consider that the reactivation of the Fmr1 mRNA with the full
mutation could be toxic, as it was demonstrated by a correlation
detected between the Fmr1 mRNA levels in blood and more
severe autism features (68).

However, since several compounds are used to treat behavioral
and mental problems, such as stimulants or antipsychotics
(69), the majority of pharmacological efforts are employed to
compensate the absence of FMRP. Among targeted treatment
for FXS, several focused on the neurotransmission imbalance
associated with FXS. Particular attention has been dedicated
in testing the group 1 metabotropic glutamate receptors
5 (mGluR5) antagonists, such as AFQ056/Mavoglutarant,
Fenobam, MPEP, STX107, CTEP, RO4917523 (9, 10, 17, 19),
and GABA receptors (GABAa and GABAb) agonists (70). In
Fmr1 KO mice these agents showed improvement of several
FXS features, including better behavioral abilities, restoration
of normal levels of dendritic spines and reduction in protein
synthesis (9, 17, 69). Despite these positive results, the transition
from animal to human model did not give the same encouraging
outcomes, since most of clinical trials failed (71, 72). The high
placebo response and the imprecise design and methodology of
the trials were the major causes of failure.

Most of drugs tested in FXS pharmacotherapy are compounds
already employed or approved for other disorders. Sertraline
is a serotonin reuptake inhibitor approved for treating anxiety
and mental disabilities in young children and tested in
Fmr1-KO mouse model. Sertraline normalizes serotonin and
dopamine levels, with a rescue on synapse and dendritic
formation (73, 74). Even in FXS patients, Sertraline showed
favorable results, as several studies demonstrated improvements
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in language, anxiety and social conduct (75, 76). Cannabidiol
(CBD), a synthetic molecule active on cannabinoid receptors,
has been used for the treatment of neurological disorders,
such as Huntington, Parkinson’s and Alzheimer’s diseases,
but also epilepsy, schizophrenia, autoimmune diseases. All
these pathologies have in common altered endocannabinoid
signaling pathway, condition confirmed to be deregulated also
in FXS animal model (77, 78). Clinical studies indicated
good results (79–81), albeit with tolerated side effects. The
following FDA-approved drugs have been tested in FXS
preclinical and clinical studied: acamprosate (for maintenance
of alcohol abstinence), lovastatin (for hypercholesterolemia),
minocycline (for acne) and metformin (for non-insulin diabetes
mellitus). In particular lovastatin targets the RAS-MAPK-
ERK1/2 pathway (82, 83) while minocycline inhibits the MMP-
9 activity (25). Both compounds showed promising results in
preclinic testing using different model systems, with a reduction
in protein synthesis and beneficial cognitive and behavioral
aspects (25, 82, 84, 85). Nevertheless, these encouraging data
were followed by moderate effects in trials on FXS patients,
also expressing the need for a more in-depth investigation
on the tolerability of these compounds (86–88). To date,
the anti-diabetes drug metformin could be considered as one
of the most promising treatments for FXS (89, 90). It has
different mechanisms of action, depending on dosage and
treatment time, including inhibition of mammalian/mechanistic
target of rapamycin complex 1 (mTORC1) and mitogen-
activated protein kinase/extracellular signal regulated kinase
(MAPK/ERK) pathways, both hyperactivated due to the lack of
FMRP in FXS humans and mice (91, 92). As a consequence,
metformin also affects the proteins downstream to these
cascades, reducing specifically the eIF4E phosphorylation and
the translation of MMP-9 (93), which in the pathological
condition is the cause for the degradation of proteins essential
for synaptic maturation and activity (27). Preclinical studies
were performed on Fmr1-KO flies and mice models of
FXS, showing a rescue of dendritic spine morphology, long-
term depression (LTD) of synapses, but also improvement in
cognitive, intellectual and social deficits (90, 94). These findings
paved the way for treatments in humans, where clinical trials
starting in 2018 have been conducted with promising benefits
both in terms of behavior and safety of treatment (93, 95–
97). Currently 3 trials aimed to evaluate safety, tolerability,
and efficacy of metformin in FXS patients are ongoing
(ClinicalTrials.gov Identifier: NCT04141163, NCT03862950,
NCT03479476). Another interesting therapeutic target in FXS is
represented by phosphodiesterases (PDEs), a family of enzymes
that regulate the cellular levels of cAMP and cGMP. Among
PDEs, PDE1A, PDE2A, and PDE10A have been identified as
mRNA targets of FMRP (98). Accordingly, decreased cAMP
levels were observed in fly and mouse FXS models and a
deregulation of cAMP and cGMP was also identified as a
molecular hallmark in FXS patients (99, 100). Hence, several
inhibitors have been tested, starting from Drosophila model of
fragile X, passing through Fmr1-KOmice, finally to human trials.
Interestingly, inhibiting PDE4 (101, 102), PDE2A (103, 104),
PDE4D (105, 106), or synergistically PDE2 and PDE4 (107)

demonstrated beneficial effects in terms of rescue of social and
behavioral impairments and in dendritic spines morphology in
fly andmouse models. Cognitive enhancements were pointed out
from FXS trials (105, 106), suggesting that PDEs are candidate
targets to develop FXS therapeutic strategy.

PEPTIDES/PEPTIDOMIMETICS: A
FEASIBLE STRATEGY FOR FXS
TREATMENT

All the strategies mentioned so far target different pathways,
whose uncontrolled activity seems to be crucial in the
pathology of FXS, but also in other neurological disorders
and types of cancer (108, 109), leading to pleiotropic effects.
Accordingly, the lack of specificity and selectivity, together with
bioavailability and safety problems, could be the main drawbacks
of these approaches.

In this scenario, a novel and feasible option in
FXS pharmacotherapy could be the use of peptides
or peptidomimetics.

Since the last 30 years, and especially in the past decade,
severe pathologies are being treated with peptides (110) and
this class of molecules have attracted the attention of either
academia researchers or pharmaceutical industries. Indeed,
the global Peptide Therapeutics market reached USD 25.35
billion in 2018 and is expected to achieve USD 50.60 billion
by the year 2026. To date, 400–600 peptides are in the
preclinical phase of development and more than 60 peptides
are FDA-approved (111). The main fields in which therapeutic
peptides are currently in development are oncology, metabolic
diseases and inflammation (110). Peptides represent an attractive
pharmaceutical source due to their excellent properties, namely
high selectivity, safety and tolerability (112). However, this kind
of approach has never been applied to FXS to restore the
imbalance in protein synthesis. Very recently novel structural
information opened new possibilities for developing inhibitors
acting on the mRNAs translation initiation complex with high
specificity and efficiency.

Among these compounds, the 4EGI-1 is one of the most
promising inhibitors of the translation activation complex and
it has been already tested in different cancer models (113–
116). This molecule was also proved to reduce the eIF4E-eIF4G
interaction in a FXS mouse model (117). However, the lack
of drug-like characteristics, such as poor target specificity and
selectivity, high toxicity, several off-targets, severe side effects,
poor metabolic stability, poor membrane permeability and rapid
proteolysis, make this molecule fairly unsuitable candidates for
therapeutic applications.

Furthermore, the putative molecules effective in disrupting
the FMRP-CYFIP1-eIF4E or eIF4E-eIF4G complexes formation,
are required to target protein-protein interaction (PPI) interfaces,
that are large, flat and hydrophobic binding surfaces considered
as “undruggable” by small compounds (118–120). One solution
could be represented by antibodies, more powerful in targeting
PPI, but anyway scarcely able to cross the cell membrane to
perform their specific function. In light of this, peptides are
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TABLE 1 | Treatments for Fragile X syndrome.

Approach Name Agent class Mechanism of action

Fmr1 gene activity

restoration

5-azadeoxycytidine (5-azadC) Chromatin-modifying enzymes inhibitor Affects DNA methylation levels and

epigenetic modifications

Non-coding RNA (miRNAs and lncRNAs) Affect DNA methylation state and histones

modification

Viral-vectors or CRISPR-technology Gene editing or gene replacement

Targeted therapy AFQ056/Mavoglutarant, Fenobam, MPEP,

STX107, CTEP, RO4917523

Group 1 metabotropic glutamate

receptors 5 (mGluR5) antagonists

Block mGluRI signaling

OV101/gaboxadol, Ganaxolone GABAa and GABAb agonists Modulate GABA receptors

Sertraline Serotonin reuptake inhibitor Normalizes serotonin and dopamine

levels, stimulation of BDNF

Cannabidiol Cannabinoid receptors inhibitor Regulates endocannabinoid signaling

pathway

Lovastatin RAS signaling inhibitor Regulates RAS-MAPK-ERK1/2 pathway

Minocycline Semi-synthetic tetracycline derivative Regulates MMP-9 activity

Metformin Derivative of guanidine Normalizes mTOR and MAPK/ERK

pathways, phosphorylates eIF4E, and

lowers expression of MMP9

Bay 60–7550, BNP14770, Roflumilast PDE4, PDE2A, PDE4D inhibitors Normalize cAMP and cGMP signaling

Symptomatic treatment Risperidone and aripiprazole Antipsychotics Impacts dopaminergic and serotonergic

neurotransmission to treat irritability

now considered as the most appropriate candidates to regulate
disease-associated PPIs. However, peptides have intrinsic weak
points, and they did not provide encouraging results in vivo,
likely due to their physical, chemical and structural instability
and low membrane permeability (112, 119, 121). To overcome
these possible limitations several strategies have been developed,
such as amino acids substitution with residues mimicry,
termini protection or introduction of chemical modifications
aimed at stabilizing their active conformation and increasing
cellular permeability (119, 121). These advances in the peptides
technology results in the development of an alternative class of
compounds called peptidomimetics, that is recently emerging as
a class of new potential therapeutic molecules able to target PPIs
in the treatment of different pathologies (112). Peptidomimetics
are organic molecules with physico-chemical features and
structural characteristics comparable with classical oligopeptides,
but guarantee enhanced protection against peptidases, improved
systemic delivery and cellular uptake, high target specificity and
poor immune response (122), and for these reasons their use
is under investigation for the treatment of cancer, ischemia,
Alzheimer’s disease (123–127) and other neurodegenerative
disorders (128–131).

On the contrary, the use of peptides/peptidomimetics has
never been investigated in the FXS context, but it could represent
a viable solution as it might result in a compensation of FMRP
absence. Indeed, restoring the FMRP-CYFIP1 deficiency via a
small chimeric peptide acting on the dysregulation of protein
synthesis could be central for the new FXS pharmacological
therapy development.

Although the 3D structure of FMRP-CYFIP1 or FMRP with
other interacting proteins are still not available, there is a growing
number of structures, from different organisms, of complexes

belonging to the translation initiation pathway, in particular
eIF4G/eIF4E and eIF4E/4E-BPs, and of their regulatory proteins
(43, 44, 132, 133). The plethora of structural information,
together with the increasing power of computational facilities
and refinement of binding prediction tools (110, 112, 119), open
the possibility to design peptides/peptidomimetics able to target
the translation complexes, with the aim to decrease protein
synthesis of specific neuronal mRNAs and rescuing a healthy
phenotype in individuals affected by FXS.

For instance, peptides could target and affect the assembly of
the eukaryotic Initiation Factor 4F (eIF4F) complex (composed
by eIF4E, the DEAD-box helicase eIF4A and the scaffold protein
eIF4G) (41, 42), and the formation of 43S pre-initiation complex
(43S PIC), composed by small ribosomal subunit 40S and the
eukaryotic translation initiation factors (eIFs): eIF1, eIF1A, eIF3,
eIF5 (41, 42) (Figure 1). In addition to those already mentioned,
the PPIs that could be targeted and disrupted by peptides, could
be for instance, eIF4E/cap, eIF4A/eIF4G or eIF4G/eIF3 dimers
(Figure 1). Alternatively, peptides/peptidomimetics could be
designed to target the eIF4E-upstream regulators, as the PI3K–
mTOR pathway, likely inhibiting the interactions of mTORC1
with Raptor and other partners, affecting the activity of
the downstream S6K or 4E-BP proteins (Figure 1) (134).
Furthermore, not only protein synthesis but also actin dynamic
imbalance concurs to the pathophysiology of FXS, leading to
defects in dendritic spines morphology (135, 136). Although
much information is still lacking, there are indications that Rac1–
PAK pathway and FMRP are linked (137, 138). Active Rac1,
the Rho-family of small GTPases, activates p21-activated kinases
(PAKs) which in turn phosphorylates Cofilin, an actin-binding
protein that regulates actin turnover. Rac1 also activates the
Wave Regulatory Complex (WRC, composed by five proteins:
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FIGURE 1 | Proposed examples of protein-protein interactions that could be targeted by peptides/peptidomimetics in Fragile X Syndrome. Left panel: In wild-type

neurons FMRP plays a key role in down-regulating the translation of FMRP targets, by forming a complex with CYFIP1 and the eukaryotic initiation factor 4E (eIF4E).

Furthermore, CYFIP1 can bind and inhibit the WAVE regulatory complex, thereby regulating actin remodeling. Right panel: In FXS neurons the absence of FMRP leads

to increased local protein synthesis in neurons, due to the lack of the formation CYFIP1-FMRP-eIF4E complex, that represses the translation initiation. Consequently, a

bigger amount of eIF4E is bound to eIF4G, while CYFIP1 interacts mostly with WRC-Rac1-GTP, resulting in higher levels of protein synthesis an altered actin

remodeling at dendritic spines. Examples of macromolecular complexes that could be disrupted by peptides/peptidomimetics with the aim to restore the FMRP

activity are highlighted by a red box.

CYFIP1, NCKAP1, Abi2, HSPC300, and WAVE1) by directly
binding CYFIP1 and leading to Arp2/3 complex-mediated actin
polymerization (139–141). The release of the X-ray structure
of WRC (140), together with data coming from computational
analyses that highlighted structural-dynamical features of
CYFIP1 (39, 40), may provide useful details to be exploited
for the CYFIP1-based peptidomimetics design (Figure 1). To
offer some realistic examples, using different regions of CYFIP1
as templates, CYFIP1-derived peptidomimetics could interfere
with the eIF4F complex formation by sequestering eIF4E from
the binding with eIF4G. Similarly, impeding the CYFIP1/Rac1
interaction or the CYFIP1/NCKAP1 dimer formation, could
have a dual beneficial effect in concomitantly restoring normal
levels of protein synthesis and actin dynamics, both processes
being dysregulated in FXS. Aside from CYFIP1, other 4E-BPs
structures in complex with eIF4E are available and represent an
attractive template for peptides design. For example, 4E-BP1,
4E-BP2, and Angel1-based peptides were developed and tested
in different cancer cell lines (142–144). Furthermore, Lama et
al. developed a set of peptides with chemical modifications that
increase the pharmacological properties and binding affinity to

eIF4E, providing a strong starting point for future oncological
preclinical studies (145–147).

On the basis of the knowledge acquired in cancer research,
we assume that the peptides/peptidomimetics approach could
also be applied to other diseases, in particular in the
FXS pharmacotherapeutic.

DISCUSSION

In the last decade many efforts were employed in research and
development of new pharmacological treatments of FXS and
simultaneously great advances were made in developing peptides
therapeutics against several diseases. With this perspective we
speculate that these two roads might cross, starting a new era
of the pharmacotherapeutic approach for patients with FXS.
To date, chemical compounds that inhibit several pathways
deregulated in FXS represent the most studied approaches for
FXS management. However, the cause of FXS is a genetic defect
(the Fmr1 silencing) and to effectively correct the absence of
FMRP protein is still a challenge. Moreover, although several
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available treatments are effective in animal models, many
clinical trials testified lack of success of these approaches. The
emerging peptides technology, in combination with increasingly
advanced computational approaches and number of proteins
structures deposited in databases, provide an alternative and
powerful method to develop a more specific and safe molecules
targeting those protein complexes that could be considered as
the major players in the FXS pathology. The main point of
strength of the use of peptides include selectivity, tolerability,
predictable metabolism, ability to target PPIs and lower synthesis
complexity that in turn leads to lower production costs compared
to others pharmaceutical molecules (119, 121). However, as
mentioned above, peptides in general, and thus their possible
application against FXS, have several weaknesses that is necessary
to discuss. Poor in vivo stability, membrane impermeability,
and toxicity are widely accounted as major drawbacks in
peptides technology. Nevertheless, several of these aspects
have been successfully sorted out over recent years through
the new technologies available in peptides design field: new
bioinformatics tools in combination with other approaches
such as virtual screening, structure-based drug design, high
throughput screening (HTS) and chemical strategies, provide a
comprehensive pharmacological description of putative peptides,
improving their chemical and physical features (119, 121, 148).
Moreover, the treatment of neurodevelopmental disorders, as
FXS, require the delivery of molecules to the brain, accounting
for the crossing of the blood–brain barrier (BBB), that could
limit the access of peptides to the central nervous system (CNS).
In this respect, a strategy to overcome these issues could be
the exploration of other drugs administration methods, e.g., the
non-invasive intranasal delivery (129, 131). The direct access to
CNS allows to overcome limitations linked to the degradation,
bioavailability problems and also to possible systemic side effects

onset that occur if peptides are present in blood vessels after
intravenous administration. Additionally, several strategies have
been developed to specifically deliver peptides to target regions of
the CNS, such as cyclodextrins, PEI or others (129), resulting in a
lower dosage of peptides, also decreasing the toxicity issues which
have been demonstrated toward eukaryotic cells (149, 150).

Furthermore, peptides therapy would not be a
chronic intervention, but these molecules would be
administered only in a limited period of time during
the 1st years of life of FXS children, when brain is
still remodeling, to allow proper formation of the
synaptic network.

Hence, we propose that peptides/peptidomimetics could
compensate the FMRP deficiency restoring the imbalance of
protein synthesis and actin dynamics, suggesting a new and
promising strategy for treating FXS.
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Difficulties with pragmatic language (i.e., language in social contexts, such as

conversational ability) are a noted characteristic of the language profiles of both

fragile X syndrome (FXS) and autism spectrum disorder (ASD), conditions which show

significant phenotypic overlap. Understanding the origins and developmental course of

pragmatic language problems in FXS and other developmental conditions associated

with language impairment is a critical step for the development of targeted interventions

to promote communicative competence across the lifespan. This study examined

pragmatic language in the context of parent-child interactions in school-age children

with FXS (who did and did not meet ASD criteria on the ADOS; n = 85), idiopathic ASD

(n = 32), Down syndrome (DS; n = 38), and typical development (TD; n = 39), and

their parents. Parent-child communicative interactions were examined across multiple

contexts, across groups, and in relationship to pragmatic language outcomes assessed 2

years later. Results showed both overlapping and divergent patterns across the FXS-ASD

and idiopathic ASD child and parent groups, and also highlighted key differences in

pragmatic profiles based on situational context, with more pragmatic language difficulties

occurring for both ASD groups in less structured interactions. Differences in parental

language styles during parent-child interactions were associated with child language

outcomes, likely reflecting the complex interplay of discourse style inherent to a parent,

with the inevitable influence of child characteristics on parent language as well. Together,

findings help delineate the dynamic and multifactorial nature of impaired pragmatic

skills among children with FXS and other neurodevelopmental disorders associated

with language impairment, with potential implications for the development of targeted

interventions for pragmatic communication skills.

Keywords: pragmatic language, social communication, fragile X syndrome, autism spectrumdisorder, parent-child

interaction, broad autism phenotype, longitudinal outcomes
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INTRODUCTION

Pragmatic language refers to the use of language in social
contexts and draws on a broad range of linguistic, paralinguistic,
neuropsychological, and social skills (1–10). For instance,
successful conversations (a key pragmatic skill) require an
individual to take turns; introduce, maintain, and change topics;
demonstrate an awareness and understanding of conversational
partners; and keep up with conversational demands and
expectations (8). This dynamic and complex set of language skills
also serves a pivotal role in supporting social interactions, and
when impaired, can seriously undercut social functioning (6, 11).

Difficulties in pragmatic communication are a hallmark
of autism spectrum disorder (ASD), a neurodevelopmental
disability characterized by the presence of social and
communicative impairments and patterns of restricted and
repetitive behaviors or interests (12). Similar deficits are also
observed in fragile X syndrome (FXS), a single-gene disorder
caused by a mutation in the FMR1 gene and the most common
single-gene disorder associated with ASD (13–16). Importantly,
areas of pragmatic language overlap (and divergence) have been
noted between individuals with FXS-associated ASD (FXS-ASD)
(based on meeting ASD criteria on the Autism Diagnostic
Observation Schedule; ADOS) and idiopathic ASD (ASD-O)
(17). For example, research has shown that both groups use
non-contingent (i.e., off-topic) and perseverative (i.e., repetitive)
language at higher rates than children with other types of
neurodevelopmental disabilities, such as Down syndrome (DS)
and FXS without significant ASD symptomatology (FXS-Only;
FXS-O) (17–21). However, prior research has also found higher
rates of initiations and lower rates of non-responsiveness in boys
with FXS-ASD compared to boys with ASD-O (17). Evidence
of similarities in pragmatic language phenotypes in FXS-ASD
and ASD-O is potentially significant for understanding the
shared etiology of such impairments, whereas knowledge of both
similarities and differences can also inform pragmatic language
interventions with these groups where targeted therapies can be
implemented. Thus, clarifying the specific pragmatic needs of
individuals with FXS with and without ASD symptomatology,
and in relation to ASD-O, has important implications for
targeting and advocating for more effective treatments in FXS.

Importantly, little is known about the development of

pragmatic language in FXS compared to idiopathic ASD, and
how conversational context and communication partner may
contribute to patterns of pragmatic strengths and weaknesses—

all critical questions to address in order to understand the extent
of similarities in pragmatic profiles in FXS-ASD and ASD-O, and
whether they may stem from common origins. Moreover, studies
comparing pragmatic impairments in other genetically-based
neurodevelopmental disorders (e.g., DS and FXS-O) relative to
FXS-ASD and ASD-O are limited, leaving unclear the specificity
of pragmatic impairments in these different populations (17, 22,
23). For example, pragmatic language impairments in DS may
manifest differently due to a prominent discrepancy between
social motivation and language difficulties (24–26). Evidence
suggests that although children with DS commit fewer pragmatic
violations compared to children with ASD and FXS (27–29),

this group tends to show difficulty with topic elaboration,
introduction, and maintenance (29, 30). They also tend to
use increased stereotyped language compared to mental age
matched controls (31, 32). Direct comparison of pragmatic
language in DS and FXS with and without ASD symptomatology,
and idiopathic ASD is needed to understand the specificity or
potential overlap of such impairments across conditions, and to
clarify the role of global developmental delay and intellectual
disability (ID) vs. ASD-specific symptomatology in the pragmatic
difficulties observed across groups. Indeed, while pragmatic
language difficulties have been documented in ID, the nature
of these impairments differs from what is seen in ASD, as
social communication difficulties in ID are not thought to
exceed the individual’s broader profile of abilities and functional
capacities (33).

This study adopted a cross-population, longitudinal design
to comprehensively characterize pragmatic skills in school-age
children with FXS who did and did not meet ASD criteria
on the ADOS (FXS-ASD, FXS-O), idiopathic ASD (ASD-O),
DS, and younger controls with typical development (TD),
and to examine pragmatics across structured and unstructured
conversational interactions with their parents. Importantly,
parent-child communicative interactions served as the focus
of analysis because parents are often the child’s primary
conversational partner, serving as a key source of language input
throughout childhood. This is particularly true among children
with developmental disabilities, as children with significant
cognitive and language delays are less likely to extend the
range of their communication partners throughout development
relative to their typically developing counterparts (34, 35).
Indeed, as children enter middle childhood and adolescence,
they begin to master conversational skills, including appropriate
referencing, increased turn-taking, adapting speaking style to
conversational partner and context, and cohesion (36). Beyond
this, the social demands of conversational contexts become more
complex and nuanced over this developmental period (37),
with an increased reliance on cognitive systems that are often
significantly impacted in children with both ASD and ID. Studies
of TD have also provided clear evidence of the critical role that
parent discourse style can play in child language and social-
emotional development [e.g., (38–41)]. In atypical development,
parental discourse during parent-child interactions similarly has
the potential to influence a child’s language outcomes (42–45).
Not surprisingly, overall parent-child synchrony and parental
responsiveness during interactions is associated with better
language outcomes in children with ASD (43, 46). Maternal
responsiveness is also associated with child language in FXS (47).
In addition, better pragmatic language in mothers of children
with ASD appears related to better expressive language skills
in 2–4-year-old children (45). Together, findings highlight the
important ways in which parental language styles can influence
children’s language development, but also certainly reflect a
bidirectional relationship in which parent and child language
features influence each other in complex ways that have yet
to be delineated in populations where pragmatics are centrally
impacted. Most prior research addressing such questions has
focused on early infancy and toddlerhood, leaving important
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questions unanswered regarding the school-age children, when
continued and increasingly complex opportunities for language
learning (particularly pragmatic language skills) and skill mastery
occur (28, 48).

Examining parent-child interactions is also of particular
significance in these groups given evidence of subtle pragmatic
language differences among parents of individuals with ASD,
which are believed to reflect genetic liability to ASD (20, 21,
49–53). Together with certain personality styles (e.g., social
reticence, rigid personality), pragmatic differences comprise a
constellation of traits that mirror the defining characteristics
of ASD and are referred to collectively as the Broad Autism
Phenotype (BAP) (20, 53). Features of the BAP (and pragmatic
differences in particular) have also been observed amongmothers
of individuals with FXS, who are carriers of the FMR1 gene
in its premutation state (20, 54). Some evidence suggests
that parent pragmatic language differences are associated with
pragmatic language development in children with ASD and
FXS (45, 55, 56). To date, however, no study has directly
examined the potential association between parent and child
pragmatic language during parent-child interactions in school-
age children, and the majority of studies that have looked
at parent-child relationships have relied on global measures
of language from separate conversational contexts in parents
and their children, rather than the parent-child interactions in
which such associations might be most effectively studied. Data
examining the interrelationships between parents and children
during conversational interactions has the potential to identify
key pragmatic features in both communicative partners that
can serve as important pathways for targeting parent-mediated
interventions in order to most effectively address the child’s
particular needs. Similarly, delineating the complexity of these
relationships may also highlight BAP features that serve as
protective factors on child language development (e.g., eliciting
more language by indulging tangents; adhering to routine-
based interactions). Thus, this approach can also clarify parents’
pragmatic strengths in order to maximize these in treatment and
optimize child outcomes.

This study applied a detailed hand-coding (i.e., manual,
turn-by-turn coding) system adapted from Roberts et al.
(29) and Martin et al. (17), and previously used to describe
pragmatic language in children with FXS, ASD, DS, and TD
during semi-structured interactions with a trained examiner,
to characterize pragmatic language across groups during two
distinct parent-child interaction contexts, with a subgroup
studied over time. In addition to group comparisons, analyses
examined interrelationships between parent and child pragmatic
phenotypes, and how such features related to child pragmatic
outcomes 2 years later. The overarching goals of this study
were to delineate the complex pragmatic language phenotypes
associated with different neurodevelopmental conditions and
identify the influence of parent-child interaction styles on child
language outcomes across these groups. Specific aims were
as follows:

Aim 1: To compare child pragmatic profiles across groups

during parent-child interactions. Key pragmatic language
features were compared across groups. Sex differences were

also examined. Based on the extant literature, alongside
underlying difficulties with social cognition observed in ASD,
it was predicted that the ASD groups (FXS-ASD and ASD-
O) would demonstrate greater pragmatic deficits relative
to the comparison groups, with most profound differences
noted in key areas of non-contingent and perseverative
language (20–22, 28, 29, 57). It was further predicted that
individuals in the ASD groups would demonstrate better
pragmatic abilities during structured interaction as compared
to unstructured interaction given the greater social demands
inherent in unstructured situations, and evidence suggesting
that unstructured discourse contexts are most challenging for
individuals with ASD [e.g., (58)].
Aim 2: To compare parent pragmatic profiles across

groups during parent-child interactions. Given evidence of
pragmatic language differences in the broad autism phenotype
and among a subgroup of carriers of the FMR1 premutation,
and alongside weaknesses in social cognition, it was predicted
that parents of children in the ASD groups (FXS-ASD
and ASD-O) would exhibit greater differences in pragmatic
behaviors, including non-contingent language, which has been
reported in prior literature. The effects of context were
predicted to mirror the same trends that were expected
for children.
Aim 3: To examine interrelationships between parent and

child language. It was expected that non-contingent and
perseverative language would be interrelated in parents and
children in all groups, but specifically the ASD groups.
Aim 4: To identify key features of parent-child interactions

that predict child pragmatic outcomes 2 years later, across

diagnostic groups. Overall parent and child responsiveness
during parent-child interactions was predicted to influence
child pragmatic language outcomes across groups (44, 47, 59).

MATERIALS AND METHODS

Parent and child participants were recruited as part of a larger
study on pragmatic language development. Both males and
females were included in all groups except the idiopathic ASD
group, which included only males due to the aims of the larger
longitudinal study fromwhich these data were drawn (seeTable 1
for participant characteristics). Although the majority of the
parent sample consisted of mothers, fathers participated in 17
cases across groups (3 fathers participated with males with FXS-
ASD, 5 with males with ASD-O, 3 with males with FXS-O, 2 with
males with DS, 2 with males with TD, and 1 with a female with
TD).Mothers in the FXS groups were all confirmed carriers of the
FMR1 premutation. The total parent sample therefore consisted
of 17 father-child dyads and 177 mother-child dyads. Sixteen sets
of siblings were included in which a parent participated more
than one time with a different child in the same diagnostic group.
To address this, the effect of family was examined in statistical
analyses and is reported in the analysis plan below. All siblings
and parents were included in the overall sample.

Inclusion criteria for the broader longitudinal study
[described in greater detail in Ref. (17)] included English
as a primary language, using three or more words in an
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TABLE 1 | Participant characteristics.

Males

Variable FXS-ASD,

M (SD)

n = 39

FXS-O,

M (SD)

n = 10

ASD-O,

M (SD)

n = 32

DS,

M (SD)

n = 21

TD,

M (SD)

n = 19

Chronological age 10.9 (2.3)a 9.6 (3.2)a,b 8.6 (2.8)b 10.9 (2.1)a 4.6 (1.1)c

Non-verbal mental agea 5.1 (0.41)a 5.3 (0.63)a 7.0 (3.5)b 5.1 (0.41)a 5.2 (1.2)a

Receptive vocabulary ageb 5.9 (1.4)a,b 5.9 (1.6)a,b 6.3 (2.7)a 5.9 (1.4)b 6.0 (1.6)a

Expressive vocabulary agec 5.2 (1.0)a,c 5.2 (1.0)a,b 6.0 (2.3)b 5.4 (1.3)c 5.6 (1.6)d

MLUd 3.4 (0.76)a 3.9 (0.75)a 4.1 (1.1)b 3.1 (0.77)a 4.8 (0.73)b

Autism severitye 6.6 (1.5)a 2.5 (1.0)b 7.6 (1.9)c 1.4 (0.55)b 1.6 (0.69)b

Parent education level 16.0 (2.4)a 15.9 (1.3)a 16.0 (2.3)a 16.6 (2.3)a 16.0 (2.5)a

Females

Variable FXS-ASD,

M (SD)

n = 11

FXS-O,

M (SD)

n = 25

ASD-O,

M (SD)

n = 32

DS,

M (SD)

n = 17

TD,

M (SD)

n = 20

Chronological age 9.1 (3.8)a 9.0 (3.7)a 9.1 (2.2)a 5.4 (2.4)b

Non-verbal mental agea 5.4 (0.95)a 7.0 (2.7)b 5.1 (0.71)a 6.2 (2.6)a,b

Receptive vocabulary ageb 7.4 (3.4)a 8.2 (3.5)a 4.7 (1.6)b,c 6.5 (3.1)a,c

Expressive vocabulary agec 6.4 (2.0)a,b 8.4 (3.8)b 4.7 (1.5)a 6.2 (2.4)a

MLUd 4.3 (1.2)a 4.8 (1.1)a 3.3 (1.0)b 5.0 (1.4)a

Autism severitye 6.1 (1.7)a 2.1 (0.86)b 1.8 (0.62)b,c 1.5 (0.67)c

Parent education level 15.0 (1.6)a 16.0 (2.1)a 15.4 (2.3)a 16.0 (2.8)a

FXS-ASD, fragile X syndrome with autism spectrum disorder based on the ADOS; ASD-O, ASD only; FXS-O, FXS only; DS, Down syndrome; TD, typical development; M, Mean; SD,

Standard Deviation. Different superscripts within a row indicate significant differences at p < 0.05. If groups share the same letter, differences were not significant. Bolded items indicate

significant sex differences.
aLeiter International Performance Scale-Revised.
bPeabody Picture Vocabulary Test-III or IV.
cExpressive Vocabulary Test.
dMean length of utterance in morphemes.
eAutism Diagnostic Observation Schedule.

utterance, having no history of developmental or language
delays in the TD group, and having the FMR1 full mutation
in the FXS group. Participants who failed a hearing screening
with a threshold >30 dB HL in the better ear across 500, 1,000,
2,000, and 4,000Hz were excluded from the study. Participants
in the TD and DS groups were screened for ASD using the
Autism Diagnostic Observation Schedule (ADOS) (60). Any
subject in the TD or DS groups who met criteria for autism
or autism spectrum on the ADOS were excluded from the
broader longitudinal study, while subjects with idiopathic ASD
or FXS who met ADOS criteria for autism or autism spectrum
were included in one of the ASD groups. Of note, the Autism
Diagnostic Interview, Revised (ADI-R) (61) was administered
whenever possible, though due to time constraints was available
on only 56% of the sample. Therefore, the ADOS was used for
group classification. Participants in the ASD-O group had all
previously received a clinical diagnosis of ASD. Because subjects
received multiple administrations of the ADOS as part of the
larger longitudinal research study, average ADOS severity scores
were calculated to determine ASD classification [(62); see further
description in Ref. (17)]. All examiners who administered the
ADOS satisfied reliability criteria set forth by the test authors.

Eight participants were excluded from the present study (and
are thus not included in Table 1) because the dyad either
interacted for <5min and/or did not speak long enough to
generate the minimum number of total turns required for
analyses (20 turns for each 5-min task). For the structured task,
this included 1 male with FXS-ASD, 2 females with FXS-ASD,
and 1 female with DS. For the unstructured task, this included
2 males with ASD-O, 1 female with FXS-ASD, and 1 female
with FXS-O.

Participants enrolled in this study were administered a
battery of language, cognitive, and clinical-behavioral measures
in addition to the ADOS. The larger study from which these
data were drawn implemented a rolling enrollment schedule,
where participants were eligible to enroll at any point during
the 5-year study period. Participants who enrolled later in
the study did not complete later timepoints of longitudinal
data collection, but were nonetheless included at time 1 to
increase power for group comparison data. The total sample
size for longitudinal analyses included: 28 boys and 8 girls
with FXS-ASD, 5 boys and 21 girls FXS-O, 11 boys with ASD-
O, 14 boys and 10 girls with DS, and 9 boys and 9 girls
with TD.
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The study battery was administered in a quiet room, either
in the child’s home, school, or at a research laboratory.
Testing sessions were audiotaped using a digital audio recorder
(Marantz PMD670) and videotaped using a SONY Digital 8
camcorder (Model DCR-TVR27). All procedures were approved
by University of North Carolina at Chapel Hill and Northwestern
University Institutional Review Boards.

Cognitive and Structural Language Abilities
The Leiter International Performance Scale-Revised (63) was
used to assess non-verbal cognitive abilities. Structural language
measures included expressive vocabulary, receptive vocabulary,
and expressive syntactic complexity. These skills were assessed
using the Expressive Vocabulary Test [EVT; (64)], Peabody
Picture Vocabulary Test-3rd or 4th edition [PPVT; (65, 66)],
and mean length of utterance (MLU) in morphemes (67),
respectively. MLU was based on ADOS language samples, which
occurred at the same time point as the parent-child interactions
and were computed using Systematic Analysis of Language
Transcripts [SALT; (68)] software.

Parent-Child Interactions
Parent-child interactions included one structured and one
relatively unstructured interactive task, each lasting 5-min.

Structured Interaction
Parents and children were asked to plan a “fun day out” together.
For this task, the examiner provided five different picture cards
and instructed parent-child dyads to discuss where they would
like to go, who they would like to go with, what they would need
to bring, how they would get there, and what they would like to
do/see at the destination. The picture cards involved scenes from
the zoo, park/playground, pool, beach, and shopping center.

Unstructured Interaction
Parents and children engaged in a “free play” task in which
examiners presented a box of toys (e.g., flashlight, kaleidoscope,
prism, rainbow glasses, periscope, picture cards) and provided
the parent and child with only minimal instructions to look at
the toys together, so that interactions could unfold in a relatively
unstructured manner.

Pragmatic Language
Pragmatic language was measured both at study entry, and 2
years following the initial parent-child interaction, using the
following measures.

Comprehensive Assessment of Spoken Language

(CASL)
The Pragmatic Judgment subtest of the CASL (69) is a
standardized test measure that requires children to state how they
would respond in various social situations (e.g., “How would you
greet an unfamiliar adult?”). Consistent with past research [e.g.,
(70)], age equivalence scores were used in analysis.

Pragmatic Rating Scale-School Age (PRS-SA)
The Pragmatic Rating Scale-School Age [PRS-SA; (71)] is a
pragmatic language rating system designed to characterize a

range of pragmatic language abilities based on semi-naturalistic,
conversational interactions administered as part of the ADOS.
The PRS-SA includes 34 operationally defined verbal and non-
verbal pragmatic language features rated 0, 1, or 2 (indicating
presence and degree of impairment for each item, with scores
of 2 indicating greatest impairment) by independent coders
from videotaped recordings. Coders were never provided with
participant diagnostic status, but were also unlikely to be fully
blinded given facial dysmorphology that occurs in DS and often
FXS. Reliability for the PRS-SA based on the larger study from
which these data were drawn, as well as ongoing studies in our
lab which include samples not included in the current study,
is 78.4%. A subset of these files were consensus coded, and the
consensus coded scores were used in analyses.

Transcription and Coding
Parent-child language samples were transcribed verbatim by
transcribers who achieved morpheme-to-morpheme agreement
rates of 80% or higher. Coders (coding system described below)
were similarly trained to a minimum of 80% training reliability
across three separate files. As was the case with the PRS-SA,
fully blinded status of coders was not possible given the use of
video. Nine percent of all coded files were also randomly checked
for reliability. Intraclass correlation coefficients [ICCs; (72)]
were as follows for children: non-contingent language (0.94),
perseveration (0.87), initiations (0.98), and non-responsiveness
(0.87). ICCs were as follows for parents: non-contingent
language (0.84), perseveration (0.68), initiations (0.99), and non-
responsiveness (1.0). ICCs from 0.5 to 0.75 are considered
to represent moderate agreement, 0.75–0.9 to represent good
agreement, and >0.9 to represent excellent agreement (73). The
reliability files were subsequently consensus coded. Coding was
based on parent-child dyadic turns. A parent-child dyadic turn
was defined as either one back-and-forth parent-child exchange
(e.g., parent speaks and child responds or vice versa) and/or
a comment/question that was met with a non-response by the
other conversational partner for a period of at least 3 s. Each
parent-child task was coded separately, by coders who were blind
to group status.

Pragmatic Language Coding System
Pragmatic language skills during the structured and unstructured
interaction tasks were coded using a system adapted from
Roberts et al. (29) and Martin et al. (17), which examines
discrete aspects of pragmatic language, such as contingency
of conversational partners’ contributions, initiations and
responsiveness, and perseverative language. Pragmatic codes
are further described in Table 2. Unintelligible utterances were
excluded from calculations.

Analysis Plan
Analyses of group differences in children and parents controlled
for child non-verbal mental age, expressive and receptive
vocabulary, and mean length of utterance (MLU), given
significant differences across groups and because of the impact of
general cognition and structural language on pragmatic abilities
[e.g., (74)]. There were no significant differences in parental
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TABLE 2 | Pragmatic coding system.

Variable Definition Example (s)* Calculation

Non-contingent Language Off-topic or tangential turns Par: What is this?

Ch: Good to see you.

Total non-contingent turns/total

codable dyadic turns

Perseveration Excessive repetition of words,

phrases, sentences, or topics

Par: What’s in there?

Ch: I ain’t telling.

Par: I wanna see.

Ch: She always lets me look. Nobody else.

Par: I’m gonna cry. I’m gonna cry.

Ch: She’s supposed to let me look.

Par: I’m gonna cry. Do you want me to cry?

Ch: She always let’s me look in here.

Par: Okay, but do you want me to cry?

Ch: No.

Par: Well I am going to cry if you don’t let me look.

…

Ch: She told me I can look in here. She is a student and

she told me I can look.

Par: I am going to cry now.

C: That’s what she said.

P: I think I’m going to cry now.

Total perseverative turns/total

codable dyadic turns

Initiations Self-initiated turns Par: I think we would need to take the car to the zoo.

Ch: Yea, it would be a long walk if we didn’t drive. What

animals will be there?

Total initiations/total codable dyadic

turns

Non-response Failure to respond when response is

required (within 3 s)

Par: What do we do with this toy?

Ch: No response.

Total non-responses/total codable

dyadic turns

*With the exception of perseveration, which demonstrates examples for both parent and child, examples demonstrate each variable in the child, with the same coding guidelines used

for parents.

education across groups where data were available (n = 55;
ps > 0.80) and thus this was not included as a covariate.
Given that participants were classified based only the ADOS,
partial correlations for participants with FXS (regardless of
ASD classification status) were conducted using the four child
outcome variables and ASD severity. Results based on these
analyses are presented as a complementary table (see Table 3.4)
and allow for examination of relationships with ASD severity
as a continuous measure. Across analyses (with the exception
of linear regressions for interrelationships and correlational
analyses described in pragmatic longitudinal outcomes), planned
comparisons were conducted even when overall models were
not significant, given the novelty of this data and to guard
against Type 2 errors (75). In addition, given multiple tests
and a rather small dataset, Bonferroni corrected analyses were
conducted for child and parent MANCOVAs following initial
analyses with no adjustments, to address the possibility of false
discovery. Only findings that withstood Bonferroni corrections
are reported in the text below. These findings are also denoted in
each of the corresponding tables. However, because adjustment
assumes that a Type 1 error is of more serious concern than a
Type 2 error (76), and given the uniqueness of these data and
difficulty ascertaining rare populations such as FXS (particularly
for longitudinal studies), the danger of missing effects was of
greater concern. Therefore, findings without adjustments for
the MANCOVAs are also reported in tables. To further aid in
interpretation of data, Cohen’s d effect sizes are also provided
for all analyses examining group differences (see Tables 3.3, 4.3).
With the exception of pragmatic longitudinal outcomes which

include both significant andmarginal findings given small sample
size, only significant results are described. The corresponding
tables for each analysis present the remaining statistical results.

Pragmatic Language in Children
Pragmatic language during parent-child interactions was
analyzed using a series of multivariate analyses of covariance
(MANCOVAs). Group differences were examined, as well as
within group sex differences (except for the ASD-O group,
where data on females were not available). The effect of context
(structured vs. unstructured parent-child interaction task) was
evaluated using repeated measures ANCOVA to investigate a
diagnosis by context interaction.

Pragmatic Language in Parents
To characterize parent pragmatic profiles across groups during
parent-child interactions, analyses followed the same plan that
was used for the analysis of child data described above (i.e., group
comparisons were based on child diagnosis and sex). To address
concerns related to non-independence (i.e., a small subset of
cases included the same parent with a different child, n = 16),
a linear mixed model was conducted for each outcome variable
with participant nested within family. None of these models were
significant and the random effect for diagnosis in these cases was
essentially zero. This suggested that the nesting of individuals
within families did not result in non-independence. While it is
possible that there was an insufficient number of family cases
included in the overall sample to fully test this effect, generalized
linear models (GLMs) were additionally conducted with and
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without siblings and the findings were compared to each other.
Because there were few differences between these two models,
and there was no effect of family status in the mixed model, the
GLMs reported below include all available participants regardless
of family status in order to increase sample size and power.

Parent-Child Interrelationships
To examine patterns of parent-child relationships, and limit
the number of correlations examined, a principal component
analysis (PCA) with a one component solution was conducted
for parent and child groups separately with all language variables
(i.e., non-contingent language, non-responsiveness, initiation,
perseveration) included. The PCA resulted in a component
for the child group explaining 40.09% of the variance, with
standardized loadings of 0.26 for initiation, 0.37 for non-
responsiveness, 0.84 for non-contingent language, and 0.84 for
perseveration. The parent component explained 35.37% of the
variance, with standardized loadings of −0.39 for initiation, 0.32
for non-responsiveness, 0.82 for non-contingent language, and
0.70 for perseveration. The component score for each subject was
then used in exploratory Pearson correlations within each group,
with separate analyses for sex and context, resulting in a total of
18 correlation models.

Pragmatic Language Outcomes
To identify the relationship between parent-child interactions
(including both child and parent language during interactions)
at baseline and child pragmatic outcomes 2-years later across
diagnostic groups, a series of partial correlations were conducted.
The variables included each of the parent and child language
variables explored in the group differences and interrelationship
analyses above (e.g., parent and child non-contingent language),
as well as PRS-SA and CASL scores at time 3 (two years
later). Covariates included the baseline measure of the outcome
variable being explored, which was mean centered (e.g., PRS-
SA scores at baseline served as the covariate for relationships
with longitudinal PRS-SA scores). Of note, all parents of boys
with ASD-O and girls with FXS-ASD included in longitudinal
analyses received scores of zero for non-responsiveness, resulting
in insufficient variability within these groups to examine these
relationships in a meaningful way and relationships with
parental non-responsiveness for these two groups were therefore
not examined.

RESULTS

Pragmatic Language in Children
Boys
As indicated inTable 3.1, the model for non-contingent language
was significant in both tasks, driven by boys with FXS-ASD and
ASD-O compared to all other groups. There were no significant
effects of context. Similar findings emerged for perseveration,
such that boys with FXS-ASD and ASD-O used higher rates
of perseveration compared to other groups during structured
interactions. Non-responsiveness was significant during both
interaction types. This effect was driven by higher rates of non-
responsiveness among boys with ASD-O compared to all other

groups. Boys with FXS-ASD, ASD-O, DS, and TD were more
non-responsive during the unstructured interactions compared
to the structured interactions.

Girls
Girls with FXS-ASD used more non-contingent language relative
to all other groups (see Table 3.2). There were no significant
effects for context. Similar findings emerged for perseveration
and were primarily driven by girls with FXS-ASD and FXS-
O. There was no significant effect for context overall. Girls
with FXS-ASD were less responsive during structured and
unstructured interactions than girls in all other groups. There was
no significant effect for context.

Sex Differences
There were significant sex differences in rates of non-
responsiveness between boys and girls with FXS-ASD
[F(1, 46) = 13.8, p < 0.01; F(1, 46) = 3.8, p < 0.01] across
both interaction contexts, with girls showing higher rates of
non-responsiveness than boys.

Pragmatic Language in Parents
Parents of Boys
Parents interacting with their children with FXS-ASD and ASD-
O used more non-contingent language across both contexts
compared to parents from other groups (see Table 4.1). Parents
of children with ASD-O and FXS-ASD were also more
perseverative than parents interacting with children with DS.
Rates of initiations and non-responsiveness were not significant
for either context.

Parents of Girls
The FXS-ASD parent group used higher rates of non-contingent
language relative to the other groups (see Table 4.2). Higher rates
of non-contingent language were observed during unstructured
interaction relative to the structured interaction in parents of
individuals with FXS-O and DS. Non-responsiveness did not
occur often enough during structured interactions for a valid
model estimate to be derived.

Parent-Child Interrelationships
Correlation coefficients from the PCA-derived components are
summarized in Table 5 and reported in detail here. In boys and
girls with FXS-ASD, the components were associated between
the parent and child groups in the unstructured interactions
(rs > 0.61, ps < 0.01), and there were no significant associations
in the structured interactions (ps > 0.08). No significant
associations emerged in the FXS-O groups (ps > 0.28) or
DS groups (ps > 0.16). For boys with ASD-O, a significant
relationship emerged between the parent and child groups
during structured interactions (r = 0.46, p = 0.01) but not in
unstructured interactions (r = 0.05, p = 0.79). In girls with TD,
a significant association emerged in unstructured interactions
(r = 48, p = 0.03). There were no associations in boys with TD
(ps > 0.20).
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TABLE 3.1 | Group differences in pragmatic language in males.

Structured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

ASD-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-contingent F (4, 112) = 10.7***† 0.18 (0.02)a 0.08 (0.03)b 0.16 (0.02)a 0.04 (0.02)b 0.07 (0.02)b

Perseveration F (4, 112) = 6.1***† 0.07 (0.009)a 0.03 (0.02)b 0.05 (0.01)a,b 0.005 (0.01)c 0.02 (0.01)c

Initiations F (4, 112) = 1.3 0.34 (0.02)a,b 0.42 (0.04)a 0.31 (0.03)b 0.33 (0.03)a,b 0.34 (0.03)a,b

Non-responsiveness F (4, 112) = 7.3***† 0.01 (0.006)a 0.01 (0.01)a 0.05 (0.007)b 0.003

(0.008)a
0.02 (0.009)a

Unstructured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

ASD-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-contingent F (4, 112) = 16.2***† 0.24 (0.02)a 0.07 (0.03)b 0.18 (0.02)a 0.05 (0.03)b 0.06 (0.03)b

Perseveration F (4, 112) = 4.2** 0.11 (0.01)a 0.04 (0.03)b 0.07 (0.02)a,b 0.03 (0.02)b 0.03 (0.02)b

Initiations F (4, 112) = 0.19 0.49 (0.02)a 0.53 (0.04)a 0.49 (0.03)a 0.48 (0.03)a 0.49 (0.04)a

Non-responsiveness F (4, 112) = 6.7***† 0.04 (0.02)a 0.03 (0.03)a 0.14 (0.02)b 0.04 (0.02)a 0.08 (0.02)a

Context effect

Pragmatic language Group F

Non-contingent F (4, 112) = 1.4

Perseveration F (4, 112) = 0.38

Initiations F (4, 112) = 0.45

Non-responsiveness F (4, 112) = 2.6*

FXS-ASD, fragile X syndrome with autism spectrum disorder based on the ADOS; ASD-O, ASD only; FXS-O, FXS only; DS, Down syndrome; TD, typical development. Adjusted Means

(M) and Standard Errors (SE). Different superscripts within a row indicate significant differences at p < 0.05. If groups share the same letter, differences were not significant. Bolded

items indicate significant differences between contexts within a diagnostic group. Italicized items indicated significant within group sex differences.

*p < 0.05, **p < 0.01, ***p < 0.001, † indicates significance following Bonferroni corrections.

Pragmatic Language Outcomes
FXS-ASD
Increased rates of child non-contingent language (r = 0.51,
p = 0.007) and perseveration (r = 0.42, p = 0.03) in the
structured interaction were associated with greater pragmatic
difficulties in boys with FXS-ASD 2 years later, as measured
by the PRS-SA (see Figure 1A). Increased rates of parent non-
responsiveness (r = 0.34, p = 0.08) and parent perseveration
(r = −0.35, p = 0.07) in the structured interaction were
marginally associated with greater pragmatic difficulties in boys
based on the PRS-SA. In contrast, among girls, increased rates of
child non-contingent language in the unstructured interaction
were marginally associated with better pragmatic outcomes
based on the PRS-SA (r = −0.68, p = 0.09; see Figure 1B).
No other significant or marginal relationships emerged
(ps > 0.10) (e.g., see Figure 1C).

FXS-O
Increased rates of child perseveration (r = −0.96, p = 0.04)
and child non-responsiveness (r = 0.98, p = 0.02) during
structured parent-child interactions were associated with greater
pragmatic difficulties 2 years later, as measured by the CASL, in
boys with FXS-O. There were no significant relationships when
examining the parent-child interactions and child longitudinal
outcomes based on the PRS-SA in this group (ps > 0.17).

In girls with FXS-O, higher rates of parent non-contingent
language in the structured interaction (r = −0.48, p = 0.03)
were associated with greater pragmatic difficulties, as measured
by the CASL, 2 years later. Marginal relationships emerged
between parent initiations in the unstructured interaction and
pragmatic outcomes based on the PRS-SA (r = 0.41, p = 0.07).
No other significant or marginal relationships emerged for girls
with FXS-O on either the CASL or PRS-SA (ps > 0.14) (e.g., see
Figure 1C).

ASD-O
Partial correlations in boys with ASD-O revealed that child non-
contingent language in the unstructured interaction (r = −0.90,
p = 0.001) was associated with lower (i.e., worse) child CASL
scores 2 years later (see Figure 1D). Parent initiations in
the unstructured interaction were negatively related to child
pragmatic outcomes based on the CASL (r = −0.68, p = 0.05).
Parent non-responsiveness in unstructured interaction was also
related to better pragmatic outcomes on the CASL (r = 0.78,
p= 0.01). No other significant relationships emerged (ps > 0.24)
(e.g., see Figure 1C).

DS
In boys with DS, a marginal relationship emerged between
child non-responsiveness in the unstructured interaction and
pragmatic outcomes based on the PRS-SA (r = 0.49, p = 0.09).
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TABLE 3.2 | Group differences in pragmatic language in females.

Structured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-ontingent F (3, 65) = 6.2**† 0.17 (0.02)a 0.06 (0.02)b 0.04 (0.02)b 0.05 (0.02)b

Perseveration F (3, 65) = 5.4**† 0.05 (0.01)a 0.03 (0.007)a,c −0.003 (0.009)b 0.007 (0.008)b,c

Initiations F (3, 65) = 0.85 0.38 (0.05)a 0.41 (0.03)a 0.37 (0.04)a 0.41 (0.04)a

Non-responsiveness F (3, 65) = 5.4***† 0.06 (0.009)a 0.01 (0.006)b 0.002 (007)b 0.02 (0.007)b

Unstructured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-contingent F (3, 65) = 8.4***† 0.15 (0.02)a 0.06 (0.02)b 0.03 (0.02)b 0.04 (0.02)b

Perseveration F (3, 65) = 6.1**† 0.10 (0.02)a 0.07 (0.01)a,b −0.002 (0.02)c 0.04 (0.02)b,c

Initiations F (3, 65) = 1.9 0.61 (0.05)a 0.61 (0.03)a 0.52 (0.04)b 0.52 (0.04)a,b

Non-responsiveness F (3, 65) = 3.3*† 0.13 (0.02)a 0.05 (0.02)b 0.03 (0.02)b 0.05 (0.02)b

Context effect

Pragmatic language Group F

Non-contingent F (3, 65) = 0.49

Perseveration F (3, 65) = 1.5

Initiations F (3, 65) = 1.6

Non-responsiveness F (3, 65) = 0.58

FXS-ASD, fragile X syndrome with autism spectrum disorder based on the ADOS; FXS-O, FXS only; DS, Down syndrome; TD, typical development. Adjusted Means (M) and Standard

Errors (SE).Different superscripts within a row indicate significant differences at p < 0.05. If groups share the same letter, differences were not significant. Italicized items indicated

significant within group sex differences.

*p < 0.05, **p < 0.01, ***p < 0.001, † indicates significance following Bonferroni corrections.

Child perseveration in the structured interaction (r = −0.53,
p = 0.08) and parent non-responsiveness in the unstructured
interaction (r = −0.54, p = 0.07) were also marginally related
to CASL scores 2 years later, such that higher rates of child
perseveration and parent non-responsiveness were associated
with greater pragmatic difficulties 2 years later. In girls with
DS, increased parent initiations in the structured interaction
(r = −0.71, p = 0.02) and perseveration in the unstructured
interaction (r = −0.63, p = 0.05) were related to poorer
pragmatic outcomes, as measured by the CASL. However,
increased child non-contingent language (rs > 0.74, ps < 0.03)
during both contexts and increased child perseveration in the
unstructured context (r = 0.78, p = 0.01) was associated with
higher (i.e., worse) PRS-SA scores (see Figures 1A,B). Marginal
relationships also emerged between child initiations in the
structured interaction and pragmatic outcomes on the PRS-SA
(r = −0.61, p = 0.08) (i.e., increased initiations during parent-
child interactions associated with better PRS-SA scores 2 years
later). No other significant or marginal relationships emerged
(ps > 0.11) (e.g., see Figure 1C).

TD
Partial correlations revealed a significant relationship between
parent perseveration in the unstructured context (r = 0.89,

p = 0.003) and CASL scores 2 years later in boys with TD,
such that higher rates of parent perseveration were associated
with better pragmatic outcomes. Higher rates of parent non-
contingent language in the structured context (r = −0.72,
p = 0.05) and non-responsiveness in the unstructured context
(r = −0.71, p = 0.05) were also associated with better pragmatic
scores on the PRS-SA in boys with TD. Marginal relationships
emerged between child perseveration in the unstructured context
in boys and pragmatic outcomes based on the CASL (r = 0.66,
p = 0.08). Higher rates of child non-responsiveness in the
unstructured context were associated with better pragmatic
scores on the CASL in girls with TD (r = 0.83, p = 0.02), and
increased parent perseveration in the unstructured contexts was
marginally associated with more pragmatic difficulties on the
PRS-SA (r = 0.67, p = 0.07). No other significant or marginal
relationships emerged (ps > 0.10).

DISCUSSION

This study applied a detailed pragmatic coding system
to characterize parent and child pragmatic skills during
conversational interactions in children with fragile X syndrome
who did and did not meet ASD criteria on the ADOS (FXS-ASD,
FXS-O), idiopathic autism spectrum disorder (ASD-O), Down
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TABLE 3.3 | Effect sizes (Cohen’s d) for pragmatic language in males and females.

Structured interaction/unstructured interaction Structured interaction/unstructured interaction

Non-contingent language Males Females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0.9/1.4 0.17/0.5 1.2/1.5 1.0/1.4 – 1.2/1.7 1.8/1.5 1.5/1.4

FXS-O – – 0.7/1.0 0.4/0.16 0.1/0.08 – – 0.2/0.5 0.1/0.3

ASD-O – – – 1.2/1.1 0.88/1 – – – –

DS – – – – 0.3/0.07 – – – 0.1/0.1

Perseveration Males Females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0.7/1.0 0.4/0.5 1.2/1.1 0.97/1.1 – 0.6/0.6 1.5/1.4 1.3/0.8

FXS-O – – 0.4/0.3 0.5/0.1 0.2/0.1 – – 0.9/1.1 0.7/0.4

ASD-O – – – 0.9/0.4 0.6/0.4 – – – –

DS – – – – 0.3/0.0 – – – 0.3/0.5

Initiations Males Females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0.7/0.3 0.2/0.0 0.08/0.8 0.0/0.0 – 0.2/0.0 0.06/0.6 0.2/0.5

FXS-O – – 0.7/0.3 0.7/0.4 0.6/0.3 – – 0.3/0.6 0.0/0.6

ASD-O – – – 0.1/0.06 0.2/0 – – – –

DS – – – – 0.08/0.07 – – – 0.2/0.0

Non-responsiveness Males Females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0.0/0.09 1.1/0.85 0.2/0 0.3/0.4 – 1.7/0.9 2.1/1.4 1.3/1.1

FXS-O – – 1.1/1.0 0.2/0.1 0.3/0.6 – – 0.3/0.3 0.3/0.1

ASD-O – – – 1.2/0.9 0.8/0.5 – – – –

DS – – – – 0.5/0.5 – – – 0.6/0.2

Effect sizes were calculated based on adjusted mean, standard error, and individual group sample size. Cells with – indicate redundant effect sizes, within-group effect sizes that are

not calculated, or effect sizes that could not be calculated (e.g., no ASD-O group females).

TABLE 3.4 | Partial correlations based on ASD-severity and pragmatic language in FXS.

Non-contingent Perseveration Nonresponse Initiations

Structured Unstructured Structured Unstructured Structured Unstructured Structure Unstructured

Males 0.44** 0.46** 0.30* 0.39** 0.002 0.01 −0.02 0.02

Females 0.53** 0.36* 0.16 0.05 0.5** 0.36* −0.17 −0.00

Results based on correlational analyses generally follow the same trends as those observed based on group classification status; Bolded items indicate statistical significance; Italicized

items indicated significant within group sex differences. *p < 0.05, **p < 0.01.

syndrome (DS), and typical development (TD), as well as
interrelationships and pragmatic language outcomes 2 years
later. Sex differences were also examined within each diagnostic
group, with the exception of the ASD-O group because girls
were not included in the broader longitudinal study from which
these data were drawn. Results suggest both important areas
of overlap and divergence in pragmatic skills and patterns of
association, across child and parent groups, and in different

conversational contexts. The FXS-ASD and ASD-O groups
showed particular similarities, with some important exceptions.
Parent-child analyses also suggest associations indicative of
reciprocal interactions in the ways that parents and children
use pragmatic skills during both structured and unstructured
conversations, although patterns differed across groups, and
direction of influence in these associations remains unclear
(though likely to be highly bidirectional). In what follows, results
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TABLE 4.1 | Group differences in pragmatic language in parents of males.

Structured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

ASD-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-contingent F (4, 112) = 3.2*† 0.02 (0.004)a 0.02 (0.008)a,b,c 0.02 (0.005)a,c 0.002 (0.006)b 0.006 (0.006)b,c

Perseveration F (4, 112) = 0.34 0.01 (0.005)a 0.02 (0.009)a 0.006 (0.005)a 0.007 (0.007)a 0.009 (0.007)a

Initiations F (4, 112) = 0.11 0.95 (0.008)a 0.94 (0.02)a 0.95 (0.009)a 0.95 (0.01)a 0.95 (0.01)a

Non-responsiveness F (4, 112) = 0.34 0.006 (0.007)a −0.002 (0.01)a 0.002 (0.008)a 0.01 (0.009)a 0.003 (0.01)a

Unstructured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

ASD-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-contingent F (4, 112) = 4.9**† 0.06 (0.007)a 0.01 (0.01)b 0.04 (0.008)a,b 0.02 (0.01)b 0.01 (0.01)b

Perseveration F (4, 112) = 2.9*† 0.05 (0.01)a 0.03 (0.02)a,b 0.05 (0.01)a 0.004 (0.01)b 0.01 (0.02)a,b

Initiations F (4, 112) = 0.97 0.92 (0.01)a 0.92 (0.02)a 0.92 (0.01)a 0.91 (0.02)a 0.88 (0.02)a

Non-responsiveness F (4, 112) = 1.4 0.01 (0.01)a 0.003 (0.02)a 0.01 (0.01)a 0.04 (02)a 0.04 (0.02)a

Context effect

Pragmatic language Group F

Non-contingent F (4, 112) = 2.2∧

Perseveration F (4, 112) = 3.0*

Initiations F (4, 112) = 1.4

Non-responsiveness F (4, 112) = 0.79

Parent groups based on child status; FXS-ASD, fragile X syndrome with autism spectrum disorder based on the ADOS; ASD-O, ASD only; FXS-O, FXS only; DS, Down syndrome;

TD, typical development. Adjusted Means (M) and Standard Errors (SE). Different superscripts within a row indicate significant differences at p < 0.05. If groups share the same letter,

differences were not significant. Bolded items indicate significant differences between contexts within a diagnostic group.
∧p < 0.10, *p < 0.05, **p < 0.01, † indicates significance following Bonferroni correction.

are discussed in greater detail across each of the primary sets
of analyses.

Child Group and Sex Differences
In line with prior research where the child interacted with a
trained examiner (17, 29), and consistent with predictions, boys
and girls with FXS-ASD, and boys with ASD-O, demonstrated
higher rates of non-contingent language during structured
(i.e., “fun day out” task) and unstructured (i.e., “free play”
task) parent-child interactions relative to all other groups. The
findings for perseverative language generally paralleled the same
trends that emerged for non-contingent responses (although the
model for perseveration during unstructured interactions did
not withstand multiple-comparison correction and should be
interpreted with caution). In other words, boys and girls with
FXS-ASD were more perseverative during both structured and
unstructured interactions relative to all other groups. Boys with
ASD-O were significantly more perseverative during structured
interaction than boys with TD and DS. Although this finding was
not significant during unstructured interaction, the same pattern
of differences emerged. Together, these findings add to a growing
body of research that supports non-contingent and perseverative
language as central components of the pragmatic phenotype
associated with ASD with and without FXS (17–19, 29, 77).

In contrast to these areas of overlap, we observed differences
between the two groups of boys with ASD, particularly with
respect to lower rates of initiations and responsiveness in boys
with ASD-O compared to FXS-ASD (although the model for
initiations did not withstand multiple-comparison correction
and should be interpretated with caution). Nonetheless, this
finding builds on those reported from a prior study looking
at examiner-child interactions in an overlapping sample of
participants (17), suggesting a more pervasive pattern that
extends across different types of conversational interactions
and partners. These findings may reflect important differences
in underlying social motivations, as the ability to initiate
conversation represents a core pragmatic impairment among
boys with ASD-O (17, 78–81). Similarly, the ability to be
responsive also represents a clear pragmatic deficit for boys with
ASD-O and girls with FXS-ASD. This finding was expected
and adds to the growing body of evidence pointing to non-
responsiveness as a major factor in the pragmatic phenotype of
idiopathic ASD (17, 82, 83). It also reveals an important sex
difference between boys and girls with FXS-ASD, as boys did not
show difficulty with responsiveness. Notably, social anxiety and
hyperarousal are major factors in the social phenotype of girls
with FXS-ASD (84), and could be contributing to these findings.

Important differences were also observed in boys and
girls with FXS-O and DS. Consistent with recent research,
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TABLE 4.2 | Group differences in pragmatic language in parents of females.

Structured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-contingent F (3, 65) = 2.6∧ 0.02 (0.006)a 0.004 (0.004)b 0.004 (0.005)b 0.01 (0.005)a,b

Perseveration F (3, 65) = 0.76 0.005 (0.003)a 0.001 (0.002)a 0.00 (0.002)a 0.003 (0.002)a

Initiations F (3, 65) = 0.77 0.94 (0.02)a 0.95 (0.01)a 0.96 (0.01)a 0.94 (0.01)a

Non-responsiveness – 0.00 (0.00) 0.00 (0.00) 0.00 (00) 0.00 (0.00)

Unstructured interaction

Pragmatic language Group F FXS-ASD,

M(SE)

FXS-O,

M(SE)

DS,

M(SE)

TD,

M(SE)

Non-contingent F (3, 65) = 1.2 0.04 (0.01)a 0.02 (0.007)a 0.02 (0.01)a 0.02 (0.008)a

Perseveration F (3, 65) = 1.8 0.03 (0.01)a 0.008 (0.006)b 0.01 (0.008)a,b 0.009 (0.007)a,b

Initiations F (3, 65) = 0.29 0.93 (0.02)a 0.90 (0.02)a 0.91 (0.02)a 0.91 (0.02)a

Non-responsiveness F (3, 65) = 0.13 0.02 (0.02)a 0.02 (0.01)a 0.009 (01)a 0.01 (0.01)a

Context effect

Pragmatic language Group F

Non-contingent F (3, 65) = 0.58

Perseveration F (3, 65) = 1.4

Initiations F (3, 65) = 0.77

Non-responsiveness F (3, 65) = 0.13

Parent groups based on child status; FXS-ASD, fragile X syndrome with autism spectrum disorder based on the ADOS; FXS-O, FXS only; DS, Down syndrome; TD, typical development.

Adjusted Means (M) and Standard Errors (SE). Different superscripts within a row indicate significant differences at p < 0.05. If groups share the same letter, differences were not

significant. ∧p < 0.10.

neither of these groups had difficulty with non-contingent
language relative to typically developing controls (17, 19, 29,
70), which suggests that increased non-contingent language
use may be more unique to individuals in the ASD groups
and is not alone attributable to general cognitive delay.
In fact, contingent discourse represented a relative strength
among boys and girls with FXS-O and DS. Additionally,
inasmuch as previous investigations have suggested that non-
contingent responding is typical of children with FXS [e.g.,
(85, 86)], it is important to note that defining the presence
vs. absence of ASD symptomatology appears to make an
important difference.

Whereas, boys and girls with DS did not show any difficulty
with perseveration, girls with FXS-O were more perseverative
than girls with DS or TD, and there were no differences
in rates of perseveration between boys with FXS-O and
ASD-O, who both showed more perseveration than DS
and TD groups. These findings are slightly different from
what was observed in a similar sample during examiner-
child interactions, where Martin et al. (17) found no
evidence of increased perseveration in the FXS-O groups.
This important context difference highlights perseveration
as a key behavior to consider in FXS, independent of
ASD symptomatology.

Parent Group and Sex Differences
The pragmatic profiles of parents generally followed the same
trends that occurred for children. Parents interacting with girls
and boys with FXS-ASD, and boys with ASD-O, showed higher
rates of non-contingent language in both contexts relative to the
other groups. Additionally, these same parent groups used higher
rates of perseverative language during unstructured parent-child
interactions (although the model for perseveration in parents
of girls did not withstand multiple-comparison correction and
should be interpretated with caution). It is possible that these
findings were child-driven, as these parent groups have children
who show the very same types of pragmatic weaknesses.
However, these types of pragmatic differences have also been
described as important features of the BAP (20, 21, 50, 53). A
subgroup of parents of children with ASD and carriers of the
FMR1 premutation have been shown to use more tangential
(including topic preoccupation) or off-topic language, during
conversational interactions with examiners (20).

These findings suggest that non-contingent and perseverative
language represent an important component of the pragmatic
phenotype associated with ASD with and without FXS, in both
affected and unaffected individuals. This potential pragmatic
signature appears to cut across diagnostic boundaries in children
and parents, and may help define the etiologies of pragmatic
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TABLE 4.3 | Effect sizes (Cohen’s d) for pragmatic language in parents.

Structured interaction/unstructured interaction Structured interaction/unstructured interaction

Non-contingent language Parents of males Parents of females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0/1.2 0/0.5 0.7/0.9 0.6/1.2 – 0.8/0.6 0.8/0.5 0.5/0.6

FXS-O – – 0/0.7 0.7/0.2 0.6/0 – – 0/0 0.3/0

ASD-O – – – 0.7/0.4 0.5/0.7 – – – –

DS – – – – 0.2/0.2 – – – 0.3/0

Perseveration Parents of males Parents of females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0.5/0.3 0.1/0.4 0.1/0.7 0.1/0.5 – 0.4/0.7 0.5/0.6 0.1/0.7

FXS-O – – 0.6/0.3 0.6/0.5 0.5/0.3 – – 0.1/0.1 0.3/0

ASD-O – – – 0.03/0.7 0.1/0.6 – – – –

DS – – – – 0.04/0.2 – – – 0.3/0

Initiations Parents of males Parents of females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0.2/0 0/0 0/0.1 0/0.6 – 0.2/0.3 0.3/0.6 0/0.3

FXS-O – – 0/0 0/0.1 0/0.5 – – 0.2/0.1 0.2/0.1

ASD-O – – – 0/0.1 0/0.6 – – – –

DS – – – – 0/0.3 – – – 0.5/0

Non-responsiveness Parents of males Parents of females

FXS-ASD FXS-O ASD-O DS TD FXS-ASD FXS-O DS TD

FXS-ASD – 0.2/0.1 0.1/0 0.1/0.4 0.1/0.4 – –/0 –/0.2 –/0.2

FXS-O – – 0.1/0.1 0.3/0.5 0.1/0.5 – – –/0.2 –/0.2

ASD-O – – – 0.2/0.4 0/0.4 – – – –

DS – – – – 0.2/0 – – – –/0

Effect sizes were calculated based on adjusted mean, standard error, and individual group sample size. Cells with – indicate redundant effect sizes, within-group effect sizes that are

not calculated, or effect sizes that could not be calculated (e.g., no ASD-O group in parents of females).

impairment in FXS and ASD. These findings also underscore the
need to consider parental language style in the development of
targeted parent-child interventions, as parents may be genetically
predisposed to certain language styles that are exacerbated in the
context of interactions with their children.

Interrelationships Between Parent and
Child Pragmatic Behaviors
A number of interesting patterns of parent-child
interrelationships emerged across groups for the PCA-derived
components. Non-contingent language and perseveration
contributed most significantly to both the parent and child
components (>0.70), with initiation and non-responsiveness
contributing less so with standardized loadings <0.40. Higher
ratings on both components indicated more difficulty with
pragmatic language, specifically more non-contingent language
and perseveration, during the dyadic interactions.

Examining these components, significant positive parent-
child correlations emerged for boys and girls with FXS-ASD, boys
with ASD-O, and girls with TD. For boys and girls with FXS-
ASD and boys with ASD-O, increased rates of non-contingent
language and perseveration were observed in analyses of group
differences, with similar patterns emerging in their parents,
likely reflecting similar pragmatic weaknesses in these dyads.
The positive association further indicates that, within groups,
parents with more severe weaknesses were more likely to have
children with more severe weaknesses. This finding is potentially
indicative of genetic influences, although environmental effects
cannot be ruled out. The significant association for girls with TD
and their parents is perhaps less notable given that pragmatic
weaknesses were not found for these groups, although the
correlation still indicates that such behaviors, even if relatively
infrequent, are related in these dyads.

The bidirectional nature of these associations is important
to consider, as parent and child language patterns are certainly

Frontiers in Psychiatry | www.frontiersin.org 13 November 2021 | Volume 12 | Article 718572156

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Bush et al. Parent-Child Interactions and Child Outcomes

interdependent. For example, a parent could be off-topic because
their child was off-topic to begin with or vice versa, or non-
contingent language could occur as part of a parents’ natural
attempt to redirect their child to a particular topic. It may also
be that because of a child’s tendency to respond in an off-topic
or socially inappropriate way during conversational interactions,

TABLE 5 | Interrelationships between parent and child pragmatic language.

Child component

Structured

context

Unstructured

context

Parent

Component

FXS-ASD boys (n = 39) 0.27 0.62***

FXS-ASD girls (n = 11) 0.47 0.75**

FXS-O boys (n = 10) 0.22 0.30

FXS-O girls (n =25) 0.07 −0.07

ASD-O boys (n = 32) 0.46** 0.05

DS boys (n = 21) 0.15 0.09

DS girls (n = 17) 0.18 0.17

TD boys (n = 19) −0.01 0.27

TD girls (n = 20) 0.18 0.48*

Bolded items indicate statistical significance; *p < 0.05, **p < 0.01, ***p < 0.001.

parents may be more prone to change the topic or redirect the
conversation back to what was originally being discussed. In
sum, parent and child behaviors are highly interrelated and in
important ways driven by the other’s behaviors. The bidirectional
nature of these relationships should be further studied in designs
capable of teasing out causal direction, such as parent training
intervention studies, which may help to identify the most
effective response patterns for supporting the development of
more contingent discourse in these dyadic interactions.

Together, these findings emphasize the ways in which
parent and child contributions to an unfolding communicative
interaction are intricately interrelated. It is clear that even if
parents and children have genetic predispositions toward certain
language styles, pragmatic features do not occur in isolation;
instead, they are dynamic and bidirectional. Children who have
difficulty with these types of pragmatic skills in particular could
benefit from targeted interventions aimed at improving specific
parent-child interaction patterns.

Finally, the lack of significant parent-child interrelationships
in boys or girls with FXS-O and DS, and boys with TD, may be
due to fewer atypical pragmatic behaviors being present in these
groups overall. This may also suggest that dyads in these groups
employed different pragmatic styles, perhaps inconsistently, that
did not significantly relate to one another.

FIGURE 1 | (A–D) Non-contingent language and pragmatic language outcomes. Associations between non-contingent language and pragmatic language outcomes.

(A) Increased rates of non-contingent language in the structured interactions were significantly associated with poorer pragmatic language outcomes, as measured by

the PRS-SA, in FXS-ASD boys and DS girls. (B) Increased use of non-contingent language in the unstructured interactions was correlated with poorer pragmatic

language outcomes, as measured by the PRS-SA, in the FXS-ASD girls and DS girls. (C) There were no significant associations between non-contingent language

and pragmatic language outcomes, as measured by the CASL, in any groups. (D) Increased rates of non-contingent language in the unstructured interactions was

significantly associated with poorer pragmatic language outcomes on the CASL in boys with ASD. FXS-ASD, fragile X syndrome with autism spectrum disorder;

FXS-O, FXS only; ASD-O, ASD only; DS, Down syndrome; TD, typical development. ∧p < 0.1, *p < 0.05.
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Pragmatic Language Outcomes
Results from longitudinal analyses suggest meaningful parent
and child language variables as potential factors related to
long-term child pragmatic outcomes, with slightly different
patterns emerging across groups. For example, higher rates
of non-contingent and perseverative language were associated
with greater pragmatic difficulties in boys with FXS-ASD.
Not surprisingly, and similar to boys with FXS-ASD, a
relationship between increased non-contingent language and
poorer pragmatic language outcomes also emerged among
boys with ASD-O. This suggests that child non-contingent
language during parent-child interactions in both ASD groups
predicts greater pragmatic difficulty later in development. These
findings highlight an important target for intervention efforts
in both ASD groups, and may suggest the ways in which
this shared aspect of the pragmatic phenotype in idiopathic
and syndromic ASD contributes to developmental outcomes.
While the opposite relationship emerged for girls with FXS-
ASD, it should be noted that this was of marginal significance.
Interestingly, in boys with FXS-O, increased rates of child
perseverative and non-responsive language were associated
with greater pragmatic deficits 2 years later. Consistent with
the literature, this finding suggests that regardless of ASD
status, perseveration likely represents an important target
in pragmatic language interventions for children with FXS
(87), as results indicate it may be related to a broader
pattern of pragmatic language difficulties over time. In
the context of these findings, clarifying the presence of
ASD symptomatology in individuals with FXS has important
implications for developing tailored treatment plans aimed
at improving pragmatic language outcomes, with areas of
meaningful clinical overlap and divergence in the development
of treatment goals.

In girls with FXS-O, higher rates of parental non-contingent
language during parent-child interactions were associated
with greater pragmatic difficulties 2 years later. While not
statistically significant, marginal relationships emerged in a
similar direction between parental non-responsiveness and
perseveration in boys with FXS-ASD. While larger samples
and increased power may have yielded a clearer pattern
of results, these findings provide an initial indication that
parent language style during parent-child interactions may
contribute to the child’s pragmatic outcomes, even during the
school-age years, highlighting an important clinical target that
could be addressed in future parent-child intervention studies
in FXS.

In contrast, a slightly different pattern emerged in boys
with ASD-O, such that increased rates of parent initiations
were associated with poorer pragmatic language outcomes on
the CASL, a standardized measure of pragmatic language 2
years later. A similar finding was seen among girls with DS.
Notably, the content and quality of the parents’ initiations
in these cases are not entirely clear, although it may be
the case that overly frequent parental initiations occurred
at the expense of reciprocal parent-child communication.
Alternatively, particularly among the ASD-O group, it is
also quite possible that parents over-initiated as a way to

compensate for their child’s non-responsive behaviors, which
may thus serve as a mediating factor in this complicated,
transactional relationship.

Study Strengths, Limitations, and Clinical
and Research Directions
An important contribution of this study was the inclusion of
multiple clinical groups included with individuals with FXS. This
afforded analysis of pragmatic language profiles that may be
unique to FXS, as well as how pragmatic abilities in children
with FXS might be influenced by ASD symptoms. Examining
language samples in two different contexts, in relationship to
parental pragmatic language, and over time offered additional,
rich information to further specify pragmatic language abilities
and developmental outcomes in FXS. Finally, this study is among
the first in to examine the impact of parent-child interactions
in school-age children in FXS, ASD, and DS, as the majority
of work in this area has focused on toddlers and preschool-
age children.

An important limitation of the study is the reliance on
the ADOS as the single method of ASD classification. Most
individuals with FXS had not been clinically evaluated for
ASD previously, and due to time restrictions and participant
retention considerations, the ADI-R could only be administered
to roughly half the sample, necessitating reliance on the ADOS
for group classification [see also (88)]. Future studies should
rely on multiple gold-standard assessments, alongside best
estimate clinical judgment when possible in providing categorical
groupings such as these. In addition, the absence of girls with
ASD-O in this study limited conclusions regarding whether
patterns found in girls with FXS-ASD extend to idiopathic
ASD. Similarly, children with DS who met criteria for ASD
based on the ADOS were excluded from the larger study.
Specific cognitive and language requirements were also imposed
as part of inclusion criteria into the study. This limits the
generalizability of findings for this particular group (as well as
for participants with FXS). Future studies should include a DS
group with and without ASD to better understand the impact
of ASD symptomatology on pragmatic language in this group,
and whether similar differences exist to what is observed in
FXS (i.e., it may be possible that while contingent discourse was
a strength in this particular sample, individuals with DS with
co-occurring ASD show difficulties in this aspect of language
more similar to those with ASD-O and FXS-ASD). Future
studies should also examine parent-child interaction styles with
larger samples of fathers, to examine potential parent-specific
effects that may differ between mothers and fathers (especially
among mothers with the FMR1 premutation). The reduced
sample size of the longitudinal data available in this study
also limited our ability to examine outcomes for some of the
groups included in this study, though nonetheless provided
valuable information on potential influences on pragmatic
language growth in FXS, ASD, and DS over time, that should
be replicated in larger samples. It is also important to note
that the number of analyses increased the risk for Type 1
error overall. While reducing Type 2 error was the primary
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concern given the novelty of these unique data, the fact
that questions were intended to guide next steps in future
research, and the difficulties ascertaining a sample such as
this, the risk for Type 1 error should be considered in
interpreting findings.

Findings suggest several potential clinical implications. First,
across idiopathic and syndromic ASD groups, we found
that non-contingent language and perseveration represent
a core and shared area of deficit. Clinical interventions
designed to improve these deficits in ASD can facilitate social
communicative skills and social competency more broadly.
Many such interventions have been developed specifically for
individuals with idiopathic ASD, and it will be important to
examine the efficacy of these evidenced-based interventions
among individuals with FXS-ASD. Further, the pragmatic
impairments documented across these school-age groups could
impact the ability to develop peer relationships, and as such,
constitute important pragmatic skills that can be targeted in
social communication interventions aimed at improving these
specific language deficits throughout this age period. It will
also be important to continue to provide parents with concrete
strategies for how to best adapt their own pragmatic skills
in the context of conversational interactions with their child,
which may vary over the course of their child’s development.
This could be incorporated into already existing interventions
in which parents serve as “social coaches” [e.g., (89)] for
their children. Finally, that children in all groups showing
increased pragmatic difficulties during unstructured interactions
suggests that clinicians and researchers should incorporate both
structured and unstructured assessment contexts in diagnostic
evaluations and treatment plans.
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Fragile X Associated Tremor/Ataxia Syndrome (FXTAS) is a neurodegenerative disorder

affecting carriers of premutation alleles (PM) of the X-linked FMR1 gene, which contain

CGG repeat expansions of 55–200 range in a non-coding region. This late-onset disorder

is characterised by the presence of tremor/ataxia and cognitive decline, associated with

the white matter lesions throughout the brain, especially involving the middle cerebellar

peduncles. Nearly half of older male and ∼ 20% of female PM carriers develop FXTAS.

While there is evidence for mitochondrial dysfunction in neural and some peripheral

tissues from FXTAS patients (though less obvious in the non-FXTAS PM carriers),

the results from peripheral blood mononuclear cells (PBMC) are still controversial.

Motor, cognitive, and neuropsychiatric impairments were correlated with measures of

mitochondrial and non-mitochondrial respiratory activity, AMPK, and TORC1 cellular

stress-sensing protein kinases, and CGG repeat size, in a sample of adult FXTAS male

and female carriers. Moreover, the levels of these cellular measures, all derived from

Epstein- Barr virus (EBV)- transformed and easily accessible blood lymphoblasts, were

compared between the FXTAS (N = 23) and non-FXTAS (n = 30) subgroups, and

with baseline data from 33 healthy non-carriers. A significant hyperactivity of cellular

bioenergetics components as compared with the baseline data, more marked in the

non-FXTAS PMs, was negatively correlated with repeat numbers at the lower end of

the CGG-PM distribution. Significant associations of these components with motor

impairment measures, including tremor-ataxia and parkinsonism, and neuropsychiatric

changes, were prevalent in the FXTAS subgroup. Moreover, a striking elevation of

AMPK activity, and a decrease in TORC1 levels, especially in the non-FXTAS carriers,

were related to the size of CGG expansion. The bioenergetics changes in blood
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lymphoblasts are biomarkers of the clinical status of FMR1 carriers. The relationship

between these changes and neurological involvement in the affected carriers suggests

that brain bioenergetic alterations are reflected in this peripheral tissue. A possible

neuroprotective role of stress sensing kinase, AMPK, in PM carriers, should be addressed

in future longitudinal studies. A decreased level of TORC1—the mechanistic target of the

rapamycin complex, suggests a possible future approach to therapy in FXTAS.

Keywords: FMR1 premutation, Fragile X-associated tremor/ataxia syndrome (FXTAS), motor scores, SCL-90 scale,

lymphoblasts’ bioenergetics measures, AMPK, TORC1, cognitive measures

INTRODUCTION

Fragile X premutations, which are small expansions of CGG

repeat ranging from 55 to 200 in the non-coding region of
the Fragile X Mental Retardation 1 (FMR1) X-linked gene, are

associated with the variety of abnormal conditions (1). The

most severe premutation-associated disorder affecting carriers
of the FMR1 premutation allele is the late onset progressive
neurodegenerative condition termed Fragile X Associated
Tremor/Ataxia Syndrome (FXTAS), affecting 40−50% of male
carriers after the age of 55, and 8–16.5% female carriers in
the same age group (2–4). The much lower risk of FXTAS in
females than in males may be, at least partly, attributed to the
protective role of the normal FMR1 allele on the second X
chromosome (5), but the existence of other sex-limited protective
factors has recently been postulated (6). The standard diagnostic
(core) features of FXTAS require one or more of the following
pathological changes: intention tremor; cerebellar ataxia; and
white matter disease in the middle cerebellar peduncles (MCP
sign) seen on magnetic resonance imaging (MRI) (7, 8);
white matter disease in the splenium of the corpus callosum
(9) has more recently been considered another core FXTAS
feature. Additional changes contributing to the diagnosis include
parkinsonism, cognitive decline (executive function andmemory
deficits) in the later stages of this condition, neuropathy (10, 11),
and other MRI findings such as global brain atrophy and white
matter disease (9, 12–14), especially in the basis pontis, as well as
around the lateral ventricles and deep white matter of cerebral
hemispheres. Typical FXTAS neuropathological changes are of
widespread ubiquitin-positive intranuclear inclusions abundant
in neurones and astrocytes (15), extending to autonomic nervous
and neuroendocrine systems and myocardial cells (16–18).

One component of the nuclear inclusions is FMR1 mRNA
(19), which has previously been found to be elevated in the
blood of premutation carriers as a function of increased CGG
repeat number (20). These findings have led to a hypothesised
pathogenetic mechanism that involves a toxic gain-of-function
of the expanded CGG-repeat mRNA, which arises through the
adventitious binding/sequestration by the CGG repeat of one
or more proteins, contributing to dysfunction and/or death of
the cell (21, 22). An alternative model for FXTAS pathogenesis
has been proposed, in which “toxic” peptides are generated by
initiating translation at non-AUG codons located upstream of
the expanded CGG-repeat element repeat-Associated non-ATG
(RAN) translation. This process, which generates a poly-glycine

peptide that is toxic to cells and was detected in both the
intranuclear inclusions of subjects with FXTAS and in the
inclusions of the Dutch premutation CGG-repeat mouse model
(23, 24). However, most recent analysis of these inclusions in
FXTAS post-mortem brains revealed that they are composed
principally of ∼200 proteins, with over half involved in RNA
binding and/or protein turnover, whilst the allegedly toxic poly-
glycine peptide was found at extremely low levels (25). The
abundance of the inclusion-associated ubiquitin -and small
ubiquitin-like modifier (SUMO)-based modifiers suggests that
the inclusions have been formed as the results of increased
protein loads and elevated oxidative stress leading to maladaptive
autophagy (25). These and other postulated mechanisms,
associated with CGG expansions within the premutation range,
and leading to the severe neuropathological changes underlying
FXTAS, have been reviewed in (26).

Not all individuals carrying the premutation (PM) alleles
exhibit the clinical phenotype of FXTAS: nearly half of male
carriers do not develop this condition, but some proportion of
these non-FXTAS individuals may manifest either its isolated
features such as kinetic tremor or cognitive decline, or have
other health problems, such as fibromyalgia, seizures, migraine,
anxiety/depression, or hypertension, apparently occurring at
higher frequencies than in the general population (27–29). A
minority of male PM carriers remain asymptomatic regardless of
their age.

As with many other neurodegenerative diseases,
mitochondrial hypofunction has been suggested to play a
role in the cytopathology of FXTAS. Several authors have
investigated the status of mitochondrial expression and function
in a range of cultured cells from adult PM individuals, including
fibroblasts (30–32), as well as post-mortem brains (30, 33) and
choroid plexus (34), reporting reduced expression and function
of mitochondrial proteins. Mitochondrial hypofunction has also
been encountered in the younger carriers (35).

This hypofunction was also encountered in peripheral blood
mononuclear cells (PBMC) from PM carriers (32). A more
recent multifaceted study of mitochondrial metabolism provided
new details relating to metabolic deficits and mitochondrial
dysfunction in this tissue from affected and non-affected female
premutation carriers (36). These data obtained from human
subjects have been supported by evidence based on neural tissue
in Knock-In mice premutation models (33, 37, 38).

However, results from EBV-transformed B- lymphocytes
(hereafter termed lymphoblasts) derived from a small sample
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of male individuals carrying PM alleles (39, 40) showed
that mitochondria in those lymphoblasts are hyperactive, with
elevation of all mitochondrial respiratory complex activities.
These elevations were much more pronounced in the clinically
less affected non-FXTAS PM carriers. It is unclear as to whether
these elevations might parallel similar early changes in neural
cells, or the features seen in short lived, metabolically quiescent
peripheral lymphocytes do not reflect more advanced brain
pathological processes.

In order to gain better insight into this phenomenon,
here we correlate the measures of mitochondrial and non-
mitochondrial respiratory activity with the motor, cognitive, and
neuropsychiatric impairments seen in the affected PM carriers,
on the one hand, and with the size of the CGG expansion,
on the other, in a larger and more diverse sample of male
and female premutation carriers. Moreover, we include two of
the key proteins involved in cellular energy homeostasis: 5′

adenosinemonophosphate-activated protein kinase (AMPK), the
major sensor of inadequate cellular energy and other stresses
(41), and Target of Rapamycin Complex I (TORC1), which is
regulated by signals fromAMPK, amino acids and growth factors
(42, 43). Mitochondrial biogenesis and activity are regulated both
by AMPK and TORC1, so the mitochondrial hyperactivity we
previously observed in lymphoblasts from a small sample of
PM individuals (40) could occur in response to hyperactivity of
AMPK, which was indeed found to be elevated in lymphoblasts
from a small sample of PM individuals (40). The present results
provide new evidence for the relevance of AMPK and mTORC1
signalling status in blood lymphoblasts to the size of CGG
expansion regardless of the clinical status of the PM carriers- as
well as for the relationship between mitochondrial hyperactivity
in these cells and motor, cognitive, and neuropsychiatric
impairments in Fragile X Associated Tremor/Ataxia.

MATERIALS AND METHODS

Sample
There were 28 male and 5 female normal controls, and 38
male and 15 female PM participants. All PM participants were
adults. Except for one Asian (Chinese) male, all participants were
white Caucasians. The source of all male and the 5 female PM
participants was a major research project continuing from 2012
at La Trobe University and supported by the National Institutes
of Health, USA. This project’s male and female participants
were originally recruited through fragile X families’ admissions
to the Victorian Genetic Counselling Clinic of the Murdoch
Institute, or referred from several neurology clinics associated
with the University of Melbourne and Monash University; the
minority (some residing in the other states) were self-referred
by postings in the community through The Australian Fragile
X Association. Sixteen PM carrier males from this cohort were
already included in our earlier publication, where basic cellular
metabolism parameters were correlated with white matter lesion
burden (39), and a further 6 males were included in a study of the
relationship between AMPK and clinical and genotypic measures
(40). Thus, of the 38 PM males, 16 were previously unreported.
The other source of the female cohort (10 individuals) was

an earlier 2008–2010 project supported by a research grant
from the National Health and Medical Research of Australia
(NHMRC) to ES and DL. These females, who had originally
been ascertained either through their Fragile X Syndrome
(FXS) children diagnosed at the Genetic Counselling clinics in
the states of Victoria and South Australia, or were identified
through cascade testing, were incorporated in an earlier study
of progression of motor dysfunction based on a larger sample
of female PM carriers (6). All PM participants were originally
classified as belonging to the “FXTAS” spectrum (“FXTAS”),
asymptomatic (“Unaffected”), and “Other” categories [as in:
(40)]; the latter category comprising individuals with isolated
features occurring in FXTAS, such as fibromyalgia, dementia,
isolated kinetic tremor, mild ataxia, anxiety/depression, autism.
However, for the purpose of present analysis, 11 carriers in the
“Unaffected” category and 19 carriers in the “Other” category
were combined into a non- FXTAS group. The healthy control
group included 33 participants (with 5 females) recruited with
funding support (to PRF, DL, ES, SJA) from the Michael J
Fox Foundation as part of a parallel study on Parkinson’s
disease (2015–2017). All participants signed informed consent
for the present study according to protocols approved by the La
Trobe University Human Research Ethics Committee (HEC01-
85 and HEC15-058).

Protocols
Neurological and Cognitive Measures
Three motor scales: the Unified Parkinson’s Disease Rating Scale
Part III-Motor (UPDRS-III) (44); the International Cooperative
Ataxia Rating Scale (ICARS) (45); and the Clinical Rating Scale
for Tremor (CRST) (46) were administered by two neurologists
with experience of these scales.

General cognitive functioning was assessed using
Addenbrooke’s Cognitive Examination Test (ACE-III) (47).
The Similarities and Matrix Reasoning subtests of the Wechsler
Adult Intelligence Scale (Third Edition; WAIS-III) (48) provided
the measures of verbal and non-verbal reasoning, respectively.
WAIS-III Digit Span Backward was employed as measure
of working memory (48). Executive functioning was also
assessed using The Symbol Digit Modalities Test as a measure
of information processing speed (49). The delayed recall and
discrimination indices of the Hopkins Verbal Learning Test-
Revised (HVLT-R) (50), were employed as measures of delayed
recall and recognition memory, respectively.

Psychiatric Pathology Test Scores
The Symptom Checklist 90 Revised (SCL-90-R) (51)—a 90 item
self-administered questionnaire, was chosen as it can efficiently
provide information on a broad range of relevant psychological
symptom clusters. Here we report a summary score providing
a measure of overall psychological distress—the Global Severity
Index (GSI), as well as two specific symptom domains selected a
priori: Depression and Anxiety.

FMR1 Molecular Measures
CGG sizing was conducted in the Laboratory of Dr. Tassone at
the MIND Institute, UC Davis. Genomic DNA was isolated from
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peripheral blood lymphocytes using standardmethods (Purygene
Kit; Gentra,Inc., Minneapolis, MN). For Southern blot analysis,
10 micrograms of isolated DNA were digested with EcoRI and
NruI. Hybridization was performed using the specific FMR1
genomic dig-labelled StB12.3 probe as previously described (52).
Genomic DNA was also amplified by PCR (53).

Lymphoblast Culture
Lymphoblastoid cell lines were created by EBV-mediated
transformation of cells from the Peripheral Blood Mononuclear
Cell (PBMC) layer at the interface of Ficoll-paque Plus (Sigma-
Aldrich) gradients as previously described (54).

Lymphoblasts were cultured in T25 flasks in growth medium
(Minimum Essential Medium α (Gibco, Life Technologies),
supplemented with 10% foetal Bovine Serum (FBS) and 1%
Penicillin/Streptomycin) and were cultured in a humidified 5%
CO2 incubator at 37◦C. Cells were seeded to at least 2 ×

105 cells/mL, and fed every 3 days either by replacing one
third of culture medium with fresh medium, or split in a 1:3
ratio of cell culture to fresh medium. All experiments were
conducted within 15 passages of recovery from frozen storage.
Confluent cultures were harvested and resuspended in 250 µL
aliquots in RecoveryTM Cell Culture Freezing Medium (Gibco,
Life Technologies) and stored at-−80◦C. Frozen cells were
recovered by thawing at 37◦C and seeded into growth medium.
Lymphoblast cultures were harvested for experimentation by
centrifugation at 500× g for 5 min.

Mitochondrial Mass and Membrane Potential
Two mitochondrial dyes, Mitotracker Green and Mitotracker R©

Red CMXRos (ThermoFisher Scientific), were used to estimate
mitochondrial mass and membrane potential, as described by
Missailidis et al. (55). Measurements were made in duplicate for
each cell line, averaged and normalised within every experiment
to the values for our standard selected control cell line (C105).

Seahorse Respirometry
Seahorse respirometry was conducted using the Seahorse XFe24
Extracellular Flux Analyzer and Seahorse XF24 FluxPaks (Agilent
Technologies). Oxygen consumption rates (OCR) weremeasured
in lymphoblasts that had been cultured in 6 well culture plates
(corning) in growth medium prior to experiments. Experiments
were conducted as described previously using 8 × 105 cells/well
for each lymphoblast cell line. The basal O2 consumption rate
(basal OCR), the decrease in OCR after oligomycin addition
[OCR attributable to adenosine triphosphate (ATP) synthesis],
the residual OCR after uncoupling with CCCP and blockade
of electron transport with rotenone and antimycin A (“non-
mitochondrial” OCR) and the “proton leak” (difference between
OCR after oligomycin treatment and the “non-mitochondrial”
OCR) in pmol/min/well were determined. The results were
averaged over 4 replicate wells per experiment and at least 3
independent experiments per cell line.

AMPK Activity
AMPK assays were performed as described by us previously
(54). Lysates were prepared from confluent cell lines (∼25ml)
grown in T75 flasks, harvested, lysed in lysis buffer supplemented

with phosphatase inhibitors (50mM Tris.HCl pH 7.4, 150mM
NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 50mM
NaF, 5mM sodium pyrophosphate) then snap-frozen in liquid
nitrogen. Thawed lysates were cleared by centrifugation at
10,000 ×g for 5min. Supernatant total protein concentrations
were determined with the PierceTM BCA Protein Assay Kit
(Thermo Fisher Scientific). To concentrate the AMPK protein,
1mg of total supernatant protein was immunoprecipitated with
rabbit polyclonal anti-AMPKα1 antibody α1-(339–358) (56)
bound to equilibrated protein A-agarose beads. The beads were
recovered and washed four times by centrifugation before being
resuspended in 60 µl wash buffer (50mM HEPES pH 7.4,
150mM NaCl, 10% glycerol, 0.1% Tween-20). This was named
the AMPK slurry. AMPK activity was assayed over 10min at
30◦C by adding 20 µl of the AMPK slurry to 15 µl buffer
(5mM MgCl2, 50mM HEPES pH 7.4, 0.1% Tween-20, and
1mM DTT) containing 100µM SAMS synthetic peptide (NH2-
HMRSAMSGLHLVKRR-COOH). Reactions were started by
adding [γ-32P]-ATP (final concentration 200µM) and stopped
by spotting 21 µl onto P81 ion-exchange chromatography
paper (Whatman, GE Healthcare). Liquid scintillation counting
(Perkin Elmer) was used to measure the incorporation of 32P
into the SAMS peptide. Duplicates were averaged and normalised
against the average value from all the control cell lines, in each
independent experiment.

TORC1 Activity—Phosphorylation State
TORC1 activity in ME/CFS lymphoblast lysates was measured
using a time-resolved fluorescence resonance energy transfer
(FRET)based multiwell plate assay based on the phosphorylation
state of 4E-BP1, a major TORC1 substrate (Cisbio Bioassays).
Lymphoblasts were plated in duplicate wells for each cell line
in growth medium at 5 × 104 cells/well in a 384-well plate.
Lysis buffer was added to each well as per the manufacturer’s
instructions and the plate mixed on an orbital shaker for 40min
at RT. Lysates from each sample were then transferred to a
white-bottom, white-sided 384 well plate (Corning, New York,
USA) including various controls according to the manufacturer’s
instructions. Freshly prepared antibody mix was then added
to each well (anti-4E-BP1 antibody labelled with d2 acceptor,
and anti-phospho-4E-BP1 antibody labelled with Eu3+-cryptate
donor). The plate was incubated at RT for 2 h and scanned using
a Clariostar plate reader (BMG, Ortenberg, Germany) by reading
the fluorescence emission at two different wavelengths (665 and
620 nm). The ratio of the FRET signal from anti-phospho-4E-
BP1 antibody to the donor fluorescence signal from anti-4E-BP1
antibody was measured.

Reactive Oxygen Species (ROS)
Intracellular ROS levels were measured using the Fluorometric
Intracellular ROS Kit (MAK145-1KT, Sigma). Lymphoblasts
were seeded in triplicate in 90 µL of Dulbecco’s phosphate
buffered saline (Sigma) at 1.25 × 105 cells/well into a 96
well black, clear flat bottom plate. Fresh reaction mixture was
prepared according to the manufacturer’s instructions, 100 µL
added to duplicate wells for each cell line and 100ul of PBS
added to the remaining well to use for background subtraction.
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A cell- free control well containing PBS and reaction mix
was also included. The plate was incubated in darkness for
1 h at 37◦C with 5% CO2. The fluorescence was then read
on a Clariostar microplate reader (excitation = 520, emission
= 605 nm). A control cell line (C105) was included in each
experiment to allow internal normalisation to control for
between- experiment variation.

ATP Steady State Levels
Steady state ATP levels were measured using luciferase ATP-
driven luminescence as per the manufacturer’s instructions using
the ATP Determination Kit (Molecular Probes) as described
previously (54). The signal was normalised against that from
a control cell line C105 used in every experiment as an
internal control.

Statistical Analyses
Pairwise comparison between median of normal controls
(individuals in the normal CGG repeated range) vs. FXTAS,
controls vs. PM non-FXTAS and FXTAS vs. non-FXTAS for
cellular bioenergetics markers were carried out using the non-
parametric Mann-Whitney test. For those variables that were
significantly associated with age and/or gender, the analyses
were conducted using residuals from regression on age or age
and gender. The relationship between each cellular bioenergetics
marker (outcome) and CGG repeat size was assessed using
robust regression, adjusted for age or age and gender whenever
appropriate. Spearman’s rank correlation was used to compute
pairwise correlations between pairs of cellular bioenergetics
markers, separately for controls and FXTAS.

Robust regression was used to assess the relationship between
each motor score (outcome) and cellular bioenergetics marker
(predictor) in the FXTAS sample, adjusted for age and gender
whenever appropriate. The Bonferroni correction was used to
adjust for multiple testing. All analyses were conducted using
software STATA statistical software (version 16.0, StataCorp,
College Station, Tex., USA).

RESULTS

Cellular Respiration and Bioenergetic
Status in PM Carriers Compared With
Non-carrier Controls
The two genetic groups (33 normal controls and 53 FMR1 PM
carriers) bore alleles of the CGG trinucleotide repeat in the
FMR1 locus that were either in the normal size range (20–
40, control group), or in the premutation range (55–199, PM
group). For the purpose of this study, the PM carriers were
classified into non-FXTAS (N = 30, including 12 females),
and FXTAS (n = 23, including 3 females) subgroups, with
individuals in the latter subgroup diagnosed on the basis
of the revised clinical criteria (57). However, sample sizes
differ for individual traits depending on the proportion of
missing data.

Since the main focus of this study has been on the
relationships of cellular respiration and signalling measures
(such as AMPK and TORC1) in blood lymphoblasts with

FIGURE 1 | Box plots of Z-scores of biochemical variables for controls vs.

Non-FXTAS and controls vs. FXTAS. 0, controls; 1, Non-FXTAS PM; 2, FXTAS;

AMPK, Relative AMPK activity; ATPss, ATP steady state level; Mm,

Mitochondrial mass; TORC1, TORC1 activity; ATPsy, ATP synthesis; BSR,

Basal respiration rate; Max R, Maximum respiration; NM OCR,

Non-mitochondrial ATP OCR; PL OCR, Proton Leak OCR. Z-score for BSR

and TORC1 were adjusted for age, while ATPsy was adjusted for age and

gender. Standardized measures (z-scores) for each variable were computed

(for illustrative purpose only) using individual scores summed up over all three

subgroups (data) according to the formula: z-score,

(data-mean(data))/SD (data).

motor and neuropsychiatric changes in the affected PM
carriers, we first evaluated cellular functioning in the FXTAS
subgroup, compared with non-FXTAS carriers and healthy
controls. These results are summarised in Figure 1, for
major components of cellular respiratory function (ROS)
and cellular signalling (AMPK & TORC1 activities) (1a),
and for mitochondrial and non-mitochondrial respiration
parameters assessed by a Seahorse Respirometry tool (1b).
The results show that the AMPK activity and ATP steady
state levels are significantly elevated in both FXTAS and
non-FXTAS subgroups compared with controls; while the
levels of TORC1 activity and ROS levels are consistently
reduced in both carrier subgroups compared with controls.
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TABLE 1 | Relationship between biochemical variables (outcome) and CGG repeats, separately for FXTAS and Non-FXTAS assessed by robust regression.

FXTAS Non-FXTAS

N Coef se p* N Coef se p*

Relative AMPK activity+ 19 1.85 0.96 0.054 28 0.30 0.33 0.364

TORC1 activity+ 16 0.10 0.14 0.459 17 0.17 0.33 0.616

Mitochondrial mass+ 10 −0.27 0.09 0.004* 15 0.10 0.03 0.001*

ROS+ 10 0.26 0.82 0.753 15 −0.41 0.10 <0.001*

Basal respiration rate 17 3.00 1.72 0.081 26 −1.69 0.65 0.009

ATP Synthesis 17 1.32 1.36 0.332 26 −1.15 0.49 0.019

Non-mitochondrial ATP OCR 17 0.99 0.23 <0.001* 26 −0.28 0.20 0.169

Proton Leak OCR 17 0.46 0.36 0.195 26 −0.34 0.20 0.077

ATP steady state level+ 18 0.84 1.01 0.409 27 −0.88 0.33 0.008

Kernel density estimate of distribution of CGG repeat numbers for FXTAS and non-FXTAS

subgroups separately.

Analyses were conducted using robust linear regression; N, sample size; p, p-value; +Estimated regression coefficient (Coef) and standard error (se) were multiplied by 100; *adjusted

p-value remained < 0.05 after adjustment for multiple testing using Bonferroni correction method. Bold figures indicate significant relationships prior to adjustment for multiple testing.

In contrast with the above changes occurring in both
carrier subgroups, mitochondrial mass is reduced only in
the FXTAS subgroup.

Although the outcome of all Seahorse Respirometry
measures are greatly increased in both non-FXTAS and
FXTAS subgroups, this increase, relative to controls, is
significant only in the former (1b). Direct comparison of
these levels between the two subgroups shows, however,
that the fall from non-FXTAS to FXTAS is significant only
for Basal Respiration Rate (p = 0.0006) and ATP Synthesis
(p= 0.0024).

Consistent with this finding, several elevated Seahorse
components—Basal Respiration Rate, ATP-Synthesis and ATP-
Steady-State, and reduced level of ROS—all show significant
(negative) correlations with CGG repeat size, exclusively in the
non-FXTAS subgroup. There is also a positive correlation of
CGG with mitochondrial mass in this subgroup. These results
contrast with the FXTAS subgroup, where regression coefficients
with the same cellular parameters have opposite sign, and the
only significant relationship unique to this category occurred
with Non-mitochondrial OCR (Table 1). Since CGG repeat
expansion size is significantly (p < 0.0001) higher in FXTAS
(89 median) compared with non-FXTAS (65 median) categories
(insert in Table 1), both the sign and predominance of these
correlations in the non-FXTAS group indicate that observed
increases in the level of cellular bioenergetics, and decrease in
the ROS levels, may be directly linked to repeat sizes within
the lower end of CGG distribution for the premutation range.
This may explain why, in this study sample, the Seahorse or
other related components (except Basal Respiration Rate; p =

0.035) were not significantly related to CGG repeat size for
the combined (FXTAS and non FXTAS) subgroups (data not

shown). The same applies to the AMPK activity and TORC1
levels, though there is a trend, for both these components, to track
the CGG repeat size within the < 100 range (see scatterplots in
Figure 2).

Intercorrelations Between Cellular Markers
in PM Carriers and Non-carrier Controls
Exploring intercorrelations between individual cellular
bioenergetics components and major cellular energy sensors in
PM carriers (especially in the FXTAS subgroup), and non-carrier
healthy controls, may be helpful in the interpretation of their
relationships with clinical changes. The results in Table 2

show that the cluster of four significantly intercorrelated major
components of cellular bioenergetics—Basal Respiration Rate,
ATP Synthesis, Non-mitochondrial OCR and Proton Leak—is
identical in both FXTAS and control subgroups. Correlation
coefficients are generally lower in FXTAS than in healthy
controls, ranging from the highest of 0.925- between Basal
respiration rate and ATP Synthesis (in controls), to the lowest
of 0.463- between ATP Synthesis and Proton Leak (in FXTAS).
Another important similarity between FXTAS and control
subgroups is an absence of significant correlations between the
above cluster of bioenergetics components, and AMPK, TORC1
and ROS, and between each other within this grouping. The
only major difference between FXTAS and controls is the lack
of significant relationship of Proton Leak with both Maximum
Respiration and Non-mitochondrial OCR, and between the
ATP synthesis and non-mitochondrial OCR, in the FXTAS
subgroup; compared with the high correlations (0.70, 0.66, 0.63,
respectively) seen in the controls (Table 2). Notably, in the non-
FXTAS subgroup (data not shown), the only apparent difference
with the controls is the lack of significant relationship between
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FIGURE 2 | Scatterplots representing the linear relationship between relative AMPK activity (A) and TORC1 levels (B) in the total sample of PM carriers. Regression of

AMPK on CGG: coefficient, 0.0052, p = 0.181; regression of TORC1 on CGG: coefficient, 0.0015, p = 0.404.

Proton Leak and ATP Synthesis; whereas the latter is, similarly
to controls but in contrast with the FXTAS subgroup (shown
in Table 2), significantly correlated with the non-mitochondrial
OCR. Another potentially important difference between healthy
control and FXTAS subgroups is the relatively high (0.54)
negative correlation between AMPK and mitochondrial mass in
FXTAS (although insignificant in a small sample of 10) compared
with 0.027 -in a sample of 30 healthy controls (Table 2).

Relationships Between Cellular
Bioenergetics Markers and Motor
Dysfunction, Neuropsychiatric Changes
and Cognitive Scores in FXTAS
The purpose of this aspect of our study has been to establish
whether the changes in mitochondrial activity and cellular stress
signalling encountered in blood lymphoblasts are significantly
related to motor, neuropsychiatric and cognitive changes
specifically occurring in clinically evident FXTAS. All individual
differences between the increases in the three motor scores,
and decreases in the cognitive scores included here, were highly
significant between FXTAS and the non-FXTAS subgroups (p <

0.01). The sole exception was in the SCL90 scores—including GSI
total, Depression and Anxiety domains.

The data in Table 3A provides a summary of the
relationships between key parameters of mitochondrial
oxidative phosphorylation and motor impairments assessed
by the three motor scales: ICARS, UPDRS, and Clinical Tremor.
Notably, there are highly significant correlations between Basal
Respiration Rate, Proton Leak and ATP synthesis, and each of
the three motor scores (including Gait and Kinetic domains of
ICARS). No other significant correlations survived Bonferroni
correction. No such relationships have been encountered for
the Non-mitochondrial component of Basal respiration, ROS,
TORC1, or AMPK activity. It is particularly interesting to note
that the score for parkinsonism (UPDRS), which is not a major
feature of FXTAS as per standard clinical assessment, shows
similar strong relationships with Seahorse major components as
the scores for tremor/ataxia represented by ICARS (as illustrated

in Figure 3 by scatterplots showing linear relationships of ATP
synthesis with both ICARS total and UPDRS).

Notably, the Non-mitochondrial component, as well as
the Basal Respiration Rate, are associated with each of the
SCL90 measures—GSI Total, as well as Anxiety and Depression
scores—while ATP Synthesis is associated only with the SCL90
Anxiety score. The latter is also (negatively) correlated with
ROS (Table 3B). The depression domain of SCL90 score (p =

0.01) is also highly (negatively) correlated with CGG size (data
not shown).

In contrast, no significant relationships were encountered
between cellular stress sensing or bioenergetics biomarkers and
any cognitive measures. However, ACE-III total, used as a
measure of global cognition, and Matrix Reasoning (a measure
of non-verbal reasoning), show significant correlations with
CGG repeat size in the FXTAS subgroup (p = 0.008 and
p < 0.001, respectively). Matrix Reasoning, and Digit Span
Backwards -another measure of executive functioning /working
memory—both known to be impaired in otherwise unaffected
PM carriers, are also correlated with CGG repeat size in
the non-FXTAS subgroup (with p-values of 0.041 and 0.004,
respectively). We did not observe any relationship of any other
cognitive assays, or motor scores, with either CGG repeat size,
or any bioenergetics or cellular stress response markers in
this subgroup.

DISCUSSION

Since the first report by Ross-Inta et al. (30), strong evidence

has accumulated for decreased mitochondrial bioenergetics in
adult FMR1 premutation carriers with or without diagnosable
FXTAS. Further data has consistently revealed various aspects

of mitochondrial dysfunction in several human tissues-brain as
well as peripheral (31, 32, 34, 36, 58, 59). This is supported by

evidence based on Knock-in mice premutation models (37, 38).
However, evidence from the small number of studies based on
blood mononuclear cells (PBMCs) was controversial, showing
the presence (36, 60) or the lack of (31) this dysfunction.
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TABLE 2 | Spearman’s rank correlations among biochemical variables for controls (lower triangle) and FXTAS (upper triangle).

AMPK BSR ATPsy NM OCR PL OCR ATPss TORC1 ROS Max R Mm

AMPK Corr 0.31 0.39 0.10 −0.10 0.16 0.20 −0.07 0.17 −0.54

N 19 19 19 19 20 18 9 19 10

p 0.201 0.103 0.676 0.692 0.510 0.427 0.865 0.479 0.108

BSR Corr −0.06 0.88+ 0.58 0.64 0.28 −0.16 0.42 0.75+ −0.13

N 30 19 19 19 19 17 9 19 9

p 0.769 <0.001 0.009 0.003 0.251 0.538 0.265 <0.001 0.732

ATPsy Corr −0.08 0.93+ 0.29 0.46 0.26 −0.29 0.33 0.51 −0.03

N 30 33 19 19 19 17 9 19 9

p 0.664 <0.001 0.226 0.046 0.276 0.251 0.381 0.025 0.932

NM OCR Corr 0.006 0.82+ 0.63+ 0.27 0.20 −0.08 −0.20 0.72+ −0.12

N 30 33 33 19 19 17 9 19 9

p 0.977 <0.001 <0.001 0.254 0.403 0.754 0.606 <0.001 0.765

PL OCR Corr −0.09 0.72+ 0.57+ 0.66+ 0.04 0.24 0.28 0.44 −0.28

N 29 32 32 32 19 17 9 19 9

p 0.648 <0.001 0.001 <0.0001 0.870 0.358 0.460 0.063 0.460

ATPss Corr −0.17 −0.06 −0.05 0.06 −0.07 0.25 0.36 0.46 0.18

N 30 33 33 33 32 19 10 19 9

p 0.364 0.749 0.775 0.761 0.714 0.305 0.310 0.049 0.637

TORC1 Corr −0.19 −0.26 −0.11 −0.35 −0.05 −0.31 −0.15 0.04 −0.57

N 28 30 30 30 29 30 9 17 7

p 0.333 0.158 0.579 0.057 0.785 0.095 0.700 0.881 0.180

ROS Corr 0.12 0.09 0.17 −0.07 −0.27 −0.002 −0.12 0.07 0.19

N 30 32 32 32 31 32 29 9 8

p 0.530 0.644 0.357 0.691 0.141 0.993 0.547 0.865 0.651

Max R Corr −0.07 0.89+ 0.79+ 0.81+ 0.70+ 0.05 −0.27 0.11 0.02

N 30 33 33 33 32 33 30 32 9

p 0.696 <0.0001 0.0001 <0.001 <0.001 0.772 0.149 0.569 0.966

Mm Corr 0.027 −0.09 −0.23 0.10 0.06 −0.04 −0.31 –0.40 −0.22

N 30 33 33 33 32 33 30 32 33

p 0.890 0.621 0.208 0.586 0.750 0.815 0.100 0.024 0.228

N = sample size; p = p-value; +adjusted p-value for Spearman’s rank correlation (Corr) remained <0.05 after adjusting for multiple testing using Bonferroni correction. Bold figures

indicate significant relationships prior to adjustment for multiple testing.

We previously conducted studies based on immortalised
lymphocytes (lymphoblasts) derived from male individuals
carrying premutation alleles. We have reviewed and discussed
the value of using lymphoblastoid cell lines for this kind of study
in our earlier publication (61). In contrast with the majority of
those historical findings in other tissues, we reported elevated
but functionally normal activities of all mitochondrial respiratory
complexes compared with the same data from healthy non-
carrier controls (39). Although we used cultured and EBV-
transformed lymphoblasts in this study for both premutation and
control non-carriers’ samples, it is important to note that none
of these cultures were allowed to proceed through more than a
handful of cell doublings before use in these experiments and they
were not used beyond 15 passages.

The above studymarked the first time that these cells had been
used in correlation with the phenotypic status of PM carriers.
The results, based on a small sample of the FXTAS and non-
affected carriers combined, showed an elevation of the Basal

Respiration Rate and its three components measured by the
Seahorse instrument: ATP synthesis; Proton Leak; and Non-
mitochondrial OCR. Considering the nature of these findings,
an obvious next step was to explore their relevance to FMR1-
related clinical phenotypes. Indeed, we found, in the same
study, that these increases showed linear association with the
extent of white matter lesions, both total and in brain areas
suggestive of FMR1 pathology. These data provided the first
evidence for the relevance of the bioenergetic changes observed
in blood lymphoblastoid cells to the presence and degree of
FMR1-associated neurodegeneration.

In the following study (40), based on the same tissue and
from the same sample of PM male carriers, we reported
heightened cellular stress responses, as manifested by an increase
in AMPK kinase activity in both FXTAS and non-FXTAS carrier
subgroups, analysed separately. Notably, this increase was highly
significant in the non-FXTAS carriers but was less evident in
the FXTAS group. Furthermore, this activity showed significant
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TABLE 3A | Relationships between motor scores and cellular stress sensing and bioenergetics measures in FXTAS sample.

Relative AMPK activity TORC1 activity Mitochondrial mass

N Coef se p N Coef se p N Coef se p

ICARS total 21 −0.20 2.86 0.945 18 3.09 12.4 0.803 9 −5.28 22.6 0.815

ICARS gait+ 21 0.23 0.93 0.801 18 −0.65 4.40 0.883 9 −6.97 5.49 0.204

ICARS kinetic 21 0.21 1.59 0.897 18 3.11 5.81 0.592 9 −11.1 20.0 0.579

UPDRS+ 19 0.87 2.55 0.733 17 −9.77 11.5 0.394 8 −21.8 26.8 0.416

TREMOR score 21 −1.56 3.34 0.642 18 −10.1 13.7 0.462 9 −21.1 48.2 0.662

ROS Basal respiration rate+ ATP Synthesis+

ICARS total 9 −11.6 10.6 0.273 18 6.45 1.72 <0.001* 18 7.59 2.63 0.004*

ICARS gait+ 9 −2.20 2.25 0.328 18 1.92 0.44 <0.001* 18 2.73 0.51 <0.001*

ICARS kinetic 9 −3.48 3.78 0.358 18 3.59 0.86 <0.001* 18 4.05 1.69 0.016

UPDRS+ 8 −18.8 9.81 0.114 17 6.54 1.41 <0.001* 17 9.81 1.58 <0.001*

TREMOR score 9 −4.89 8.03 0.542 18 8.42 3.24 0.010* 18 7.44 3.09 0.016

Non-mitochondrial ATP OCR+ Proton Leak OCR+ ATP steady state level

ICARS total 18 18.7 14.9 0.211 18 33.5 7.44 < 0.001* 19 4.02 4.88 0.409

ICARS Gait+ 18 5.57 3.43 0.104 18 6.88 2.48 0.006* 19 1.84 0.84 0.029

ICARS kinetic 18 8.89 6.71 0.185 18 18.0 4.08 <0.001* 19 1.41 2.74 0.608

UPDRS+ 17 8.07 7.12 0.257 17 26.9 6.66 <0.001* 18 0.45 3.71 0.902

TREMOR score 18 24.2 16.8 0.151 18 51.5 16.6 0.002* 19 3.05 5.81 0.600

N = sample size; p = p-value; +Estimated regression coefficients (Coef) and standard errors (se) were multiplied by 100; +adjusted for age and gender if appropriate; *adjusted p-value

remained <0.05 after adjustment for multiple testing using Bonferroni correction method. Bold figures indicate significant relationships prior to adjustment for multiple testing. Motor

scale scores are the outcome, and cellular measures are predictors in robust regression analysis.

(negative) correlations with the ICARS ataxia score, and with the
extent of total- as well as supratentorial- white matter lesions,
across the FXTAS and non-FXTAS samples combined. These
results demonstrated that peripheral cellular stress responses
and signalling have, as was the case with cellular bioenergetics
components, meaningful links with pathological processes in the
brain of male PM carriers.

In order to obtain clearer insight into the mechanisms behind
these novel, but still fragmentary, findings in small samples, in
the current study we expanded the scope of clinical measures,
including all three motor scores, and several cognitive and
neuropsychiatric scores, to explore the relevance of the thus-
defined phenotype to the two major aspects of cellular pathology:
cellular bioenergetics; and cellular stress responses. We used
cultured lymphoblasts from a larger sample of carriers. Although
we strongly emphasised the concept of a continuum of clinical
and neuropathological changes in all PM carriers (2, 6, 62),
here we distinguish between these two subgroups (FXTAS and
non-FXTAS), with the intention of exploring the trajectory
of cellular changes evolving from non- FXTAS to diagnosable
FXTAS-as indicative of the potentially much more informative
longitudinal approach.

The major finding from the primary comparative analysis,
where we tracked the levels of major cellular bioenergetic
measures from healthy controls across non-FXTAS to FXTAS
subgroups, was a highly significant elevation of all the Seahorse
respirometry (bioenergetics) components compared with healthy

controls in the non-FXTAS subgroup, and a subsequent fall, in
the FXTAS subgroup, to levels closer to, and not significantly
elevated above, those of the control subgroup. It is possible
however that the FXTAS-control differences are still present, and
that the lack of significance is the consequence of the smallness of
our sample. All the four major components showing consistent
elevation are normally highly intercorrelated, as confirmed by
our data from the normal control sample. These relationships
were largely mirrored in the FXTAS subgroup, with the exception
of proton leak, which was less strongly correlated with the
remaining major bioenergetics components in FXTAS compared
with healthy controls. These findings are clearly in contrast to the
finding of mitochondrial dysfunction in blood lymphocytes from
PM females (36), although not with the absence of dysfunction
in the same cells from FXTAS males and females combined, as
reported by (31).

Our results also show that smaller CGG repeat sizes within the
PM range have the most prominent effect on these bioenergetics
changes. Thus, the majority of significant correlations between
these changes and CGG repeat size occurs in the non-FXTAS
subgroup, where CGG size peaks at ∼60 repeats; whereas in
the FXTAS subgroup it peaks at ∼90 repeats. The negative
correlations between the elevation of these components and
the CGG repeat size further strengthen the argument that the
overstimulating effect on mitochondrial respiration rate is linked
to the lowest end of CGG distribution within the premutation
range. In contrast, the increasing CGG repeat numbers at the
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FIGURE 3 | Scatterplots representing the linear relationships between ATP synthesis and ICARS (A) and UPDRS (B) scores in the total sample of PM carriers.

TABLE 3B | Relationships between SCL90 scores and cellular stress sensing and bioenergetics measures in FXTAS sample.

Relative AMPK activity TORC1 activity Mitochondrial mass

N Coef se p N Coef se p N Coef se p

SCL90 depression T score 12 1.27 3.60 0.725 10 −9.48 28.3 0.738 5 −15.0 47.3 0.751

SCl90 anxiety T score 12 1.26 3.85 0.743 10 6.30 37.1 0.865 5 −17.9 14.9 0.229

SCL90 GSI T score 12 0.88 2.09 0.675 10 2.18 13.3 0.870 5 −23.7 59.3 0.690

ROS Basal respiration rate+ ATP Synthesis+

SCL90 depression T score 5 −18.6 20.0 0.352 11 6.81 1.66 <0.001* 11 4.47 3.46 0.197

SCL90 anxiety T score 5 −41.8 11.6 < 0.001* 11 4.41 0.67 <0.001* 11 5.44 0.84 <0.001*

SCL90 GSI T score 5 −21.8 14.6 0.134 11 4.62 0.99 <0.001* 11 3.26 2.92 0.264

Non-mitochondrial ATP OCR+ Proton Leak OCR+ ATP steady state level

SCL90 depression T score 11 28.7 5.03 <0.001* 11 20.4 13.2 0.121 12 3.68 5.15 0.475

SCL90 anxiety T score 11 11.0 3.09 < 0.001* 11 17.7 9.58 0.065 12 1.56 4.28 0.715

SCL90 GSI T score 11 15.6 1.81 <0.001* 11 16.8 9.15 0.066 12 1.79 3.09 0.563

N = sample size; p = p-value; +Estimated regression coefficient (Coef) and standard error (se) were multiple by 100. *p-value remained <0.05 after adjustment for multiple testing using

Bonferroni correction. Bold figures indicate significant relationships prior to adjustment for multiple testing. SCL90 scale scores (not adjusted for age or gender) are the outcome, and

cellular measures are predictors in robust regression analysis.

higher end of the distribution, (corresponding to the FXTAS
subgroup), showed significant correlation with a decrease in
the mitochondrial mass, as well as with an increase in non-
mitochondrial oxygen consumption.

These data provide confirmatory evidence for an absence
of detectable mitochondrial dysfunction in blood lymphoblasts
from PM carriers without diagnosable FXTAS, which is
consistent with the unchanged mitochondrial mass compared
with controls. However, the obvious drop in the elevated
cellular bioenergetics relative to the non-FXTAS subgroup,
combined with a decrease of mitochondrial mass proportional
to the increasing CGG repeat size may suggest a progression
towards such dysfunction in the FXTAS subgroup. This is
apparently consistent with the lack of significant relationship
between non-mitochondrial OCR measures and ATP synthesis
rates—exclusively in the FXTAS subgroup, which indicates that

this synthesis may not be regulated homeostatically in the
affected individuals.

Possible mechanisms behind this observed trajectory of
Seahorse bioenergetics measures were discussed in our earlier
reports (39, 54), but themore fundamental interpretation of these
findings, which clearly contradict the evidence of dysfunction in
other tissues from PM carriers, is still open to speculation. The
most likely explanation is that the observed increase in cellular
bioenergetics represents an early stage of cellular pathology in the
form of an elevated response to cellular stress, linked to a small
CCG repeat expansion. This mitochondrial hyperactivity may
have a damaging effect on mitochondrial function, subsequently
leading to its decline (with loss ofmitochondrial mass) in the later
stages of this process. However, the mitochondrial dysfunction
stage may not be fully reflected in the lymphoblastoid cells
because of the latter’s rapid turnover, in contrast with other
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tissues such as neurones or fibroblasts (40, 54). More specifically,
hyperactivity observed here may be related to the employment of
B cells that are selectively immortalised by EBV transformation.
Since these cells are involved in the adaptive immune system,
they are expected to respond vigorously to the inflammatory
component associated with neurodegenerative processes. This
well-established association is exemplified by the report by
Martinez Cardeno et al. (63) of an increased number and elevated
activation state of microglial cells in about half (7 of 13) of their
post-mortem FXTAS brains, indicating a neuroinflammatory
state. Along the same lines, lymphocyte recruitment, activation
and infiltration of the brain tissue has been reported in other
neurodegenerative conditions, such as Parkinson’s disease and
amyotrophic lateral sclerosis (64).

Further insight into this dilemma may be provided by our
parallel results from the current study, concerning cellular
stress response and signalling in the two PM subgroups,
FXTAS and non-FXTAS, represented by the dynamics of the
AMPK-mTORC1 pathway. AMPK is a major factor sensing
and controlling the level of cellular bioenergetics, mainly
through enhancing ATP synthesis, switching offATP -consuming
anabolic pathways and enhancing mitochondrial biogenesis and
activity, and autophagy [see: Hardie (65) for extensive review].
There has been strong evidence for multiple potential sources of
neuronal stress linked to the elevation of the expanded FMR1
mRNA levels, which leads to corruption/sequestration of specific
proteins (26). This phenomenon, combined with transcriptional
induction of several stress response genes, was also observed in
peripheral fibroblasts from affected (66, 67), as well unaffected
(32) human PM carriers.

An increase in AMPK activity across the whole (premutation)
range of repeat sizes observed here in cultured lymphoblasts
from PM carriers, may be the result of those cellular stresses.
The elevation of AMPK activity is typically regarded as
adaptive, such that the prominent increase in this activity in
the non-FXTAS subgroup was interpreted as being protective
against cellular damage leading to FXTAS (39). Although
this interpretation was mainly intuitive and based on our
genotype-phenotype relationships results, a possible mechanism
underlying its protective role in this context might be suggested
by findings relevant to histone acetylation. Notably, AMPK has
been reported as playing a significant role in the regulation
of histone acetylation/deacetylation- as well as being regulated
itself by acetylation [i.e., Vancura et al. (68)]. This report
may be linked to the earlier data based on both Drosophila
premutation model and lymphoblast cell lines derived from two
premutation patients with probable FXTAS, showing that histone
deacetylases suppress CGG repeat-induced neurodegeneration
in FXTAS via transcriptional silencing (69). However, the effect
of the double-edged sword of elevation of AMPK activity
in cellular bioenergetics has also been reported in: (70–72).
Since the observed decrease of AMPK activity in the FXTAS
subgroup relative to its increase in the non-FXTAS subgroup
was only slight and insignificant, our data does not provide
adequate information to contemplate this option, which should
be addressed in future follow-up studies based on larger samples.

Although the general view holds that there is close signalling
interplay between mammalian Target of Rapamycin Complex
I (mTORC1) and AMPK, especially in maintaining a balance
between the level of anabolic and catabolic processes to preserve
cellular homeostasis (73), our findings failed to show significant
correlation between these two factors. This result may be
partially due to the low statistical power of small samples,
especially considering that the role of AMPK and TORC1 in
the regulation of homeostasis dynamics may involve separate
pathways, with both independently linked to CGG repeat
expansions within the PM range. A complexity and multitude
of factors affecting TORC1 modulation, and the protective effect
of its inhibition, have been discussed earlier (73–75). By the
same token, the lack of significant correlations between the
levels of these two stress-sensing proteins and the clinical, as
well as bioenergetics, measures of FXTAS in our data are not
unexpected, considering that their primary controlling role is
in cellular homeostasis, and thus their effect on the phenotype
may be indirect. Nevertheless, our results clearly demonstrate
that the levels of activity of both AMPK and mTORC1 in blood
lymphoblasts from FMR1 premutation carriers are significantly
related to, and are thus biomarkers of, clinical and genetic
status of the carriers. Our comparative results demonstrated
an inverse pattern of TORC1 to that of AMPK activities, by
showing a highly significant decrease in non-FXTAS relative to
healthy controls, and only a slight trend upward in the FXTAS-
compared with the non-FXTAS subgroup. However, both AMPK
and TORC1 showed a trend towards tracking the CGG repeat
size in these two subgroups combined, though, in our data, the
respective associations were not statistically significant. More
detailed interpretation of the AMPK-TORC1 interrelationship
and its relevance to the increasing CGG repeat expansion in
the total sample of PM carriers have been given in our earlier
publication (76). While the mechanism by which premutation
alleles inhibit TORC1 activity is unknown, there are several
possibilities including gain of function RNA toxicity (associated
with RNA-mediated protein sequestration by elevated FMR1
mRNA levels) and polypeptide toxicity (from accumulation of
abnormal, toxic polyG- or polyA-containing RAN translation
products). Both of these processes could result in dysregulation of
the AMPK-TORC1 signalling axis which regulates mitochondrial
biogenesis and activity in response to diverse cellular stresses.

Notably, the decreased level of TORC1 found in our non-
FXTAS PM subgroup is consistent with earlier results from
the “90R” (premutation) mouse model (77). This showed a
protective effect resulting from TORC1’s inhibition through
increased autophagy, and thus elimination of diseased cells. The
recent analysis of the contents of intranuclear inclusions in
human FXTAS neurons and astrocytes provided new evidence
that elevated oxidative stress and increased loads of protein
aggregates lead to these inclusions’ formation through impaired
autophagy (25). This may implicate mTORC1 as a potential
treatment target. Indeed, a beneficial effect of rapamycin (which
acts as an allosteric inhibitor of mTORC1) in alleviating non-
motor symptoms of parkinsonism, has been reported in a mouse
model of non-FMR1 related parkinsonism (78).
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The present study is the first to provide evidence for the
relationship between the severity of FXTAS neurological
phenotype and cellular bioenergetics markers in blood
lymphoblasts. These relationships were also significant in
the combined non-FXTAS and FXTAS subgroups, but this aspect
of analysis was focused on the subgroup meeting the FXTAS
diagnostic criteria. This is because, although the non-Fragile X
subgroup was not entirely asymptomatic, isolated symptoms
occurring in these carriers may not have necessarily been relevant
to the FXTAS phenotype, especially in the absence of overt (and
age—unrelated) white matter changes in the brain.

All three key parameters of mitochondrial oxidative
phosphorylation were highly correlated with each of the
three motor scale scores: ICARS, Clinical tremor and UPDRS,
in the FXTAS sample. That these correlations also involve the
latter scale is somewhat unexpected but noteworthy, since,
unlike tremor and ataxia, parkinsonism is not listed as a major
feature of FXTAS. This particular result is of considerable
interest, considering our earlier finding of a strong relationship
between UPDRS score and CGG repeat size in FXTAS (6);
and, more recently, new evidence for an elevated risk of
parkinsonism in a sibship carrying the premutation/grey
zone alleles and affected with kinetic tremor (79). It appears,
therefore, that there is more overlap than previously thought
between pathological mechanisms underlying both FXTAS and
Parkinson’s disease such that the former is often misdiagnosed as
the latter.

Notably, the Basal Respiration Rate, ATP synthesis and
Non-mitochondrial bioenergetics components are also
highly correlated with the SCL90 GSI total, and /or Anxiety
and Depression domains. This finding is not unexpected
considering that neuropsychiatric features have been a major
issue in both FXTAS and non-FXTAS carriers, especially
females (6, 29, 80–83). Consistent with the extent of these
problems across carrier categories, in this study we found
significant correlations of these neuropsychiatric features
with bioenergetic changes in the FXTAS subgroup, as well
as in the combined (FXTAS and non-FXTAS) sample of
PM carriers. This result calls for more attention to these
well-documented and prevalent neuropsychiatric problems;
since they occur both in obviously affected and non-affected
PM carriers, the need for early intervention is emphasised,
following our earlier recommendations for the female carriers
(6). Moreover, both measures of executive functioning
(Matrix Reasoning and Digit Span Backward), which are
known to be affected early in the non-FXTAS carriers, are
significantly correlated with the elevated bioenergetics and
cellular stress response components in this subgroup. This
suggests the relevance of the hyperactive energy metabolism
observed in cultured lymphoblasts to early pathological
processes in brain tissue underpinning those specific early
clinical manifestations.

The absence of significant relationships between cellular
stress sensing or bioenergetics biomarkers and any cognitive
scores in the FXTAS subgroup is somewhat unexpected, with
only two measures (ACE-III for global cognition, and Matrix
Reasoning) being highly correlated with CGG repeat size in

the same subgroup. The general absence of these relationships
is in contrast with the earlier finding of significant correlation
between bioenergetic markers and general cognitive measures, as
well as selected measures of executive function (36). However,
direct comparison cannot be drawn between the outcome of
the two studies, since the earlier one was based on a different
cell type (PBMCs), different measures of clinical and cognitive
phenotype, and an overall different statistical approach. Apart
from the small size of our samples, rigorous age adjustment,
and correction for multiple testings, the reason for an absence
of detectable relationships of cognitive impairments with our
cellular biomarkers could be that cognitive decline is not a major
or early feature of FXTAS. If indeed this decline relates to the later
stages of the disease process, the relevance of this decline to the
early changes represented in the short-lived lymphoblastoid cells
(54) may not have been recorded. Clearly, further studies using a
longitudinal model and a broader range of potential bioenergetics
markers are required to fully address this issue.

In conclusion, one of the major findings from our study was
the demonstration that the changes in bioenergetics and stress
signalling occurring in cultured, EBV transformed lymphoblasts
may be reliable biomarkers of motor and non-motor (especially
neuropsychiatric) changes in PM carriers. A corollary of this
would be that the dynamics of cellular changes in the transformed
lymphoblasts should reflect the pathological processes in the
brains of these carriers. An additional practical outcome of this
result is that lymphoblastoid cell lines are a readily accessible and
enduring cell type available from study participants.

Another major, though still not fully explained, finding is of
hyperactivity of cellular bioenergetics components, especially in
non-FXTAS PM carriers, compared with the lymphoblasts from
non-carrier healthy controls. A particularly important aspect of
these results is that the increased level of this hyperactivity in PM
carriers is related to the CGG repeat size, but that this relationship
is most apparent at the lower end of the CGG distribution.

Finally, the observed dynamics of the cellular stress-sensing
protein kinases—AMPK and TORC1—raise an important issue
of their possible role in protection against neural damage
in FXTAS. These preliminary findings may guide future
experimental work to establish the role of these energy sensors
and metabolism-controlling enzymes, both being related to CGG
repeat size, and both being potential targets for protective
measures (such as rapamycin or metformin).
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Although previous research supports the notion that characteristics of both the child

and the mother impact maternal well-being and parenting stress in mothers of children

with FXS, more work is needed in which self-report measures are supplemented by

physiological measures of stress and well-being. The inclusion of physiological measures,

such as heart rate variability (HRV), may provide a window into the biological origins and

consequences of maternal perceptions of their experiences, including the challenges of

raising a child with developmental challenges. The proposed project, therefore, involved

the collection of multimodal assessment data from mothers and their school-aged

children with FXS. Further, given the importance of understanding how mothers of youth

with FXS are faring in their everyday environment, the present study collected all data

using telehealth procedures and wearable technology. Participants were 20 biological

mothers and their children with FXS between the ages of 6 and 11 years. We measured

maternal mental health and parenting stress through self-report as well as through

HRV as a more objective measure of psychological well-being. We also examined the

associations between these variables and child characteristics such as externalizing and

internalizing behaviors as well as autism symptomatology. We found significant support

for an elevated rate of depressive symptoms in the sample of mothers (35%) and some

potential indicators for heightened rates of anxiety (15%) when compared to normed

samples and rates in the general population. We also found that the mothers presented

with an atypical HRV profile akin to those experiencing depression or chronic stress,

although limitations of the present measure suggest the need for additional confirmatory

research. Further, we found that child externalizing behaviors were the primary correlates

of maternal well-being. These findings contribute to the growing body of literature

regarding the unique challenges faced by these mother-child dyads and supports the

importance of increasing the availability of services available to these mothers, not only

for meeting the needs of their children’s development and behavior, but in supporting

their own well-being as well.
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INTRODUCTION

Considerable research has shown the importance of parenting
in supporting typically developing (TD) children’s development
across multiple domains, including academic achievement and
social emotional development (1, 2). Parenting also contributes
to the development of children with neurodevelopmental
disabilities, such as those with autism spectrum disorder [ASD;
(3)], Down syndrome [DS; (4)], or fragile X syndrome [FXS;
(5–7)]. However, parents of children with neurodevelopmental
disabilities face challenges to parenting, such as increased effort
to help their child achieve daily tasks as well as pessimism
regarding their child’s future compared to parents of TD children
(8, 9). Moreover, these parents are often engaged in high levels
of advocacy on behalf of their children from birth [or receipt
of diagnosis; (10)] and persists through adulthood as they
advocate for job placements and more (11). These parents often
shoulder additional financial demands surrounding the cost of
specialized therapies and health care for their children (12).
Parents of children with neurodevelopmental disabilities may
also be required to deal with child challenging behaviors, such
as aggression and hyperarousal (13, 14), limitations in child
adaptive functioning (15–17), as well as social (18, 19) and
academic challenges (20, 21), all of which can further contribute
to higher caregiver burden and stress. At the same time, however,
there are between-syndrome differences in how parents fare; for
example, parents of children with FXS often experiencing higher
rates of parenting stress and greater impacts to their mental
health and well-being relative to parents whose children have
Down syndrome [e.g., (8, 22)]. In the case of biological mothers of
children with FXS, they are carriers of the genetic alteration that
is the source of their children’s FXS and a subset may themselves
be at an increased risk for anxiety and depression or more
subtle symptoms of emotionality such as negative affect in part
because of carrying the alteration although genetic factors play
a moderating role as well (23–26). Thus, biological mothers of
children with FXS are at risk for poorer mental health and stress,
which could affect their parenting, by virtue of both their own
genetic vulnerabilities and their children’s characteristics. These
mother-child dyads could benefit from increased support and
services to help achieve optimal outcomes for the entire family
system. The study reported here focused on understanding the
sources of stress and poor psychological well-being in biological
mothers of children with FXS to inform the development and
delivery of support and services.

Genetics of Fragile X Syndrome
FXS is the leading inherited cause of intellectual disability
and the leading single-gene cause of autism spectrum disorder
[ASD; (27, 28)]. FXS is one of several conditions resulting from
repetitions of the trinucleotide sequence, CGG, of the fragile X
mental retardation 1 (FMR1) gene (29). The length of the CGG
repeat expansion can ultimately impact neuronal functioning
by impacting production of the Fragile X Mental Retardation
Protein (FMRP). Expansions between 55 and 200 are considered
premutations, which occur in 1 in 151 females and is somewhat
less common in males (30). Individuals with expansions of 200

or more have the full mutation and are most likely to display
the behavioral and physical features of FXS (31). Males with the
full mutation are more affected than females, on average, because
females benefit from the protective effects of a second unaffected
X chromosome (32).

Although premutation carriers do not typically have an
intellectual disability or display the challenging behaviors
associated with FXS, they do have their own unique phenotypic
features. Female carriers of the FMR1 premutation, for example,
are more likely to experience mental health related issues such
as anxiety and depression (33), as well as physical health
complications such as early onset of menopause, infertility, and
irregular menstrual cycles reflecting fragile X-associated primary
ovarian insufficiency [FXPOI; (34, 35)]. Thus, these women
present with a complex physical and emotional phenotypic
profile that warrants treatment and support, especially when
considering the added impacts of parenting a child with
special needs.

Psychological Well-Being and Parenting
Stress in Biological Mothers of Children
With Fragile X Syndrome
Individual mental health affects the quality of interactions
within a family (36). Biological mothers of individuals with
FXS themselves have either the FMR1 full mutation or, more
commonly, the FMR1 premutation. Thus, a subset of these
mothers are at increased risk for mental health concerns, such
as depression (37) and anxiety (38, 39), which can affect their
parenting. In addition, biological mothers of youth with FXS
are more pessimistic about the youth’s future, perceive less
reciprocated closeness in the parent-offspring relationship, and
display more symptoms of depression (8). Mothers of children
with FXS have also self-reported lower quality of life (40).
Importantly, there is variability among mothers with the FMR1
premutation in symptom presentation, which may be attributed
in part to individual differences in genetic susceptibility and
differences in their responses to the stress of raising a child
with a disability (25, 41). Moreover, there are biological and
social determinants that might explain at least some of the
variability in symptom expression including cognitive abilities
and life stressors (24, 25, 42). Thus, understanding the source(s)
of lowered maternal well-being beyond genetic susceptibility is
important for determining optimal paths toward treatment (40).

Children with FXS often display challenging behaviors, such
as those consistent with a diagnosis of ASD (43–45), restricted
and repetitive behaviors (46, 47), self-injurious behaviors (48), as
well as increased rates of anxiety (49, 50). These co-occurring
problems impact levels of parenting stress and parental well-
being over time (5, 8, 13, 22, 26). Further, high levels of parenting
stress may exist throughout the course of the child’s development,
starting at the time of diagnosis and continuing well into
adolescence and adulthood (51). This heightened and prolonged
experience of stress can have lasting impacts on the overall health
of parents (52, 53). FMR1 premutation carriers are at an increased
risk for developing additional physical health issues, including
thyroid disease, hypertension, seizures, peripheral neuropathy,
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and fibromyalgia (54), which may also contribute to parental
stress. Thus, it is important to understand the extent, sources, and
consequences of stress experienced by parents to determine ways
to better promote health and well-being.

Measuring Parenting Stress in Mothers of
Youth With FXS
Although the vast majority of studies characterizing parenting
stress in studies of FXS has involved self-report measures (13,
55), self-report is non-objective and more likely to lead to
spurious relationships compared to more objective measures
of stress, such as physiological indicators (56). Therefore,
in recent years there has been increasing research exploring
whether more objective indices of stress, such as physiological
markers like cortisol (57, 58), electrodermal activity [EDA;
(59)], and heart rate measurements (60, 61) can help us better
understand the health and well-being of parents of youth
with neurodevelopmental disabilities (62, 63). Measures of the
functioning of the autonomic nervous system (ANS) have often
been targeted due to its impact on overall health and its role
in support of emotional regulation (64) and stress management
(65). ANS health and functioning is often indexed by the
measurement of heart rate variability (HRV). As opposed to heart
rate, which is the continuous beat of the heart, HRV is the time in
between heart beats. HRV can be considered under a baseline,
or non-stressful at-rest, condition, as well as under a stressful
situation for an index of stress reactivity. High HRV at rest
reflects overall positive health and optimal emotional regulation
(66, 67), and has been associated with increased responsiveness
and adaptation to the environment (68). In otherwise healthy
individuals, a lowHRV at rest could be an indicator of depression
(66, 69, 70) or chronic stress (71, 72). Further, the default
physiological stress response is characterized by an increase in
heart rate, and thus a decrease in HRV, after being exposed
to a stressor before ultimately returning to baseline levels (73).
Importantly, maladaptive stress responses have been linked to
depression (69) and anxiety (74).

There is limited evidence on how HRV and parenting stress
are related in parents of individuals with neurodevelopmental
disabilities. In a recent study, however, Factor et al. (60) found
preliminary support for an atypical stress response as measured
by HRV during interactions between mothers and their children
with ASD. Specifically, Factor et al. found a positive association
between child ASD symptoms and mothers change in HRV, such
that a higher rate of symptoms of ASD was related to a larger
increase in HRV from baseline. In terms of FMR1 premutation
carriers, a study by Klusek et al. (75) quantified respiratory sinus
arrhythmia, an estimate of vagal tone and a metric comparable
to HRV, and found support for ANS dysregulation through the
observation of reduced vagal tone when compared to study
controls. Identifying and treating atypical ANS functioning is
especially critical given its relationship to long term health
outcomes and therefore should be explored further in this already
vulnerable population of FMR1 carriers. For instance, more
research is needed to understand how ANS dysregulation in
premutation carriers might be impacted due to parenting stress

in particular as well as across other measures of ANS processes
which might yield different insights into this complex system. It
is also of importance to understand how these mechanisms work
in relation to more real-world stressors and interactions such as
those between the mother and their child.

Current Study
Although previous research supports the notion that
characteristics of both the child and the mother impact maternal
psychological well-being and parenting stress in mothers of
children with FXS, more work is needed in which self-report
measures are supplemented by physiological measures of stress
and well-being. The inclusion of physiological measures, such as
the HRVmeasures used in this study, may provide a window into
the biological origins and consequences of maternal perceptions
of their experiences, including the challenges of raising a child
with developmental delays. The present study used multimodal
assessment data, including physiological measures, frommothers
and their school-aged children with FXS to further understand
maternal mental health, stress, and well-being as they relate
to child characteristics. We focused on school-aged children
given evidence that parenting stress is highest when children
with disabilities are between the ages of roughly 6–11 or 12
years (76, 77). Further, given the importance of understanding
how mothers of youth with FXS are faring in their everyday
environment, we collected data through online questionnaires,
wearable physiological wristbands, interviews with the mother
as well as direct assessment of maternal cognitive abilities,
and real-time observations of mother-child interactions in the
home by means of distance teleconferencing. This form of data
collection allowed us to gain more naturalistic and ultimately
more generalizable data as well as eased the burden on the
families with regards to needing to travel for participation. Two
primary hypotheses were addressed:

(1) Given their genetic status as carriers of the FMR1
premutation or full mutation (26), biological mothers
of children with FXS, on average, were expected to
display elevated rates of mental health symptoms, especially
depression and anxiety (39), and parenting stress (41)
relative to the general population. We tested this hypothesis
using not only self-report measures of well-being but
also objective physiological measurement (HRV), making it
possible to determine the correspondence between maternal
perceptions and physiological indices. We also examined
variability in such symptoms among the mothers.

(2) Increased maternal mental health symptoms, higher
maternal-reported parenting stress (8), and atypical ANS
regulation, as measured by HRV (60, 75), were expected to
be associated with increased child challenging behavior and
symptoms of ASD.

MATERIALS AND METHODS

Participants
Twenty-twomother-child dyads were recruited to participate in a
larger study profiling the characteristics of mothers and children
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with FXS and how these characteristics impact the mother-
child interaction. Of the 22 dyads enrolled, 2 discontinued
prior to starting data collection and one discontinued after
completing only the study questionnaires detailed below. All
mothers provided electronic informed consent on behalf of
themselves as participants and for their participating child
prior to beginning data collection. Families were recruited
from around the United States and from Canada through
community listservs, university research volunteer registries,
and existing lab databases or previous participants. Child
participants had a confirmed diagnosis of the full mutation
FXS, documented through diagnostic reports shared by parents,
and were between 6 and 11 years of age. Both male and
female children were recruited to participate (16 males and 4
females) along with their biological mothers. The sample was
racially diverse with child participants distributed as follows:
55%White, Non-Hispanic/Latinx, 5% American Indian/Alaskan
Native, 5% Black or African American, 15% Hispanic/Latinx,
and 20% were multicultural (with 3 of the 4 multicultural
families identifying as both Black/African American and White
and 1 identifying as American Indian/Alaskan Native and
White). Additional eligibility criteria for the child participants
were that the child lived at home with the biological
mother and that English was the primary language used in
the home.

Biological mothers were recruited due to their genetic
susceptibility to mental health challenges and increased rates
of parenting stress. The participating mothers self-reported
on their FMR1 carrier status, with two mothers having
the full mutation, 16 had the premutation, and two never
received testing and, therefore, did not know their carrier
status. Mothers ranged in age from 28 to 47 years and
in IQ from 81 to 131 on the General Ability Measure for
Adults [GAMA; (78)]. Participating mothers were 60% White,
Non-Hispanic/Latinx, 5% Black or African American, 15%
were Hispanic/Latinx, and 20% were multicultural (with 50%
indicating both American Indian/Alaskan Native and White
and the other 50% indicating both Black/African American
and White). Household incomes for the participating families
ranged from between 30,001 and 35,000 annually to more
than 300,000 annually. For a complete summary of participant
characteristics and household information (see Table 1). Overall,
the current study sample reflects a largely educated and well-
resourced sample of mothers, which is a consistent limitation
reported in other studies of this kind in this population [e.g.,
(5)]; however, the present sample is more culturally diverse than
is typical.

Procedures
Families were asked to use their own technology for video
teleconferencing (i.e., personal tablets or computer). However,
in cases in which a family did not have access to technology
of their own, we provided a device equipped with video
teleconferencing software (e.g., Skype for BusinessTM) and
the other applications required to complete the assessments
from a distance. Most of the mothers elected to use their
own technology, with only two mothers needing technology

TABLE 1 | Study participant and household demographics.

N %

Child participants (6–11 years old; M = 8.80, SD = 1.77)

Female 4 20

Male 16 80

American Indian/Alaskan Native 1 5

Black or African American 1 5

Hispanic/Latinx 3 15

White, Not Hispanic/Latinx 11 55

More than one race/ethnicity* 4 20

Mother participants (28–47 years old; M = 40.35, SD = 5.27)

American Indian/Alaskan Native 0 0

Black or African American 1 5

Hispanic/Latinx 3 15

White, Not Hispanic/Latinx 12 60

More than one race/ethnicity* 4 20

Household information

Household income

< $50,000 1 5

$50,000–$150,000 9 45

> $150,000 9 45

Preferred not to answer 1 5

Caregiver status

Primary caregiver (mother) 20 100

Two parent/caregiver household 16 80

One parent/caregiver household 4 20

*75% of the child participants that selected more than once race families endorsed

both Black/African American and White, with the remaining 25% indicating American

Indian/Alaskan Native and White. 50% of mothers reporting more than one race selected

Black/African American and White and the other half selected American Indian/Alaskan

Native and White.

to be provided. All mothers were provided an Empatica E4
physio-wristband to assess physiological data of the mother
in real time. In addition to the physio-wristbands, a wordless
picture book and standardized assessment materials were
provided. Upon receiving the materials, study staff conducted
a technology training session to orient the mother to the
technology to be used and to set-up the home environment
for optimal data collection. Data were collected by the first
author (LB) through a combination of mother-completed
online questionnaires, mother interviews, remotely conducted
direct assessment of maternal cognitive ability, physiological
data, and direct observations of mother-child interactions.
Data collection occurred across several distance sessions. All
technology applications were HIPAA compliant and, when
provided, all computers were encrypted to the specification of
the UC Davis Health System.

Child Measure
In order to provide a comprehensive view of the child factors that
were hypothesized to impact maternal well-being and parenting
stress, the below measures were collected (Table 2). Measures
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TABLE 2 | Means and standard deviations for child and maternal measures.

M SD

Child measures

Vineland-3

Adaptive behavior composite score 67.11 18.66

Childhood autism rating scale (raw score)

Autism symptom severity 28.74 6.17

Child behavior checklist for ages 6–18 (T-scores)

Internalizing behaviors 57.10 8.012

Externalizing behaviors 53.00 9.42

Total behaviors 59.85 9.31

Maternal measures

General ability measure for adults

GAMA IQ score 108.26 12.06

Symptom checklist 90-revised (T-scores)

Anxiety 50.55 10.70

Depression 57.15 9.47

Global severity index 54.80 12.06

Parenting stress index, fourth edition (T-scores)

Child domain 62.55 11.88

Parent domain 53.20 9.26

Total parenting stress 58.20 10.68

Heart rate variability (millisecond)

Baseline HRV 50.09 16.04

Interaction HRV 67.37 22.34

Change in HRV 17.17 15.15

of child language ability were also derived from the mother-
child narratives; however, those measures are not included in
this report.

Vineland-3
The Vineland-3 (79) was used to assess child adaptive
functioning. The Vineland-3 provides scores for specific adaptive
behavior domains (i.e., Communication, Daily Living Skills, and
Socialization, as well as an overall adaptive behavior composite).
The Vineland-3 meets American Association on Intellectual
and Developmental Disabilities and DSM-5 requirements for
identifying impairments in adaptive behavior as one key
component in identifying an intellectual disability. TheVineland-
3 was administered as an interview with the mother via distance
video teleconferencing. For the purposes of the current study, we
used the adaptive behavior composite standard score as a proxy
for child developmental level, with scores in the present sample
ranging from 40 to 127 (M = 67.11, SD = 18.66). Higher scores
reflect more advanced developmental levels. One mother-child
dyad discontinued with only partial data collection; therefore, the
Vineland-3 was only collected on 19 of the youth participants.

Childhood Autism Rating Scale, Second Edition

(CARS-2)
Child symptoms of ASD were also assessed using the CARS-2
(80), which is ameasure used to identify children with autism and
determine symptom severity through quantifiable ratings based
on direct observation. The CARS-2 format lends itself readily to

use via telehealth. The CARS-2 was coded by trained research
staff from the recorded mother-child interaction in which the
mother and child told a wordless picture book together. Child
total scores on the CARS-2 were used as an indicator of symptom
severity (with scores between 15 and 29 reflecting minimal-to-no
symptoms of ASD, scores between 30 and 36.5 reflecting mild-
to-moderate symptoms of ASD, and scores of 37 and higher
reflecting severe symptoms of ASD). Scores in the present sample
of youth ranged between 16 and 42 (M = 28.74, SD= 6.17). One
mother-child dyad discontinued with only partial data collection;
therefore, the CARS-2 was only scored for 19 participants.

Child Behavior Checklist for Ages 6–18 (CBCL:6-18)
The CBCL (81) is a parent-report measure of child challenging
behaviors and was used to assess child challenging behaviors.
The measure creates a composite T-score of both externalizing
and internalizing behaviors as well as an overall total challenging
behavior T-score. The CBCL was collected on all 20 of the
youth participants with scores ranging between 39 and 75 for
internalizing (M = 57.10, SD= 8.01), 34 and 69 for externalizing
(M = 53, SD = 9.42) and between 41 and 74 for total behaviors
(M = 59.85, SD= 9.31).

Maternal Measures
In order to provide a comprehensive view of maternal factors we
collected information regarding mental health status as well as
stress (self-reported and physiological, seeTable 2), in addition to
the more descriptive characteristics such as FMR1 carrier status
and cognitive ability described previously:

General Ability Measure for Adults (GAMA; Naglieri

and Bardos, 1997)
The GAMA (78) is a 66-item, self-administered timed test (e.g.,
25min) that assesses general cognitive ability of individuals 18
years and older and has been redesigned for implementation
via telepractice. For this study the mother and research staff
(LB) connected via video teleconferencing with LB proctoring
the administration in real-time. The GAMA was collected on
19 mothers.

Symptom Checklist 90-Revised (SCL-90-R)
The SCL-90-R (82) is a 90-item informant report of current
psychological problems and symptoms of psychopathology. For
each subscale as well as the Global Severity Index (GSI), scores are
reported based on a T score distribution with a mean of 50 and
standard deviation of 10. T-scores that are ≥63 are considered to
be in the clinically significant range (82). In light of the expected
phenotype of premutation carriers, we used scores only from the
anxiety and depression subscales. The SCL-90-R was adapted to
an online questionnaire format and collected for all 20 of the
participating mothers.

Parenting Stress Index, Fourth Edition (PSI-4)
The PSI-4 (83) is a 120-item informant report questionnaire
to be completed by the mother. It contains three major
domains of stress: child characteristics, parent characteristics,
and situational/demographic life stress. Percentile scores from
the PSI-4 are commonly used to interpret clinical status of the
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parent informant; however, T-scores are also provided based on a
normal distribution with a mean of 50 and standard deviation of
10 and are used in subsequent analyses. The PSI-4 was adapted to
an online questionnaire format and was collected for all 20 of the
participating mothers.

Physiological Markers of Stress
Empatica E4 wristbands were used to collect physiological data
as a marker of parenting stress in real time. The E4 wristband
is a wearable research device designed to collect reliable metrics
of stress and health physiology through heart rate measurements
and electrodermal activity and is comparable to more clinical
based measures including ECG monitors (84, 85). The E4
wristband is equipped with PPG sensors that measure the Blood
Volume Pulse (BVP), from which heart rate variability can be
derived. The PPG data allows derivation of inter-beat interval
(IBI) and thus, HRV. The Empatica E4’s algorithm automatically
detects abnormal or anomalous heartbeats, often created by
motion artifacts, and removes them prior to creating the IBI
file, thereby leaving only accurate heartbeats. IBI data files were
further inspected visually for any remaining anomalies in the
data caused by motion artifacts. From the extracted IBI data,
we computed the standard deviation of the IBI of normal sinus
beats (SDNN) as our measure of HRV (86). Mothers wore the
physio-wristband for 5-min during a baseline, or non-stress
inducing, activity (i.e., watching a video of waves crashing on
the computer), as well as during the shared telling of a wordless
picture book with their child. One mother did not complete
either the mother-child interactions or collect physiological data
and thus is considered missing for all of the physiological data
analyses. Further, one mother encountered technology issues
with the wristband and was thus missing data for both contexts,
and two other mothers inadvertently turned the watch off
after the baseline context and resulting in missing data for the
interaction context. Thus, we had useable baseline physiological
data for 18 mothers and complete data (i.e., baseline and dyadic
interaction with the child) for 16 mothers.

Data Analysis Plan
To address our first hypothesis, we provided descriptive
summaries of symptom severity and stress profiles for the
present sample of mothers and computed a series of one-
sample t-tests using mean T-scores for the study participants
against the normative samples for the measures of interest. To
address our second hypothesis, we conducted a series of Pearson
correlations to examine potential associations between the
mother and child variables of interest. Multiple linear regressions
were also computed to assess the combined impacts of child
characteristics on factors of maternal well-being. Shapiro-Wilk
tests of normality were conducted for the primary variables
of interest. No tests yielded significant results and thus, the
assumptions of normality were met and parametric tests were
used in all analyses. To address the potential for Type 1
error due to multiple statistical tests, we conducted Benjamini-
Hochberg False Discovery Rate correction. We present both the
uncorrected significance levels and flagged significant findings

that remained after correction. Analyses were conducted using
SPSS statistics software.

RESULTS

Profile of Mothers Mental Health and
Parenting Stress
On average, the mothers in the present sample achieved scores
above the means for the general population across a variety of
indices of mental health and parenting stress. On the SCL-90-
R, the mothers had T-scores between 34 and 71 (M = 57.15, SD
= 9.47) on the depression subscale, scores between 37 and 68
(M = 50.55, SD = 10.70) on the anxiety subscale, and scores
between 37 and 68 (M = 54.80, SD = 10.55) on the Global
Severity Index (GSI). Further, 35% of the mothers reported
depressive symptoms consistent with a “case” (i.e., a T-score
≥63 reflecting symptom expression consistent with a clinical
diagnosis), which is a notably higher percentage than the national
average, which ranges between 10.1% in women between the ages
of 20–39 years to 11.5% in women between the ages of 40–59
years (87). The mothers in the present sample also included a
higher rate of anxiety “cases,” with a rate of 15% compared to
3.4% for generalized anxiety disorder in the general population
of women (88). We further explored how this sample of mothers
compared to the normative samples used to develop themeasures
using t-tests and a comparison value of 50 as the hypothesized
mean based on a normal distribution. The present sample
of mothers reported significantly higher levels of depression
[t(19) = 3.38, p < 0.01], but not significantly higher levels of
anxiety. The GSI for the mothers was marginally higher than
that of the norming sample [t(19) = 2.04, p = 0.056; Figure 1].
Moreover, there was some comorbidity of symptom expression
with 15% of the mothers reporting symptoms consistent with
“caseness” for both depression and anxiety. Lastly, in an
exploratory analysis examining how social determinants might
relate to the various features of maternal well-being, we found
a significant and negative correlation between maternal IQ and
depression scores [r(19) =−0.471, p < 0.05].

FIGURE 1 | One-sample t-tests between maternal self-report of mental health

symptoms against the normed sample of the SCL-90-R. **p < 0.01; t

p = marginally significant. Red horizontal line indicates the normed sample

mean of 50.
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With regards to parenting stress, the mothers in the current
study achieved T-scores between 38 and 91 (M = 62.55,
SD= 11.88) on the child domain, between 35 and 75 (M = 53.20,
SD = 9.26) on the parent domain, and scores between 36 and 86
(M = 58.20, SD = 10.68) for total parenting stress. To compare
the study sample of mothers against the normative sample,
we again used t-tests for the PSI-4 scores following the same
procedures outlined above. Results from the PSI-4 indicated that
the mothers in the current study reported significantly higher
levels of stress in the child domain [t(19) = 4.72, p < 0.001]
and in total stress [t(19) = 3.43, p < 0.01], but not in the
parent domain than did the norming sample (Figure 2). Further,
because percentiles are suggested for clinical interpretation on
the PSI-4, we examined the distribution of percentile scores in the
present sample of mothers with scores below the 85th percentile
being within the normal range, scores between the 85th and 89th

percentile within the high range and scores in the 90th percentile
and higher being considered clinically significant. Percentile
scores ranged from 9 to 99% (M = 79.05%, SD = 23.26) for the
child domain, 3 to 99% (M = 61.95%, SD= 26.43) on the parent
domain, and between 3 and 99% (M = 72.20%, SD = 23.79)
for total stress. Notably, the mothers scored within the clinically
significant range at a higher than expected rate of 10% for the
normative sample in two instances: 30% of the mothers scored
within the clinically significant range for the child domain and
20% scored within the clinically significant range for total stress
level. For the remaining PSI-4 domains, maternal scores for
were more consistent with the expected distributions from the
normative sample, with 15% of the mothers scoring within the
high range on the child domain, 10% of the mothers scoring
within the clinically significant range for the parent domain (all
others were within the normal range), and 15% scoring within
the high range for total stress.

The final metric of stress was HRV collected during the
baseline activity (sitting while watching a video of waves
crashing) and during an interaction with their child (sitting while
telling a wordless picture book story with their child). There was
a significant difference between the two conditions (t = −4.241,

p < 0.01) with mothers in the current study having an HRV
between 17.65 and 72.03ms (M = 50.09ms, SD = 16.04) during
the baseline activity and an HRV between 30.31 and 109.94ms
(M = 67.36ms, SD = 22.34) during the wordless picture book
interaction with their child. Change in HRV between the two
contexts ranged from a decrease of 15.16ms to an increase
of 48.87ms, with a mean increase in HRV between the two
contexts of 17.17ms (SD = 15.15). On average, the profile of
stress reactivity in the mothers in the present study contrasts with
that expected for a typical and healthy stress response (73) and
more comparable to individuals experiencing depression (89) or
chronic stress (90).

Further, Shaffer and Ginsberg (86) suggest that individuals
who have an HRV below 50ms during a resting condition
are unhealthier, those with HRV between 50 and 100ms have
compromised health, and those with HRV over 100ms are
healthy. Based on these guidelines, 44% of the mothers had a
resting HRV in the unhealthy range (i.e., below 50ms during
the baseline activity), and the remaining 56% had a resting HRV
in the compromised health range. In contrast, another study
examining the average HRV in the general healthy population
suggests an approximate HRV of 50ms with a standard deviation
of 16 (91), which is quite similar to the findings for the present
sample of mothers as well.

Maternal Well-Being as It Relates to Child
Characteristics
A series of two-tailed, Pearson correlations were computed to
assess relationships betweenmeasures of maternal well-being and
child characteristics. For self-report measures of maternal mental
health and parenting stress, we found that child externalizing
behaviors, as measured by the CBCL, were positively correlated
with all the maternal variables of interest (see Table 3; Figure 3),
and this finding remained significant after FDR correction.
Further, we found that child adaptive behavior, as measured by
the Vineland-3, was also significantly and negatively correlated
with the child domain score on the PSI-4; however, this
correlation was no longer significant after the FDR correction.

FIGURE 2 | One-sample t-tests between maternal self-report of parenting stress against the normed sample of the PSI-4. ***p < 0.001; **p < 0.01. Red horizontal

line indicates the normed sample mean of 50.
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TABLE 3 | Correlations between maternal measures of mental health and stress and child characteristics.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Parenting stress index-4

1. Child domain -

2. Parent domain 0.771** -

3. Total stress 0.951** 0.928** -

Symptom checklist 90-revised

4. Depression 0.608** 0.754** 0.718** -

5. Anxiety 0.534* 0.661** 0.626** 0.799** -

6. Global severity index 0.574** 0.772** 0.701** 0.941** 0.884** -

Heart rate variability

7. Baseline HRV −0.067 −0.020 −0.035 0.006 −0.225 −0.070 -

8. Wordless Picture Book Interaction HRV −0.092 0.122 0.006 −0.021 −0.244 −0.126 0.735** -

9. Change in HRV −0.059 0.209 0.062 −0.081 −0.240 −0.183 −0.005 0.674** -

Child characteristics

10. Age 0.221 0.115 0.212 0.040 0.154 0.091 0.235 −0.159 −0.411 -

11. Adaptive functioning −0.554* −0.122 −0.371 0.053 −0.054 −0.031 0.220 0.254 0.217 −0.085 -

12. Internalizing behaviors 0.082 0.054 0.054 0.199 0.053 0.244 −0.194 −0.239 −0.198 0.080 −0.094 -

13. Externalizing behaviors 0.780** 0.611** 0.733** 0.615** 0.491* 0.629** 0.058 −0.125 −0.294 0.253 −0.415 0.460 -

14. Total behaviors 0.620** 0.411 0.538* 0.503* 0.359 0.515* −0.073 −0.189 −0.278 0.133 −0.417 0.681** 0.921** -

15. ASD symptomatology 0.388 0.014 0.229 −0.207 −0.046 −0.135 0.055 −0.240 −0.231 0.120 –0.629** 0.050 0.224 0.222 -

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).

The bolded correlations remained significant after accounting for multiple comparisons using the Benjamin-Hochberg procedure to detect the false discovery rate.

F
ro
n
tie
rs

in
P
syc

h
ia
try

|
w
w
w
.fro

n
tie
rsin

.o
rg

N
o
ve
m
b
e
r
2
0
2
1
|
V
o
lu
m
e
1
2
|A

rtic
le
7
1
6
5
8
5

184

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Bullard et al. Maternal Mental Health and Stress

FIGURE 3 | Scatterplots of associations between child externalizing behavior and maternal mental health status and parenting stress.

To assess the combined effects of child externalizing behaviors
and child adaptive functioning on the child domain scores on
the PSI-4, we computed a multiple linear regression. The overall
model was significant [F(2, 17) = 14.239, p < 0.001, R2 = 0.648],
with child externalizing behaviors emerging as the only unique
predictor (t = 3.89, p < 0.01). There were no significant
associations between child characteristics and HRV.

DISCUSSION

The present study was designed to build on previous research
by exploring the phenotypic characteristics of biological mothers
of children with FXS and determine how child characteristics
might contribute to aspects of maternal well-being. All data
were collected in the family home through various forms of
technology, from video teleconferencing to digital wearables,
through virtual interactions. Although preliminary because
of the relatively small sample size, the findings from the
current study are consistent with and extend previous findings
regarding the compromised psychological well-being of at least
a subset of biological mothers of children with FXS [e.g.,
(23, 39)], thereby suggesting that remote data collection yields
similar findings as does questionnaire-based and in-person
studies. This study also provided novel findings as regards
to physiological measurement of stress suggesting through
wearable technology to measure heart rate, demonstrating
the feasibility of distance data collection though wearable
technology. More generally, the findings indicate elevated rates
of depression and parenting stress, as measured through both
self-report and a physiological measure (HRV), in biological
mothers of children with FXS as well as a relationship between

child externalizing behavior and different facets of maternal
psychological well-being. These findings highlight the need
to address the mental health and stress facing mothers as
well-target child challenging behaviors to help achieve optimal
family functioning.

Profiles of Maternal Well-Being
Consistent with previous findings in the literature, the mothers
in the present study had elevated rates of depression compared to
the general population (33, 37). In contrast to previous studies
showing higher rates of anxiety in FMR1 carriers (38, 39), the
mothers in the present study were not significantly higher in
anxiety when compared to the normative sample; however, the
difference relative to the general population just failed to reach
statistical significance and could be attributed to a lack of power
given our sample size. Thus, the risk for anxiety disorders in
these women should not be ignored. Given the importance of
mental health to overall physical health and well-being and
to the quality of parenting, support should be made available
routinely to these mothers in order to help them deal with,
or even prevent, these mental health challenges. Although in
the larger literature, symptoms of depression and anxiety have
been shown to positively respond to pharmaceutical treatments
and interventions such as seeing a counselor/therapist in the
general population, the efficacy of these treatments has not been
fully explored in this specific population. It is also possible that
increased support (92), counseling (93), and respite services (94)
provided to parents, and particularly at critical points in the
development of the individual with FXS (e.g., the transition to
school, the onset of puberty), could even prevent or forestall the
mental health challenges experienced by these mothers. Future
research should consider how we can capture the current use of
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such services as well as their efficacy given the unique phenotypic
characteristics and experiences of biological mothers of children
with FXS.

In addition to individual mental health and well-being,
because of the nature of their maternal caregiving role for
children with special needs, we also explored their profiles
of parenting stress. The mothers in the present study had
significantly higher feelings of parenting stress, especially
with regards to child-associated stressors, when compared
to a normative sample of parents. This finding is also
consistent with the literature in that mothers of children with
neurodevelopmental disabilities such as FXS are at elevated
risk of experiencing parenting stress when compared to those
of more typically developing children (22, 95). Given the fact
that the caregiver role for parents extends well-beyond what
is typical given the high level of dependence individuals with
FXS require, even into adulthood (96), these mothers are also
at a risk for experiencing chronic stress that ultimately could
negatively impact their overall physical as well as mental health
(97). Importantly, there is evidence to suggest the importance
of increasing self-care practices in such chronically stressed
caregivers in supporting stress management (98, 99). Indeed,
a recent study has documented the benefits of a mindfulness
training intervention for FMR1 premutation carriers (100).
This potential area for intervention is particularly important
given recent findings by Wheeler et al. (101), suggesting that
mindfulness played a protective roll across multiple metrics of
maternal well-being, including anxiety, depression, stress, and
overall health. Perhaps mindfulness could be thought of as not
only a way to provide coping strategies for parents experiencing
elevated levels of stress and poor well-being, but also a preventive
strategy to avoid poor psychological well-being in these women.
Moreover, continued implementation of behavioral interventions
that target child characteristics such as those found to relate to
maternal well-being and parenting stress in the present sample
(e.g., externalizing behaviors like irritability, aggression, etc.)
are paramount to the meeting the needs of the whole family
especially when parents are included in their child’s treatment
plan [e.g., through parent mediated interventions; (102, 103)].

In addition to self-report measures of parenting stress and
well-being, a novel aspect of the present study, we also explored
the role HRV plays in understanding maternal stress and
overall health and well-being in this population of mothers.
We considered maternal HRV across two contexts, first during
a seated resting state/non-stressful activity and then during
a seated interaction with their child (e.g., telling a story
together) that followed immediately. From a review of the
larger literature, it is thought that a higher resting HRV is
indicative of physiological resilience to stressors and that further,
in healthy individuals, when they are faced with a stressor,
a typical profile is for HRV to decrease in response (72),
although there is considerable individual variability and some
inconsistency across studies in this regard (69). In the present
study, mothers had relatively low HRV during the resting
condition which then increased on average during the mother-
child interaction. Notably, this HRV profile is consistent with
those seen in individuals with depression (104), as well as

in those who are experiencing chronic stress (71, 105). Thus,
our findings suggest a convergence of self-report and HRV in
mothers who carry either full mutation or premutation at least
in regards to depression. Given the relatively short time period
of measurement and limited contexts of measurement in this
study (i.e., 5min during the baseline context and an average of
7min during the mother-child interactions), it is not possible to
discern whether the physiological findings are more indicative
of traits or transient, situationally determined, states of stress.
This should be explored further through the use of longer term
HRV measurement across multiple contexts, as well as through
other physiological indices of the ANS such as EDA and vagal
tone. Moreover, the nature of such parent-child interactions (e.g.,
the presence of child challenging behaviors, preferred vs. non-
preferred tasks, etc.) should be explored further to identify why
they might elicit a greater stress response from these parents and
how supports can most effectively be implemented. Moreover,
although we removed motion artifacts from the data and both
the baseline and dyadic interaction contexts entailed the mother
being seated, it is possible that more subtle physical movements
occurred in the two contexts. Future research should include
additional control for movement as well as a similarly assessed
and appropriately matched comparison group of mothers and
their typically developing children to ensure that the differences
in context we observed are, in fact, non-normative.

Although the HRV profiles observed in this study are
consistent with what we found through parent self-report,
exploratory analyses indicated no relationship between HRV and
self-report indices of stress and well-being for the mothers in
the present study (Table 3). This lack of relationship is, however,
consistent with other studies of a similar nature looking at
HRV in premutation carriers (75) and mothers of children with
ASD (60) providing reason to believe that these two metrics
capture different components of the individual’s functioning
and should, therefore, be further explored in tandem to gain a
complete picture. Further, as with the findings for self-report
measures of stress and well-being, mindfulness interventions
impact HRV in positive ways as well (106, 107) and thus,
could prove even more beneficial in populations such as
mothers of children with FXS who display concerning profiles
on both metrics of stress. Further, additional characteristics
of the mother should be considered when implementing
treatments. For instance, our finding regarding the relationship
between depression and IQ might also suggest the need for
different approaches to intervention among mothers of children
with FXS.

Child Determinants of Maternal Well-Being
Lastly, we found considerable support for the role that the
behavioral profile of the child with FXS, especially his or her level
of externalizing behavior, plays in various aspects of maternal
well-being; again, consistent with previous findings. Though
limited by a small sample size and measurement at a single
time point, which leaves the causal direction of the relationship
unclear, the association between the two is consistent with the
basic principles of the transactional model of development. In
particular, the relationships are indicative that the child and
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their environment are bidirectionally interconnected (108). Thus,
in addition to supporting the mother as the individual, it is
important to continue building upon prior work aimed at
optimizing child outcomes, which could ultimately also have an
added benefit for the well-being of the mother.

Limitations
This project is limited by a small sample size and thus many
of our conclusions are considered preliminary and in need
of further examination in a larger sample. This data set is
also limited due to its lack of comprehensive information on
genetic affectedness on behalf of the mothers beyond self-report
of carrier status and thus future studies should explore more
nuanced measures of genetic susceptibility to well-being not
able to be examined here. Further, the mothers represented a
relatively well-educated and resourced group and thus more
work is needed to discern how our findings might generalize
to a more under resourced sample. Also, given that data
were collected at only one time point, future work would
benefit from a more longitudinal approach to determine the
bidirectional relationships of the associations we found. At the
same time, the present sample of families was racially diverse,
which may have been an outcome of our use of fully remote
data collection procedures. These procedures may also have
increased the representatives of the responses and behaviors of
study participants who were able to complete the study in the
familiar setting of the family home largely on a schedule that was
maximally convenient for them. The inclusion of both self-report
and physiological measures of stress was an additional positive
and innovative feature of the study.

It is of note that our data collection was partially impacted
by the COVID-19 pandemic, which contributed somewhat to
recruitment challenges as well as contributing to one mother
discontinuing early. Although in some instances, we observed
increased availability of families due to being home, it also
increased the level of stress and uncertainty per parent report
during screening calls and they felt less inclined to add more
burden to their own or their child’s schedule by participating in
a study, even one that did not require leaving home. Further,
with regards to the data that were collected, 10 of the mother-
child dyads completed the study prior to shelter-in place orders
and the remaining 10 dyads completed data collection during the
pandemic. We did assess potential differences on the dependent
measures of maternal stress and well-being and child challenging
behavior and found no differences between the two groups of
mother-child dyads. These findings suggest that perhaps the
families had adapted to conditions of the pandemic and were no
more or less stressed than in the pandemic during pre-pandemic
life, although it must be acknowledged that the small sample size
and limited statistical power makes any conclusions tentative.

CONCLUSIONS AND FUTURE
DIRECTIONS

Overall, the profiles of mental health status and parenting
stress are reflective of what is seen in the larger literature as

well as the relationship between child challenging behaviors
and maternal well-being, which provides continued implications
for the roll that supporting child development and behaviors
can ultimately have on aspects of maternal well-being. Further,
there were unique findings derived from this study including
unique physiological profiles of stress and well-being that were
separate from more standard measures (e.g., questionnaires) of
stress and well-being in FMR1 carriers. Moreover, a relative
strength of this study is the use of multiple formats for
measuring maternal well-being, including self-report as well
as potentially more objective measures of well-being through
the collection of maternal HRV. Another strength of the
current study is the completion of the project entirely via
distance through the use of video teleconferencing and online,
electronically completed questionnaires. Further, implications
across all of these findings support the need for dual support
for both the mother and the child in order to achieve optimal
outcomes. Despite the interconnectedness and importance of
this relationship, however, there is a relative dearth of research
on such combined interventions supporting multiple family
members simultaneously.
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Fragile X syndrome (FXS) is the leading known genetic cause of autism spectrum disorder

(ASD) with 60–74% of males with FXS meeting diagnostic criteria for ASD. Infants with

FXS have demonstrated atypical neural responses during face processing that are unique

from both typically developing, low-risk infants and infants at high familial risk for ASD

(i.e., infants siblings of children with ASD). In the current study, event-related potential

(ERP) responses during face processing measured at 12 months of age were examined

in relation to ASD symptomsmeasured at∼48 months of age in participants with FXS, as

well as siblings of children with ASD and low-risk control participants. Results revealed

that greater amplitude N290 responses in infancy were associated with more severe

ASD symptoms in childhood in FXS and in siblings of children with ASD. This pattern

of results was not observed for low-risk control participants. Reduced Nc amplitude

was associated with more severe ASD symptoms in participants with FXS but was

not observed in the other groups. This is the first study to examine ASD symptoms in

childhood in relation to infant ERP responses in FXS. Results indicate that infant ERP

responses may be predictive of later symptoms of ASD in FXS and the presence of

both common and unique pathways to ASD in etiologically-distinct high-risk groups is

supported (i.e., syndromic risk vs. familial risk).

Keywords: event-related potentials, fragile X syndrome, autism spectrum disorder, infant, child

INTRODUCTION

Fragile X syndrome (FXS) is a single-gene disorder that results from a CGG repeat expansion
mutation on the X chromosome affecting approximately one in 3,700–8,900 males (1–4) and one in
11,100 females (4). FXS possesses a high level of comorbidity with autism spectrum disorder (ASD)
and is the most common single-gene cause of ASD, evidenced by 60–74% of individuals with FXS
meeting diagnostic criteria for ASD (5–9). This is much higher than the rate of 1.9%, which is
observed in the general population (10). Research has increasingly focused on early detection of
ASD in FXS with evidence suggesting that 61% of preschool children meet diagnostic criteria with
a high degree of diagnostic certainty (9). Likewise, behavioral risk markers for ASD are present in
infants with FXS by 12 months of age (11, 12) and are predictive of later ASD diagnoses (9). In
addition, specific neural responses [i.e., event-related potentials (ERPs)] related to ASD are also
atypical in infants with FXS at 12 months of age (13). However, the relationship between neural
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responses in infancy and ASD symptom severity in early
childhood have not been reported as we do in the current
study. Research on the early development of ASD symptoms
in infants and children with FXS provides insight into
multiple developmental pathways to ASD, which may improve
identification of reliable risk markers in infancy and facilitate
earlier diagnosis and intervention.

To date, nearly all of the research examining early risk
markers of ASD has been conducted on infant siblings of children
diagnosed with ASD (henceforth referred to as ASIBs), who are
at elevated risk for ASD because of the significant heritability
of ASD. Approximately 20% of ASIBs will be diagnosed with
ASD themselves (14–16), and another 20–40% will exhibit other
developmental differences (14). A review of literature on the
development of ASD in ASIBs found that the first behavioral
signs of ASD typically emerged between 6 and 18 months of
age and were most frequently associated with atypical patterns
of social attention (16). Other behavioral studies have shown that
infants at high risk for ASD demonstrate decreased attention to
social stimuli, including faces [e.g., (17, 18)]. In one study, this
was reported in infants as young as 1 week old (19). Still, there are
additional studies that do not report early atypical social attention
in high risk infants [e.g., (20, 21)].

Recent work focused on understanding the early signs of
ASD in infants with FXS suggests that those infants with FXS
that are later diagnosed with ASD demonstrate early social-
communicative deficits similar to those observed in ASIBs later
diagnosed with ASD (9, 11). In a series of case studies, Hogan and
colleagues (11) followed eight infants with FXS longitudinally
from 9 to 24 months of age. They found that the four infants
with FXS that were later diagnosed with ASD demonstrated
impairments in social communication, including reduced social
interest, social smiling, and babbling, which were not consistently
displayed in the four infants that were not later diagnosed with
ASD. Additional work has shown that atypical eye contact (9)
and social avoidance (22) in infancy are also associated with
greater severity of ASD symptoms in young children with FXS.
Although not necessarily social in nature, atypical patterns of
visual attention (23) and physiological arousal (9, 24) have also
been related to the presentation of symptoms of ASD in infants
with FXS.

Despite significant progress in understanding how behavioral
symptoms of ASD emerge and change across early development
(16), much remains to be learned about heterogeneity in the
early development of ASD and the presentation of reliable risk
markers in the first year of life. As subsets of both infants with
FXS and ASIBs show behavioral ASD symptoms that emerge in
infancy and are predictive of later diagnoses of ASD, examining
early neural risk markers in these groups from a cross-syndrome
approach may lead to an increased understanding of each group
individually, as well as inform understanding of heterogeneous
pathways to ASD (25). Recent work indicates that atypical infant
brain responses are early-appearing and reliable indicators of
ASD risk in ASIBs (26). Specifically, atypical patterns of neural
activation during face processing have been reported in studies
of infants with FXS (13) and ASIBs [e.g., (13, 27–30)]. Benefits
of an ERP approach to investigating risk markers for ASD are

seen in their ability to detect unique patterns of brain activity,
which may emerge prior to behaviors associated with ASD and
may be evident in an infant sample that is inherently limited
by a restricted range of behaviors. Additionally, ERP measures
may provide a more objective measure of risk than assessment
of behavior. In the current study, we investigated the possibility
that neural responses to social (i.e., face) and non-social (i.e., toy)
stimuli in infancy, measured through ERPs, may be associated
with later-emerging symptoms of ASD in infants with FXS
contrasted against etiologically-distinct high-risk infants (ASIBs)
and low-risk infants.

In the first months of life, face processing is believed to
occur within a subcortical pathway that is recruited to a lesser
extent with age as cortical pathways become specialized for face
processing (31, 32). If early visual attention to social stimuli is
similar across high- and low-risk infants, it may be because they
rely on the same, intact subcortical pathway (31). From this
perspective, deficits are expected to emerge near the end of the
first year of life, as cortical pathways become established, and
show atypical function associated with emerging ASD (31, 33).
Further evidence that the timing of cortical pathways influence
social attention near the end of the first year of life comes from
behavioral work recently described by Ozonoff and Iosif (34),
indicating that a regression in social attention (e.g., eye contact)
from 6 to 12 months of age was present in 86% of ASIBs that
went on to receive a positive diagnosis for ASD. They report
that group differences in social attention are rarely seen before
9 months of age, but seem to emerge around 12 months and
then increase in magnitude with age. Taking this evidence into
account, it has been posited that deficits in the function of the
“social brain” may become evident earlier in development at the
neural level than at the behavioral level. ERPs show excellent
sensitivity to neural timing and patterns of stimulus responses
and have the potential to show high sensitivity for identifying
atypical responses to stimuli, such as faces, in infancy, before
behavioral symptoms of ASD manifest. As such, the use of ERPs
in research with high-risk infants may allow for the identification
of an early, reliable marker associated with the later emergence
of ASD.

In typically developing infants, the N290 and P400 ERP
components have been identified as possible precursors to
the N170 ERP component, which is associated with face
specialization in adults [e.g., (29)]. The N290 peaks ∼290ms
after stimulus onset and is most similar to the N170, as they are
both negative peaks observed at lateral posterior electrode sites
[e.g., (35, 36)]. Like the N170, the N290 is greater in amplitude
in response to faces than other stimuli (35, 37). The P400 is
a positive amplitude ERP component that peaks at ∼400ms
after stimulus onset over occipital scalp sites (35, 36, 38). The
role of the P400 in social information processing in infancy is
less well understood. For example, some studies have reported
shorter latency to faces than other stimuli (30, 37, 39), others have
reported greater amplitude to non-face than face stimuli (36),
and others have found no significant effects based on stimulus
category (13, 35).

The N290 and P400 have also been investigated in infant
ASIBs, although the effect of risk on neural correlates of face
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processing is not straightforward. Some studies have found
greater amplitude N290 response to faces than other classes of
stimuli in ASIBs (13, 30). Luyster and colleagues (29) conducted
a large-scale longitudinal study of ERP components in 61 ASIBs
and 70 low-risk control (LRC) infants from 6 to 36 months of
age. Their results indicated similar developmental trajectories
of the N290 and P400 across groups, and included only
marginally significant group differences in N290 responses to the
infant’s mother’s face vs. a stranger’s face. They found that LRC
infants demonstrated greater differentiation of these stimulus
categories than ASIBs. Additionally, there was a marginally
significant interaction of participant group and stimulus category
on P400 amplitude. Nine ASIB participants later received an
ASD diagnosis, however, the authors reported that inclusion
or exclusion of participants based on ASD diagnosis did not
significantly impact the results.

An additional ERP component that is of great interest in infant
research is the Negative central (Nc), which occurs∼350–750ms
after stimulus onset at midline frontal and central electrodes (40).
The Nc is not directly associated with social processing but is
indicative of attentional engagement and is observed in response
to a wide range of visual stimuli. Nc amplitude is typically greater
in response to novel or salient stimuli than familiar stimuli
(39, 41–44). Studies measuring infant heart rate responses have
also found that Nc amplitude is greater during heart rate-defined
periods of sustained attention (36, 45). The Nc is of interest to the
current investigation, as it may provide insight into the presence
of atypical attentional allocation in infancy, which would be
expected to reflect more general processing deficits, less closely
associated with social information processing specifically.

Guy and colleagues (13) conducted the first investigation
of neural correlates of face processing in multiple groups of
infants at high risk for ASD, including infants with FXS and
ASIBs. ERPs were measured in response to familiar and novel
faces and toys. Across participant groups, a greater amplitude
N290 was observed to faces than toys. Differences in N290
amplitude to faces and toys were most pronounced in infants
with FXS and smallest in ASIBs. Additionally, visual examination
of the data revealed that infants with FXS showed an enhanced
N290 response relative to the other two participant groups.
This was reflected in a significant group by stimulus familiarity
interaction. Infants with FXS showed greater N290 amplitude
to familiar stimuli than novel stimuli, while other participants
did not discriminate stimuli based on familiarity at the N290.
Furthermore, responses to familiar stimuli in infants with FXS
were greater than ASIBs’ and LRC infants’ responses to familiar
and novel stimuli. No significant differences were observed
for the P400 across group or stimulus type. At the Nc ERP
component, ASIBs demonstrated a more muted response than
infants with FXS and LRC infants. Although Nc amplitude did
not differ across face and toy stimuli, there was an effect of
stimulus familiarity on Nc responses. LRCs showed a greater
Nc response to novel (i.e., a stranger’s face, a novel toy) than
familiar stimuli (i.e., their mother’s face, a favorite toy). Infants
with FXS showed a greater Nc response to familiar stimuli as
opposed to novel stimuli, which has been observed in some
research conducted with younger (i.e., 6-month-old) infants with

typical development (39, 41, 43). Interestingly, ASIBs did not
differentiate stimuli based on familiarity.

These results indicate that while both infants with FXS and
ASIBs are at an increased risk of developing ASD, differing
patterns of neural responses to social and non-social stimuli are
observed across these two etiologically-distinct high-risk groups.
Not only do their ERP responses differentiate them from low-
risk control infants, but also from each other. What remains to be
known is whether group differences in N290 amplitude responses
in infants with FXS and ASIBs may be associated specifically with
emerging symptoms of ASD. The enhanced N290 in infants with
FXS could reflect a hyperactive or hypervigilant neural response
to social stimuli that could be related to later social anxiety,
which is highly prevalent in FXS [e.g., (46)]. Furthermore, a
more muted response in ASIBs may reflect a reduced, hypoactive
response indicating reduced social interest and salience, as has
been observed in individuals with ASD [for review see (47)].

The objective of the current study was to determine how the
neural correlates of faces processing in infancy relate to ASD
symptoms later in childhood in children with FXS compared
with another group at high risk for ASD (i.e., ASIBs) and LRC
children. In the current study, we utilized previously collected
ERP data from high-risk infants and LRCs (13) to examine the
relations between infant ERP responses during a face processing
task and ASD symptom severity in early childhood. Infant ERP
responses were measured at 12 months of age and clinical
assessment for ASD was conducted later in childhood, at ∼48
months of age. In an approach similar to that used by Elsabbagh
and colleagues (48), relations between N290, P400, and Nc
amplitude and continuous scores of ASD symptom severity
were investigated. Severity scores were used to quantify overall
ASD symptoms, social symptoms, and restricted and repetitive
behavior symptoms. We hypothesized that N290 responses to
faces would be associated with overall symptom scores, as well as
social scores, but that the pattern of relations would vary across
high-risk groups. Specifically, we expected that enhanced N290
amplitude in infants with FXS would be related to higher ASD
symptom scores, while muted N290 amplitude in ASIBs would
be associated with higher ASD symptom scores. As the N290 is
uniquely sensitive to face stimuli, we did not believe that N290
responses would be closely linked to restricted and repetitive
behavior scores. Additionally, based on the hypothesized role of
the P400 in social information processing, we predicted that the
P400 may be associated with overall or social affect symptom
scores, but that it would be less closely correlated with restricted
and repetitive behavior scores. However, due to the observation
of similar P400 responses across infants with FXS, ASIBs, and
LRCs in previous research (13), we expected that the P400 would
be less likely to be significantly related to ASD symptoms than the
N290. Differences were previously observed across groups in Nc
responses, but based on the Nc’s responsiveness to a wide range
of visual stimuli, we believed that the Nc may be more broadly
associated with overall ASD scores and not linked with a specific
domain of ASD symptoms. For example, relations between Nc
responses and symptoms of ASD were not expected to be face
specific, and to have connections to symptom severity scores
across the three different scales. We examined relations across
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face and toy and familiar and novel stimuli, based on significant
effects observed in this group in infancy (13).

METHODS

Participants
Fifty 12-month-old infants were included in the study, including
14 infants with FXS (seven males), 18 ASIBs (15 males), and 18
typically developing low-risk control (LRC) infants (14 males).
All participants were retained from our previous research study
(13). An additional infant with FXS, three ASIBs, and three LRC
infants were tested in the original Guy et al. (13) study, but
were not retained in the current study due to lack of outcome
data. Infants with FXS were identified through collaborations
with researchers across the United States in addition to emails
and postings through social media. ASIBs were recruited through
the South Carolina Department of Disabilities and Special
Needs; a letter was sent to families with a child with an ASD
diagnosis, inviting participation from families with an infant
sibling. LRC infants were recruited from the Columbia, SC area
and were required to have no known developmental anomalies
and no family history of ASD or related disorders (e.g., FXS).
Participants were recruited without regard to race, ethnicity,
socioeconomic status, and gender. However, participants were
primarily Caucasian and of middle socioeconomic status. All
infants participated with the informed, signed consent of
their parents.

Measures and Apparatus
EEG (Infant Timepoint)
EEG was recorded in 12-month-olds using the Electrical
Geodesics, Inc. (EGI) high-density 128-channel EEG system.
Participants were seated on a parent’s lap during the recording.

They were positioned about 55 cm from a 29
′′

LCD monitor
(NEC Multisync XM29). A video camera was just above the
monitor and used to record participant looking behavior.
An experimenter judged infant fixation online and controlled
stimulus presentation using EGI Net Station and E-Prime
software in an adjacent room. Stimuli included photographs of
female faces (i.e., the mother’s face and a stranger’s face) and
infant toys (i.e., a picture of a toy belonging to the infant and a
novel toy). Sesame Street video clips were used as attractors when
children lost interest in the stimuli. All stimuli were presented on
colorful, variegated backgrounds [see (13) for more details].

ASD Symptoms (Outcome Timepoint)
Participants were followed longitudinally as part of a larger study
on development in high-risk infants, and ASD symptoms were
assessed annually at outcome timepoints beginning at 24 months
of age. For the current study, we targeted clinical data from their
36-month visit or later, as ASD symptoms and diagnoses assessed
at this age appear to be stable (9, 49, 50). Data from the 24-month
visit were used if no later data were available (n= 0 children with
FXS, n = 2 ASIBs, n = 2 LRC children). Although assessment of
ASD symptoms prior to 3 years of age are generally considered
less reliable, recent research has provided promising evidence of
symptom and diagnostic stability starting at 18 months (51–53).

TABLE 1 | ADOS calibrated severity scores by participant group.

ASIB FXS LRC

n 18 14 18

n male (%) 15 (83%) 7 (50%) 14 (78%)

Age in months at ADOS 48.00 (20.56) 47.14 (9.94) 44.67 (14.73)

Overall CSS (SD) 4.06 (3.00) 4.79 (2.46) 2.28 (1.78)

SA CSS (SD) 4.22 (2.73) 4.43 (2.77) 2.61 (1.94)

RB CSS (SD) 5.11 (3.31) 5.93 (3.17) 2.94 (2.62)

The mean age of outcome assessment was similar across groups
(ASIB: M = 48.00 months, FXS: M = 47.14 months, LRC: M =

44.67 months).
The Autism Diagnostic Observation Schedule−2nd Edition

[ADOS-2; (54)] was used to measure ASD symptoms. Overall,
Social Affect (SA), and Restricted and Repetitive Behavior (RRB)
calibrated severity scores (CSS) were computed using established
guidelines (55, 56). The CSS has been established as a stable
continuous measure of ASD severity that is more valid than the
overall ADOS raw score (57). Average calibrated severity scores
are presented by group in Table 1.

Procedure
EEG
Participants were fitted with an EGI “hydrocel geodesic
sensor net” (HGSN) that was selected based on their head
circumference. Net application took 5–10min, during which
a second experimenter entertained the infant with toys. The
experiment commenced once the infant was positioned in
front of the monitor. An attractor stimulus was used to draw
fixation toward the center of the screen and a button was
used to indicate fixation and to begin stimulus presentation,
which included brief stimulus presentations and visual paired
comparison (VPC) trials. Brief stimulus presentations included
a 100ms blank screen baseline period, followed by a 500ms
stimulus presentation, and a variable inter-trial interval of 500–
1500ms. The VPC trials included side-by-side presentations of
the two face stimuli or the two toy stimuli and lasted until
4 s of looking time was reached. The VPC and brief stimulus
presentations were presented in random order in 10-trial blocks.
If the infant looked away from the screen, the Sesame Street
attractor stimulus was used to regain fixation toward the screen.
Stimulus presentation continued until the infant became bored
or fussy.

Data Analysis
EEG Recording and Analysis
The EEG was recorded from 124 electrodes in the EGI
HGSN, two additional electrodes measured electrooculogram
(EOG), and two electrodes measured electrocardiogram (ECG).
Recordings were referenced to the vertex online, recorded with
20K amplification at a 250Hz sampling rate with bandpass
filters set from 0.1 to 100Hz and 100 kΩ impedance. Data
processing was completed using the EEGLAB and ERPLAB

Frontiers in Psychiatry | www.frontiersin.org 4 November 2021 | Volume 12 | Article 716642194

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Guy et al. Infant ERPs and ASD Symptoms

Matlab toolboxes (58, 59). Following data collection, the vertex-
referenced EEG was algebraically recomputed to the average
reference. The EEG was filtered with a 0.5Hz high-pass filter
and ERP trials were segmented from 50ms before stimulus
onset through 1 s following onset. Recorded EEG was inspected
for artifact (defined as a change in amplitude >100 µV), poor
recordings, and blinks using the ERPLAB toolbox in Matlab and
visual inspection. Trials were eliminated from further analyses if
more than 10 channels were affected.

Clusters of virtual “10-10” electrodes were created from the
mean of the EGI electrodes surrounding the traditional 10-
10 electrode locations [see (36) Supplemental Information].
The N290 was examined at lateral posterior-inferior electrodes
including Parietal Occipital (PO7: 59, 65, 66; PO8: 84, 90, 91;
PO9: 64, 65, 68, 69; PO10: 89, 90, 94, 95), Parietal (P7: 51, 58,
59; P8: 91, 96, 97; P9: 57, 58, 63, 64; P10: 95, 96, 99, 100), and
Temporal Parietal electrodes (TP7: 46, 50, 51; TP8: 97, 101, 102;
TP9: 50, 56, 57; TP10: 100, 101, 107). The P400 was examined at
medial posterior-inferior electrodes including Parietal Occipital
(PO7–10), Occipital (Oz: 71, 75, 76; O1: 66, 70, 71; O2: 76, 83,
84), and Inion electrodes (Iz: 74, 75, 81, 82; I1: 69, 70, 73, 74; I2:
82, 83, 88, 89). The Nc was analyzed at frontal and central midline
virtual electrodes (Fz: 5, 10, 11, 12, 16, 18; FCz: 5, 6, 7, 12, 106; Cz:
7, 31, 55, 80, 106). Additional information on the selection of time
windows for ERP component analysis and computation of ERP
amplitude can be found in our previous publications (13, 35, 60).

To better understand relations between early neural responses
to visual social and non-social stimuli and later symptoms
of ASD, we assessed ADOS-2 calibrated severity scores in
relation to infant ERP responses. In extension of methods
utilized in past research (13), amplitude of the N290, P400, and
Nc ERP components based on stimulus type (2: faces, toys)
and stimulus familiarity (2: familiar, novel) were examined in
association with Overall, Social Affect (SA), and Restricted and
Repetitive Behavior (RRB) CSS using ANCOVAs and regressions.
A general linear models approach (i.e., “Proc GLM” of SAS)
using nonorthogonal design was used. The statistical tests used
error terms derived from the related interval effect analyses to
control for inflation of test wise error rate. All significant tests
are reported at p < 0.05 and effect sizes (eta squared) and
95% confidence intervals for effect sizes are reported to describe
comparisons within significant effects.

RESULTS

N290
Graphs presenting the relations between N290 amplitude to faces
and toys across infants with FXS, ASIBs, and LRC infants and
Overall, Social Affect, and Restricted and Repetitive Behavior CSS
on the ADOS-2 are presented in Figure 1.

Overall CSS
There was a significant interaction between participant group,
stimulus type, and Overall CSS on N290 amplitude, F(2, 1188)
= 10.05, p < 0.001, n2p = 0.02, 95% CI [0.01, 0.03]. To better
understand this interaction, we examined responses to faces and
toys separately. In response to faces, there was a significant

interaction of Overall CSS and group, F(2, 594) = 15.65, p <

0.001, n2p = 0.05, 95% CI [0.02, 0.09]. For infants with FXS and
ASIBs, a more negative amplitude N290 in response to faces was
associated with higher Overall CSS (infants with FXS: F(1, 166) =
7.72, p = 0.006, n2p = 0.04, 95% CI [0.00, 0.12]; ASIBs: F(1, 214)

= 9.66, p = 0.002, n2p = 0.04, 95% CI [0.01, 0.11]). The opposite
pattern of responses was seen for LRC infants, decreased (more
positive) N290 amplitude in response to faces was related to
higher Overall CSS, F(1, 214) = 20.81, p< 0.001, n2p = 0.09, 95%CI
[0.03, 0.17]. In response to toys, there was a significant interaction
of Overall CSS and group, F(2, 594) = 9.08, p < 0.001, n2p = 0.03,
95% CI [0.01, 0.06]. More negative N290 responses to toys were
associated with higher Overall CSS for ASIBs, F(1, 214) = 28.11, p
< 0.001, n2p = 0.12, 95% CI [0.05, 0.20]. N290 responses to toys
were not significantly associated withOverall CSS for infants with
FXS, p = 0.122, n2p = 0.01, 95% CI [0.00, 0.07], or LRC infants, p

= 0.598, n2p = 0.001, 95% CI [0.00, 0.03].
Figure 2 presents ERP plots, which illustrate the effects

described above using a small set of participants at each end of the
range of possible scores. Plots labeled “Low Overall CSS” include
participants with an Overall CSS of three or less on the ADOS-
2. “High Overall CSS” includes participants with an Overall CSS
of seven or higher on the ADOS-2. Participants scoring in the
mid-range (i.e., CSS of four to six) are not represented in these
plots. The N290 is evident as the negative deflection occurring
∼300ms after stimulus onset. The change in amplitude from the
preceding peak of the P1 to the peak of the N290 is greater for
ASIBs with high Overall CSS compared with ASIBs with low
Overall CSS. N290 amplitude is also greater for participants with
FXS and high Overall CSS, particularly in response to faces. LRC
participants with low Overall CSS are included for comparison,
however, there were too few high-scoring LRC participants for
an average ERP plot in the “High Overall CSS” category. In the
ERP analyses, ADOS CSS scores were examined continuously.

Therefore, these plots do not directly reflect the analyses, but

illustrate some of the effects observed in the continuous data.

There was also a significant interaction between participant

group, stimulus familiarity, and Overall CSS on N290 amplitude,

F(2, 4680) = 10.26, p < 0.001, n2p = 0.004, 95% CI [0.00, 0.01]. We

examined responses to familiar and novel stimuli separately. In
response to familiar stimuli, there was a significant interaction of

Overall CSS and group, F(2,2334) = 25.43, p < 0.001, n2p = 0.02,

95% CI [0.01, 0.03]. As with responses to faces, increased (more

negative) N290 amplitude to familiar stimuli were associated with
higher Overall CSS for infants with FXS, F(1, 658) = 9.72, p =

0.002, n2p = 0.02, 95% CI [0.00, 0.04], and ASIBs, F(1, 838) = 24.47,

p < 0.001, n2p = 0.03, 95% CI [0.01, 0.05], while decreased (more
positive) N290 amplitude was associated with higher Overall CSS
for LRC infants, F(1, 838) = 26.07, p < 0.001, n2p = 0.03, 95% CI
[0.01, 0.06]. There was also a significant interaction of group and
Overall CSS in response to novel stimuli, F(2,2346) = 4.33, p =

0.013, n2p = 0.004, 95% CI [0.00, 0.01]. Similar to N290 responses
to toys, more negative N290 responses to novel stimuli were
associated with higher Overall CSS for ASIBs, F(1, 838) = 5.79, p
= 0.0163, n2p = 0.01, 95% CI [0.00, 0.02]. N290 responses to novel
stimuli were not associated withOverall CSS for infants with FXS,
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FIGURE 1 | N290 amplitude to faces and toys across ASIBs, infants with FXS, and LRC infants is presented in relation to Overall, Social Affect, and Restricted and

Repetitive Behavior calibrated severity scores. Average N290 amplitude is calculated across Parietal Occipital, Lateral Parietal, and Temporal Parietal electrodes.

p = 0.10, n2p = 0.004, 95% CI [0.00, 0.02], and LRC infants, p =

0.416, n2p = 0.001, 95% CI [0.00, 0.01].

Social Affect CSS
There was a significant interaction between participant group,
stimulus type, and SA CSS on N290 amplitude, F(2, 1188) = 4.21, p
= 0.015, n2p = 0.01, 95% CI [0.00, 0.02]. To better understand this
interaction, we examined responses to faces and toys separately.
There was a significant interaction of SA CSS and group for N290
responses to faces, F(2, 594) = 16.72, p < 0.001, n2p = 0.05, 95%
CI [0.02, 0.09]. For ASIBs, a more negative N290 in response to
faces was associated with higher SA CSS, F(1, 214) = 17.53, p <

0.001, n2p = 0.08, 95% CI [0.02, 0.15]. Once again, the opposite
pattern was seen for LRC infants, who showed that more positive
N290 amplitude in response to faces was related to higher SA
CSS, F(1, 214) = 24.49, p < 0.001, n2p = 0.10, 95% CI [0.04, 0.18].
For infants with FXS, there was no relationship between N290
responses to faces and SA CSS, p = 0.384, n2p = 0.005, 95% CI
[0.00, 0.05]. There was also a significant interaction of SA CSS
and group for N290 responses to toys, F(2, 594) = 11.35, p< 0.001,
n2p = 0.04, 95% CI [0.01, 0.07]. More negative N290 responses to
toys were associated with higher SA CSS for ASIBs, F(1, 214) =
20.24, p < 0.001, n2p = 0.09, 95% CI [0.03, 0.16], but the opposite
pattern was seen for infants with FXS, F(1, 166) = 4.13, p= 0.044,

n2p = 0.02, 95% CI [0.00, 0.09]. N290 responses to toys were not
significantly associated with SA CSS for LRC infants, p = 0.088,
n2p = 0.01, 95% CI [0.00, 0.06].

There was also a significant interaction between participant

group, stimulus familiarity, and SA CSS on N290 amplitude,

F(2, 4680) = 13.45, p < 0.001, n2p = 0.01, 95% CI [0.00, 0.01].

We examined responses to familiar and novel stimuli separately.
There was a significant interaction of SA CSS and group for N290
responses to familiar stimuli, F(2, 2334) = 40.03, p < 0.001, n2p
= 0.03, 95% CI [0.02, 0.05]. A more negative N290 to familiar
stimuli was associated with higher SA CSS for infants with FXS,
F(1, 658) = 4.64, p = 0.032, n2p = 0.01, 95% CI [0.00, 0.03], and

ASIBs, F(1,838) = 53.96, p < 0.001, n2p = 0.06, 95% CI [0.03, 0.09].
More positive N290 amplitude in response to familiar stimuli for
LRC infants was related to higher SA CSS, F(1, 838) = 34.51, p
< 0.001, n2p = 0.04, 95% CI [0.02, 0.07]. There was a significant
interaction of SA CSS and group in response to novel stimuli,
F(2, 2346) = 6.66, p = 0.001, n2p = 0.01, 95% CI [0.00, 0.01]. More
positive N290 responses to novel stimuli were associated with
higher SA CSS for infants with FXS, F(1,658) = 12.78, p < 0.001,
n2p = 0.02, 95% CI [0.00, 0.05]. N290 responses to novel stimuli

were not associated with SACSS for ASIBs, p= 0.225, n2p = 0.002,

95% CI [0.00, 0.01], and LRC infants, p= 0.065, n2p = 0.004, 95%
CI [0.00, 0.02].
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FIGURE 2 | The N290 and P400 responses to faces and toys across subgroups of ASIB, FXS, and LRC participants. Plots labeled “Low Overall CSS” include

participants with an Overall CSS of three or less on the ADOS-2. “High Overall CSS” includes participants with an Overall CSS of seven or higher on the ADOS-2.

Participants scoring in the mid-range (i.e., scores of four to six) are not represented in these plots. There were not enough LRC participants to create “High Overall

CSS” plots. Plots are presented at relevant “virtual 10-10 electrode” clusters, including Temporal Parietal (TP), Parietal (P), Parietal Occipital (PO), Occipital (O), and

Inion (I) clusters [see (13, 36) for more details on calculation of 10-10 virtual electrodes].

Restricted and Repetitive Behaviors CSS
There was a significant interaction between participant group,
stimulus type, and RRB CSS on N290 amplitude, F(2, 1188) =

9.30, p < 0.001, n2p = 0.02, 95% CI [0.00, 0.03]. To better
understand this interaction, we examined responses to faces
and toys separately. The interaction of RRB CSS and group in
response to faces was not significant, p> 0.05, n2p = 0.002, 95%CI
[0.00, 0.01]. However, there was a significant interaction of RRB
CSS and group in response to toys, F(2,594) = 16.38, p < 0.001, n2p
= 0.05, 95%CI [0.02, 0.09].More negative N290 responses to toys
were associated with higher RRB CSS for ASIBs, F(1, 214) = 28.89,
p< 0.001, n2p = 0.12, 95% CI [0.05, 0.20], but the opposite pattern

was shown by infants with FXS, F(1,166) = 12.93, p < 0.001, n2p
= 0.07, 95% CI [0.02, 0.16]. N290 responses to toys were not
associated with RRB CSS for LRC infants, p = 0.144, n2p = 0.01,
95% CI [0.00, 0.05].

There was also a significant interaction between participant
group, stimulus familiarity, and RRB CSS on N290 amplitude,
F(2, 4680) = 9.27, p < 0.001, n2p = 0.003, 95% CI [0.00,
0.01]. We examined responses to familiar and novel stimuli
separately. The interaction of RRB CSS and group in response
to familiar stimuli was not significant, F(2, 2334) = 1.82, p
= 0.163, n2p = 0.002, 95% CI [0.00, 0.01]. There was a
significant interaction of RRB CSS and group in response to
novel stimuli, F(2, 2346) = 14.62, p < 0.001, n2p = 0.01, 95%
CI [0.01, 0.02]. More negative N290 responses to novel stimuli
were associated with higher RRB CSS for ASIBs, F(1, 838) =

13.15, p = 0.003, n2p = 0.02, 95% CI [0.00, 0.04], and LRC

infants, F(1,850) = 13.76, p < 0.001, n2p = 0.02, 95% CI [0.00,
0.04]. The opposite pattern of responses was seen for infants
with FXS, F(1,658) = 8.85, p = 0.003, n2p = 0.01, 95% CI
[0.00, 0.04].
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P400
Graphs presenting the relations between P400 amplitude to faces
and toys across ASIBs, infants with FXS, and LRC infants and
Overall, Social Affect, and Restricted and Repetitive Behavior CSS
are presented in Figure 3.

Overall CSS
There was a significant interaction between participant group,
stimulus type, and Overall CSS on P400 amplitude, F(2, 988) =
4.32, p = 0.014, n2p = 0.01, 95% CI [0.00, 0.02]. There was a
significant interaction of Overall CSS and group in response to
faces, F(2, 494) = 30.66, p < 0.001, n2p = 0.11, 95% CI [0.06, 0.16].
For infants with FXS, a more positive amplitude P400 response to
faces was associated with higher Overall CSS, F(1,138) = 61.39, p<

0.001, n2p = 0.31, 95% CI [0.19, 0.42]. However, for LRC infants,
decreased (less positive) P400 amplitude in response to faces was
related to higher Overall CSS, F(1, 178) = 4.80, p = 0.030, n2p =

0.03, 95% CI [0.00, 0.09]. There was no relation between P400
amplitude in response to faces and Overall CSS for ASIBs, p =

0.082, n2p = 0.02, 95% CI [0.00, 0.07]. There was a significant
interaction of Overall CSS and group in response to toys, F(2, 494)
= 11.86, p < 0.001, n2p = 0.05, 95% CI [0.02, 0.08]. For ASIBs
decreased (less positive) P400 amplitude in response to toys was
related to higher Overall CSS, F(1, 178) = 9.80, p = 0.002, n2p =

0.05, 95% CI [0.01, 0.13]. Once again, for infants with FXS, a
more positive P400 in response to toys was associated with higher
Overall CSS, F(1, 178) = 15.74, p < 0.001, n2p = 0.10, 95% CI [0.03,
0.20]. There was no relation between P400 amplitude in response
to toys and Overall CSS for LRC infants, p = 0.388, n2p = 0.004,
95% CI [0.00, 0.04]. These effects are observed in the ERP plots
presented in Figure 2. The P400 is the positive peak occurring at
approximately 400–500ms after stimulus onset. Participants with
FXS with high Overall CSS demonstrated a greater amplitude
P400 response than those with low Overall CSS. Alternatively,
ASIBs with high Overall CSS show a decreased P400 amplitude
in response to toys compared to ASIBs with low Overall CSS.

There was also a significant interaction between participant
group, stimulus familiarity, and Overall CSS on P400 amplitude,
F(2, 3898) = 14.54, p < 0.001, n2p = 0.01, 95% CI [0.00, 0.01].
We examined responses to familiar and novel stimuli separately.
There was a significant interaction of Overall CSS and group
in response to familiar stimuli, F(2, 1944) = 8.10, p < 0.001, n2p
= 0.01, 95% CI [0.00, 0.02]. Infants with FXS showed a more
positive P400 associated with higher Overall CSS, F(1, 548) = 6.41,
p = 0.012, n2p = 0.01, 95% CI [0.00, 0.04], while ASIBs showed a
less positive P400 in response to familiar stimuli was associated
with higher Overall CSS, F(1, 698) = 12.11, p < 0.001, n2p =

0.02, 95% CI [0.00, 0.04]. There was no relation between P400
amplitude in response to faces and Overall CSS for LRC infants, p
= 0.790, n2p = 0.0001, 95% CI [0.00, 0.01]. There was a significant
interaction of Overall CSS and group in response to novel stimuli,
F(2, 1954) = 48.19, p < 0.001, n2p = 0.05, 95% CI [0.03, 0.07].
Infants with FXS showed a more positive P400 associated with
higher Overall CSS, F(1, 548) = 79.40, p < 0.001, n2p = 0.13, 95%
CI [0.08, 0.18], but ASIBs showed a less positive P400 in response
to novel stimuli was associated with higher Overall CSS, F(1, 698)
= 6.34, p = 0.012, n2p = 0.01, 95% CI [0.00, 0.03]. There was no

relation between P400 amplitude in response to faces and Overall
CSS for LRC infants, p= 0.078, n2p = 0.004, 95% CI [0.00, 0.02].

Social Affect CSS
The interaction between participant group, stimulus type, and
SA CSS was not significant, p = 0.460, n2p = 0.002, 95% CI
[0.00, 0.01]. However, there was a significant interaction between
participant group and SACSS on P400 amplitude, F(2, 988) = 4.00,
p = 0.019, n2p = 0.01, 95% CI [0.00, 0.02]. For infants with FXS,
a higher SA CSS was significantly associated with higher P400
amplitude, F(1, 138) = 42.09, p< 0.001, n2p = 0.23. P400 amplitude
was not significantly associated with SA CSS for ASIBs, p= 0.083,
n2p = 0.02, or LRC infants, p= 0.853, n2p = 0.0002.

There was a significant interaction between participant group,
stimulus familiarity, and SA CSS on P400 amplitude, F(2, 3898)
= 14.72, p < 0.001, n2p = 0.01, 95% CI [0.00, 0.01]. There was
a significant interaction of SA CSS and group in response to
familiar stimuli, F(2, 1944) = 10.28, p < 0.001, n2p = 0.01, 95%
CI [0.00, 0.02]. Infants with FXS showed a more positive P400
associated with higher SA CSS, F (1, 548) = 5.07, p =0.025, n2p
=0.01, 95%CI [.00,0.03], while ASIBs showed a less positive P400
in response to familiar stimuli was associated with higher SACSS,
F(1, 698) = 13.57, p < 0.001, n2p = 0.02, 95% CI [0.00, 0.04]. There
was no relation between P400 amplitude in response to familiar
stimuli and SA CSS for LRC infants, p = 0.067, n2p = 0.01, 95%
CI [0.00, 0.02]. There was a significant interaction of SA CSS and
group in response to novel stimuli, F(2,1954) = 35.41, p < 0.001,
n2p = 0.04, 95% CI [0.02, 0.05]. Infants with FXS showed a more
positive P400 associated with higher SA CSS, F(1,548) = 88.91, p
< 0.001, n2p = 0.14, 95% CI [0.09, 0.19]. There was no relation
between P400 amplitude in response to novel stimuli and SA CSS
for ASIBs, p= 0.862, n2p = 0.00004, 95% CI [0.00, 0.01], and LRC

infants, p= 0.401, n2p = 0.001, 95% CI [0.00, 0.01].

Restricted and Repetitive Behavior CSS
The interaction between participant group, stimulus type, and
RRB CSS on P400 amplitude was not significant, F(2, 3898) =

1.45, p = 0.235, n2p = 0.01, 95% CI [0.00, 0.02]. However, there
was a significant interaction between participant group, stimulus
familiarity, and RRB CSS on P400 amplitude, F(2, 3898) = 33.90, p
< 0.001, n2p = 0.02, 95% CI [0.01, 0.03]. There was a significant
interaction of RRB CSS and group in response to familiar stimuli,
F(2, 1944) = 6.25, p = 0.002, n2p = 0.01, 95% CI [0.00, 0.02]. A less
positive P400 in response to familiar stimuli was associated with
higher RRB CSS for infants with FXS, F(1, 548) = 27.47, p< 0.001,
n2p = 0.05, 95% CI [0.02, 0.09], and LRC infants, F(1, 698) = 15.21,

p < 0.001, n2p = 0.02, 95% CI [0.01, 0.05]. There was no relation
between P400 amplitude in response to familiar stimuli and RRB
CSS for ASIBs, p = 0.200, n2p = 0.002, 95% CI [0.00, 0.02]. There
was a significant interaction of RRB CSS and group in response
to novel stimuli, F(2, 1954) = 33.09, p < 0.001, n2p = 0.03, 95%
CI [0.02, 0.05]. Infants with FXS showed a more positive P400
associated with higher RRB CSS, F(1, 548) = 18.79, p < 0.001, n2p
= 0.03, 95% CI [0.01, 0.07]. Less positive P400 amplitudes were
associated with higher RRB CSS in ASIBs, F(1, 698) = 41.16, p <
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FIGURE 3 | P400 amplitude to faces and toys across ASIBs, infants with FXS, and LRC infants is presented in relation to Overall, Social Affect, and Restricted and

Repetitive Behavior calibrated severity scores. Average P400 amplitude is calculated across Parietal Occipital, Occipital, and Inion electrodes.

0.001, n2p = 0.06, 95% CI [0.03, 0.09], and LRC infants, F(1, 708) =

14.93, p < 0.001, n2p = 0.02, 95% CI [0.01, 0.05].

Nc
Overall CSS
There were no significant interactions between group, stimulus
type, and Overall CSS on Nc amplitude, F(1, 1161) = 0.09, p =

0.914. There were also no significant interactions between group,
stimulus familiarity, and Overall CSS on Nc amplitude, F(1, 1161)
= 0.01, p= 0.991.

Social Affect CSS
There were no significant interactions between group, stimulus
type, and SA CSS on Nc amplitude, F(1, 1161) = 0.02, p = 0.979.
Additionally, there were no significant interactions between
group, stimulus familiarity, and SA CSS on Nc amplitude,
F(1, 1161) = 1.73, p= 0.178.

Restricted and Repetitive Behavior CSS
There were no significant interactions between group, stimulus
type, and RRB CSS on Nc amplitude, F(1, 1161) = 0.78, p =

0.460. There were also no significant interactions between group,
stimulus familiarity, and RRB CSS on Nc amplitude, F(1, 1161) =
2.48, p= 0.085.

DISCUSSION

Results of the current study establish relations between face
processing ERP responses at 12 months of age and ADOS-2
calibrated severity scores in early childhood in FXS as well as
siblings of children with ASD and low-risk controls. This work
indicates that ERP responses in infancy may be predictive of later
behavioral symptoms of ASD in infants at risk for ASD, whether
it be syndromic risk or familial risk, and supports the use of ERPs
as a measure to identify potential markers of ASD. However,
the relations observed were complex and varied across group
based on ERP component examined and stimulus category. This
likely reflects the high level of heterogeneity in developmental
trajectories and symptom profiles associated with ASD, which we
were unable to investigate further due to our small sample size.

Results revealed that N290 amplitude was associated with ASD

symptoms for all participant groups examined. Infants with FXS

showed that greater amplitude (more negative) N290 responses

to faces and familiar stimuli were associated with more severe

ASD symptoms overall, while less negative N290 responses to
toys and novel stimuli were associated with more severe social
affect and restricted and repetitive behavior symptoms. ASIBs
showed a consistent association between more negative N290
amplitude and greater severity of ASD symptoms. For ASIBs,
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more negative N290 amplitude to all stimuli were associated
with more severe overall and social affect symptoms, while only
more negative N290 amplitude responses to toys and novel
stimuli were associated with more severe restricted and repetitive
behavior symptoms. The LRC group showed an opposite pattern
of responses, such that less negative N290 responses to faces
and familiar stimuli were associated with more severe overall
and social affect symptoms. The N170 has been implicated as a
marker of ASD in children and adults and was recently submitted
to the FDA’s Center for Drug Evaluation and Research Biomarker
Qualification Program with the intent to use N170 responses
to better understand heterogeneity in ASD (61). The current
work indicates that the N290 may hold promise in distinguishing
amongst diverse groups of high-risk infants, as well.

Previous research has indicated that infants with FXS show
enhanced N290 ERP activity in response to faces relative to
ASIB and LRC groups, while ASIBs showed more muted ERP
responses (13). It was hypothesized that these ERP effects may
reflect a general hyperactive response to faces in infants with
FXS vs. a hypoactive response in ASIBs. Therefore, it was
surprising to find that for the both FXS and ASIB participant
groups, more negative N290 responses were associated with
more severe behavioral symptoms of ASD. This pattern of
results was more robust for N290 responses to faces than
to toys and to familiar than novel stimuli. When examining
relations between N290 responses to toys and novel stimuli
and ASD symptom severity, ASIBs continued to show that
increased amplitude responses to toys and novel stimuli were
associated with more severe symptoms. These results indicate
that N290 responses to faces, especially familiar faces, may
be informative when investigating ASD risk across discrete
etiologies. Furthermore, across all stimulus types, the current
results suggest that enhanced responses at the neural level in
infancy are more predictive of later developing ASD symptoms
than more muted responses.

The P400 amplitude at 12 months of age was also associated
with the later development of symptoms of ASD. Greater
amplitude P400 responses to all stimuli were associated with
more severe overall and social affect symptoms among children
with FXS. Decreased P400 amplitude (to familiar stimuli, novel
stimuli, and to toys) were associated with higher symptom
severity in ASIBs. Typically-developing LRCs showed the
opposite effect for P400 responses to faces, where less positive
P400 amplitude was linked to more severe ASD symptoms
overall. ASIBs showed no significant relations between P400
amplitude to faces and ASD symptom severity. It was surprising
that there were strong associations between P400 amplitude and
ASD symptom severity in high risk infants, as no significant
effects of P400 were observed across participant groups in infancy
(13). However, significant effects of participant group and ASD
symptom severity on Nc amplitude were not observed.

Relations between the N290 and P400 and later ASD
symptoms are consistent with other studies examining links
between infant social information processing and ASD outcomes
(33). Both the N290 and P400 are believed to reflect infant
face processing and enhanced or muted ERP responses
may be reflective of atypical social processing. Reduced or

atypical patterns of attention to faces have been reported
in several behavioral studies of infants later diagnosed with
ASD [e.g., (17, 21, 61, 62)]. Reduced engagement during
social information processing may disrupt social development,
eventually contributing to the development of symptoms of
ASD. Gui and colleagues (63) recently reported decreased
differentiation of face and object stimuli at the N290 among
infants later diagnosed with ASD. Additionally, Shephard and
colleagues (64) found that ASIBs with more negative N290
amplitude responses to faces relative to noise scored higher
in social communication problems at 7 years of age. Their
results indicated that responses to noise stimuli were largely
responsible for this effect (i.e., more positive N290 responses
were associated with higher social communication problems).
Studies by Elsabbagh and colleagues (48) and Buss and colleagues
(65) have found that greater P400 amplitude to faces with direct
gaze compared with averted gaze was associated with ASD
symptoms at 3 years of age. Overall, these findings support our
results suggesting that face-sensitive ERPs in infancymay provide
insight into later ASD symptoms.

It was surprising that only the face-sensitive N290 and P400
were associated with ASD symptoms, and not the Nc ERP
component. The Nc was differentiated across all three groups in
infancy (13), and we had expected that unqiue patterns of Nc
responses may be associated with unique symptom profiles. The
Nc is associated with engagement of attention, and differences
in Nc amplitude have been reported between infants at high
risk for ASD and control participants during infancy [e.g., (28,
30, 65, 66)]. Although Nc amplitude has been associated with
infant risk status, its relation to ASD outcomes is less clear. Our
results are consistent with one recent study finding no connection
between mean Nc amplitude at 8 months of age and later
ASD (67). Another study reported differences in Nc amplitude
between 6-month-old infants later diagnosed with ASD and
control participants, but not 12-month-olds later diagnosed with
ASD and control participants (68). We had expected that Nc
amplitude would be associated with ASD symptoms in our
sample of FXS, ASIBs, and LRC infants, due to unique patterns
of Nc activation observed across these groups (13), but all of the
current Nc analyses were nonsignificant. Relations between Nc
amplitude and ASD outcomes should be further investigated in
future research, due to sparse and conflicting results.

Additional work in this area is needed to better understand
how neural responses differ across infants with FXS based on
ASD diagnosis and how infants with FXS that receive an ASD
diagnosis uniquely process stimuli from ASIBs that receive an
ASD diagnosis. Small sample size was a significant limitation
in the current study. While current sample sizes restricted us
from analyzing outcomes categorically, we aim to expand our
sample to better understand how infant ERP responses across
these groups are associated with diagnostic outcomes in future
research. Further work in this area with larger samples will allow
us to examine the role of high-risk subgroups (e.g., sex, cognitive
function) in infant ERP responses and ASD outcomes. There
were more females (i.e., 50%) in the sample of children with FXS
in the current study than is typical. This may have impacted our
results, as a smaller subset was diagnosed was diagnosed with
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ASD than has been reported in larger scale studies of ASD in
preschool children with FXS (i.e., 36 vs. 61%; 9). Additionally, the
inclusion ofmultiple comparisons in our statistical approachmay
have allowed for Type I errors. Methods were adopted to help to
prevent Type I errors and effect sizes, including 95% confidence
intervals for effect sizes, were reported to further describe
comparisons, however, replication of this work will be important
to confirmation of the current findings. Additional work with a
large sample of infants with FXS would allow for investigation
of the role of gender in relations between infant ERP responses
and later developing symptoms of ASD. Furthermore, FXS is
associated with intellectual impairment, and it is important to
examine how the presence of intellectual disability may impact
stimulus processing in this sample. Adoption of additional
control groups that are impacted by intellectual disability, but less
likely to develop ASD, such as infants with Down syndrome, may
allow for better understanding of how unique patterns of neural
responses in infants with FXS are associated with intellectual
disability. Another goal of this line of research is to expand the
investigation to other high-risk participant groups. For example,
Feldman and colleagues (69) found that infants in families with
a greater number of medical conditions were more likely to
demonstrate ASD symptoms. It would be valuable to investigate
neural responses and ASD symptoms in this and other high-risk
groups to better understand heterogeneous pathways to ASD.

Results of the current study highlight that neural correlates
of face processing in infancy are associated with later behavioral
symptoms of ASD in children with FXS. This work is highly
valuable, especially as this was the first study to examine relations
between infant ERPs and symptoms of ASD in a high-risk group
beyond ASIBs. By including multiple groups of participants at
high risk for ASD, we were able to examine heterogeneity in
relations between infant neural responses and childhood ASD
symptoms. Despite the observation of unique patterns of neural
responses in infancy across infants with FXS and ASIBs, similar
patterns of infant ERP responses were associated with childhood
ASD symptom severity for both groups. Specifically, we found
that greater N290 amplitude in response to faces in infancy
was associated with the presentation of more severe symptoms

of ASD in early childhood across both infants with FXS and
ASIBs. However, less consistent results were observed across
high-risk groups for the P400 and Nc components. It will be
important to further investigate the utility of the N290, P400,
and Nc ERP components as potential markers for ASD in future
studies enrolling large and diverse high-risk samples. It is our
intention that this work will eventually contribute to the ability to
identify valid and reliable ERP markers evident at the level of the
individual, promoting early intervention and treatment among
infants and toddlers most likely to receive a diagnosis of ASD.
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The challenges of caring for children with complex health needs, such as intellectual

disability (ID) and autism spectrum disorder (ASD), are multiple and experienced by

both caregivers and health professionals. Fragile X syndrome (FXS) is the most common

single gene cause of ID and ASD, and provides a pertinent model to understand these

complexities of care, as well as the communication challenges experienced between

caregivers and healthcare professionals. In recent years both caregivers and healthcare

professionals have recognized the need for enhancing communication both in clinical

and research settings. Knowledge mapping has emerged as a tool to support quality

communication between team participants. Here we review how differences in mental

models, as well as challenges related to health literacy and knowledge transfer can

have an impact on communication. Next, we present different knowledge mapping

approaches used in complex situations, with a focus on concept maps and care

maps. Finally, we highlight the potential benefits and limitations of mapping to improve

communication issues related to caring for individuals with FXS and potentially other

neurodevelopmental disorders (NDDs).

Keywords: Fragile X syndrome, care mapping, communication, mental model, medical complexity, knowledge

mapping, concept mapping

INTRODUCTION

Neurodevelopmental Disorders Represent a Prevalent Case of
Medical Complexity
Among the many conditions associated with pediatric medical complexity,
neurodevelopmental disability (NDD) is one of the most notable as they affect
3–18% of the world’s population (1–7). NDDs include conditions such as
Attention Deficit/Hyperactivity disorder (ADHD), learning disability, intellectual
disability (ID), and autism spectrum disorder (ASD). Most individuals with an
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NDD not only have multiple core symptoms linked to their
condition but also experience related (comorbid) conditions,
and as such are usually followed by a large team of health
and education specialists (8). Having multiple partners involved
in care coordination can create challenges in communication.
Quality communication in healthcare is essential to ensure a high
standard of care; poor communication often results in unmet
family needs, dissatisfaction in care, and potentially even medical
errors or needless interventions (9–11).

The complexity in needs and services for individuals
with NDDs tasks caregivers and healthcare professionals with
enormous responsibilities (12). For caregivers, the impact of
managing their child’s multiple health complexities, the lack
of training to provide expert care, and grief can contribute
to an overall feeling of helplessness and exhaustion (13, 14).
Additionally, caregivers encounter financial challenges and can
struggle with depression (15–17). Caregivers often become a
“manager” for their child: advocating for and coordinating their
child’s care, managing communication between healthcare and
social providers, implementing therapeutic recommendations,
and maintaining their child’s medical health information
and records (16–18). For healthcare professionals, children
living with multiple health complexities belong to a unique
population that demands ongoing continuous care and utilizes
a disproportionate amount of healthcare services (12, 13,
16, 17, 19–22). In addition, healthcare professionals can be
required to provide care that often extends beyond their
capacity due to limitations in skills, psychosocial support,
opportunities for continuing education, or lack of resources
(13, 23, 24).

Fragile X Syndrome as a Model for
Complex Care in NDD
In this review we focus on Fragile X syndrome (FXS) as
it is the most common single gene cause of ASD and ID.
More importantly, FXS illustrates the complexity of symptoms
and the challenges in communication between caregivers
and healthcare professionals seen in most NDDs. Indeed,
individuals with FXS present clinically with a wide spectrum of
symptoms and comorbid conditions, including core cognitive
and adaptive function challenges (25), speech delay (26, 27),
autism spectrum traits (28–31), sleep issues (32–34), challenging
behavior (35), anxiety (36), and mental health issues (37).
FXS is also an excellent model for understanding changing
needs over a lifespan as, like most NDDs, it is a lifelong
condition where the health, educational, and social needs of
individuals evolve over time, making care even more complex
and challenging for parents and health professionals (38).
As a child diagnosed with FXS enters each life stage, new
symptoms and behaviors can appear while existing ones can
potentially intensify (39). As the child transitions to adult
services, parents take on the responsibility of initiating and
transferring services and funding from youth to adult programs
(38, 40–44). There is no gold-standard model for transition
from pediatric care to adult care, making the transition to
adult services a struggle for families to know what to do.

Limited access to services can create anxiety and decreased
quality of life for both parents and individuals living with
FXS (38, 45, 46).

Finally, FXS highlights the importance of considering
the family unit when assessing complexity in care and
communication. In FXS, mothers can have a range of genetic
variants from carriers of a pre-mutation which does not manifest
as FXS but can lead to biological (e.g., early menopause) and
psychological (e.g., anxiety and depression) challenges to full
mutation with FXS symptoms, which need to be considered
during the communication process.

Through a review of the literature, this mini-review
summarizes the key components impacting communication
between caregivers and healthcare professionals, and explores
the use of knowledge mapping as a tool to strengthen quality
communication. Our goal is to evaluate these challenges
in communication through the lens of care needed to
support individuals with FXS. We will discuss: (1) the key
components impacting communication between caregivers
and healthcare providers in FXS and other medically
complex situations, (2) ways to visually represent and
share complex information, known as knowledge mapping,
as a method to enhance communication, and (3) how
mapping has been shown to improve communication in
complex situations.

Our central hypothesis is that communication challenges
between caregivers and health professionals may be improved
with the implementation of knowledge mapping.

METHODS

In order to better understand how to improve the quality of
communication between caregivers and healthcare professionals,
we performed a 2-step literature review using a pragmatic
approach. Themost relevant papers are cited. First, we conducted
a general literature review in order to identify the components
impacting communication between caregivers and healthcare
professionals in the context of children with complex needs. We
used the following keywords to search English language text from
PubMed and Google Scholar with no limitation on time period:
“healthcare professionals, physicians, communication, caregivers,
parents, patients, pediatric healthcare, complex medical needs,
neurodevelopmental disabilities, NDD, intellectual disability, ID,
Fragile X syndrome, FXS, attention deficit/hyperactivity disorder,
ADHD, autism spectrum disorder, and ASD.” We included
both original articles and reviews, and identified 68 papers.
We reviewed those papers and identified converging themes
centered around “mental model, health literacy, knowledge
transfer, beliefs, perspectives, mapping, concept mapping, and
care mapping.”

Next, we focused on mapping methods for concepts
relevant to complex situations and healthcare, searching
for articles discussing “communication, mapping, knowledge
mapping, mental models, concept mapping, and care mapping.”
We identified 46 papers and 3 books which were used to prepare
the themes of review.
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RESULTS

Components Impacting Communication
Between Caregivers and Healthcare
Professionals in FXS and Other Medically
Complex Situations
While there are many factors leading to communication
challenges in complex medical situations, we found that a key
aspect resided in the concepts and categories individuals have
developed over time. Challenges in communication present
themselves when individuals have conflicting concepts and
categories. This is known as lack of coherence in mental
models. Two factors contributing to the difference in mental
models were the base knowledge of individuals, also known as
literacy, and their ability to exchange information, referred to
as knowledge transfer. We discuss below those 3 interlinked
concepts.

Coherence in Mental Models of Caregivers and

Healthcare Professionals Drive Quality

Communication
A person’s understanding of concepts and their relation to other
concepts is formed by past experiences, education, and perceived
knowledge, and is referred to as a mental model (47). Mental
models are also influenced by multiple factors including family
status, cultural beliefs, education, literacy, and goals (48, 49).
Mental models play a significant role in an individual’s decision
making and behavior, as well as communication. In Figure 1 we
use a concept map as a tool to visually represent a caregiver’s
mental model (1A) and a healthcare professional’s mental model
(1B) to show how mental models can vary between caregivers
and healthcare professionals supporting individuals living
with FXS.

In healthcare, research in obesity, nursing, clinical teamwork,
and oncology has identified how understanding individual
mental models has the ability to increase efficiency in team
performance when mental models are shared (48, 50–53).
It also showed that shared understanding of an individual’s
mental model prevents communication errors and opens
the door for effective communication, collaboration, and
navigation within the health system (50, 52). Researchers have
also studied the mental models of patients with varying
mental health conditions such as depression, obsessive
compulsive disorder, bipolar disorder, and schizophrenia
to better understand the condition but also clinical
care (54–59).

Mental models are variable between individuals, an important
issue to acknowledge for optimal communication. Surveys of
caregivers supporting individuals with FXS showed an important
diversity in perceptions of the impact of a FXS diagnosis, burden
of caring for a child with FXS, and decision making (60–63).
Professionals working in healthcare present with variability
in mental models too. When comparing the mental models
of obesity between healthcare professionals and policymakers,
Sturgiss et al. identified a clear distinction between each
group (48).

Health Literacy Contributes Significantly to Mental

Model
A key building block of a mental model is health literacy, which
is defined as “the ability to access, understand, evaluate, and
communicate information in a way to promote, maintain and
improve health in a variety of settings across the life-course”
(44). While limitations in space do not allow for a full review
of the large number of studies in health literacy (64, 65), we
highlight below how literacy impacts communication. Indeed, a
caregiver’s health literacy has a direct impact on the health of
their children (66, 67). Caregivers with low health literacy lack the
knowledge to associate appropriate health services with specific
care needs, and experience a disconnect in communication
and flow of information with healthcare professionals (13).
Interestingly, a caregiver’s health literacy has the potential to
evolve with time through trial and error, extensive research,
online resources, peer recommendations, and analysis of journal
articles (68, 69), which can in turn lead to evolution of the
mental model of that individual. In FXS, as for many other
medical conditions, another aspect to consider is that a large
amount of information must be gained rapidly. For instance,
a caregiver whose child is diagnosed with FXS will need to
learn about FXS but also linked diagnosis related to carrier
status (70).

Additionally, when a caregiver assumes their healthcare
provider has a lack of health literacy around their child’s
diagnosis, most caregivers will hold a negative attitude toward
that healthcare provider (71). This issue is multiplied when
considering rarer conditions. Often with limited exposure to FXS
or genetic disorders, non-specialist healthcare providers have
been shown to have limited knowledge about genetic testing in
general as well as FXS (72, 73).

Knowledge Transfer to Improve Coherence of

Mental Model
As mentioned above, mental models can evolve over time due
to a growth in health literacy. This happens in large part due to
knowledge transfer between caregivers and health professionals
(48). While mental models are updated by knowledge transfer,
knowledge transfer is also influenced by mental models. Indeed,
researchers explained that when mental models of a specific
topic do not align, knowledge transfer becomes challenging
as “neither group can conceptualize the others’ viewpoint”
(48). During the knowledge transfer process, it is important to
use terminology known and understood by families (74, 75).
A successful knowledge transfer process involves information
to be collected, evaluated, and organized, then shared using
relevant language.

When caregivers cannot accurately communicate in a
language understood by healthcare professionals, healthcare
professionals struggle to fully understand how they can make
an impact on the care of their patients and the lives of their
caregivers (13). For healthcare professionals, it is important to
assess the emotional state of the caregivers. For example, families
having just received a diagnosis of FXS for their child identify
this as a very distressing time (76). Inefficient knowledge transfer
will often lead caregivers to be unsure when to seek help for their
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FIGURE 1 | Mental models vary between caregivers and healthcare professionals supporting individuals living with FXS. Concept maps representing the mental

models of Fragile X syndrome symptoms and associated conditions (comorbidities) from a caregiver’s perspective (A) and a healthcare professional’s perspective (B).

This visual representation shows how mental models of FXS can vary between caregivers and health professionals, and may overlap in others (healthcare for

instance). (A) The mental model of a caregiver may include concepts related to personal concerns outside of healthcare and a general understanding of the health

system. (B) On the other hand, the mental model of a healthcare professional may only focus on the concepts related to healthcare more specifically, with a bias

toward the consideration of their specialty. Legend of abbreviations used in the figure: FMR1, Fragile X mental retardation 1 gene; FXPOI, Fragile x Premature ovarian

insufficiency; FXTAS, Fragile X tremor and ataxia syndrome.
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child, to have feelings of inadequacy, to lack awareness of their
child’s condition, to have repeated interactions with healthcare
professionals, to be unable to make decisions, and to be unaware
of who to reach out to for care (13).

Knowledge Mapping: A Way to Represent
and Share Complex Information Visually
Due to the complex, dynamic, and often incomplete information
being shared between caregivers and healthcare professionals,
finding an efficient way to present and organize communication
is essential to quality care. Fortunately, cases in other fields
have shown that knowledge mapping is a valuable tool to
efficiently exchange concepts, as well as simplify verbal and
written communication (77). In general, knowledge mapping
is a tool used to support quality communication by visually
representing information (78, 79). In our research we focused on
using knowledge mapping to represent individuals’ knowledge,
beliefs, and perspectives. Several mapping methods are available
and can be used in multiple applications depending on the
need. These include: service blueprint, customer journey map,
experience/care map, concept map or mental model diagram,
and spatial map (80). We focused on two types of mapping
tools: (A) concept map and (B) care map as they have been
used most frequently to represent mental model and clinical
care, respectively.

Concept Map
A concept map can visually represent the mental model of an
individual by showing the relationships between concepts and
ideas in a hierarchical manner (78). Concept maps link core
concepts to related concepts (48). In Figure 1 we illustrate an
example of using concept maps to represent a sample mental
model of FXS for a caregiver and healthcare professional.
When comparing the concept map of the caregiver and the
healthcare professional it is clear where the mental models of
care needed to support an individual with FXS differ. Concept
maps may constitute an initial step in communication between
caregivers and health professionals, allowing each “team player”
to express their perceived understanding of a condition. When
communicating about the needs of an individual diagnosed
with NDD, including FXS, acknowledging the diverse mental
models of each care provider is essential as there is an important
variation between individuals in the severity of not only core
symptoms, but also associated conditions (comorbidities) as
mentioned above.

Care Map
A care map is adapted from the principles of a mind map, which
is a more general map of concepts related to a topic (78, 81).
These maps are designed in a radial structure with the patient
at the center and peripheral topics related to the individual’s care
needs for whom the map is made. Pictures and/or words are used
to organically represent a topic. A care map for an individual
with FXS shows the multiple and diverse needs (related to all
comorbidities) in their life (example in Figure 2). As can be seen
by comparing Figure 2 to Figure 1, the care map is more applied
and actionable than the concept map and shows how different

service providers may overlap from different sectors (school,
hospital, outpatient clinic, etc.). As such, we propose that the care
map may be used downstream of the concept map in the optimal
management of a patient. As Gavin points out, a picture is worth
more than a thousand words, indicating that the visual of a care
map delivers a powerful message of not only the complexities in
care, but draws out the privilege, or lack thereof, some families
may experience within the healthcare system (82). One family’s
map may identify multiple systems of care and services that may
not be accessible to others due to location, knowledge of the
services, diagnosis of the child, finances, language, or citizenship.

Benefit of Knowledge Mapping in Complex
Medical Situations
Research on care coordination correlates the use of: (A) concept
mapping and (B) care mapping to an increased level of
communication between healthcare providers and caregivers, as
well as between healthcare providers themselves (19, 74, 75, 83).
Furthermore, in healthcare mapping can promote health literacy,
build and organize an individual’s mental model, and enhance
knowledge transfer (78, 84).

Impact of Concept Mapping
Concept maps are crucial as they allow identification of blind
spots between caregivers and health professionals involved. This
is important as increasing healthcare specialization, but also
diversity in caregiver perspectives leads to further differences in
mental models (85). Concept maps, by putting individual mental
models in the open, allow people to acknowledge differences in
perspective, personal bias, and lack of awareness in some aspects
of a concept which are more remote to one’s experience. Concept
maps have been shown to be core to efficient knowledge sharing
(86), education, and enhanced problem solving (87).

Mental model representation with concept maps allows
researchers to group results and provide higher order analysis
(48). We also propose that teaching programs for both caregivers
and healthcare professionals, as well as health policies and
community resources, would be made more impactful by
considering mental models.

Impact of Care Mapping
There are multiple advantages to using a care map as well. Care
maps increase the level of communication between caregivers
and healthcare providers, as well as between healthcare providers
themselves, by increasing the level of engagement and reciprocal
communication while also reducing the barriers in status (19,
74, 75). Care maps have the potential to give families a voice
to express not only their child’s needs, but their needs as a
caregiver (19, 74, 75). This enhanced engagement also comes
from developing a care map (17) and the empowerment of
families by giving them an opportunity to share their voice and
express preference and priorities around their child’s needs and
care concerns, hopes, and caregiver goals (19).

A care map can incorporate pictograms (Figure 2) having
the potential to involve children in their care and provides
the opportunity to prioritize the interventions that are most
important to them. According to Adams et al., care mapping
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FIGURE 2 | Care maps help to display the multiple entities related to individuals with FXS. A care map captures the multidimensional aspect of care needs and is

organized around a given individual. Use of pictures, colors, and shapes can help to involve youth in the development of the care map while identifying priorities over

time. Care maps are often color coded to provide visual distinction between fields. Note that overlap between providers becomes more apparent and allows for

collaboration. For instance, occupational therapy could be provided in school and community. Legend of terms used in the figure: PDD, Persons With Developmental

Disabilities (Provincial funding program in Canada); FSCD, Family Support for Children with Disabilities (Provincial funding program in Canada); AISH, Assured Income

for the Severely Handicapped (Provincial funding program in Canada); CDTC, Child Disability Tax Credit (Federal funding program in Canada); RDSP, Registered

Disability Savings Plan; SLP, Speech Language Pathologist; PT, Physical Therapy; OT, Occupational Therapy; ER, Emergency Room; ENT, Ear, Nose, and Throat

Specialist; IPP, Individual Performance Plan; DLT, Diverse Learning Teacher.

can be seen as a universal language between healthcare providers
(19). A care provider does not need to know a patient personally
to understand the meaning and information reflected in a
care map. In addition, there are educational opportunities
offered by evaluating the information presented in a care
map (16).

Care mapping identifies the importance of
forming relationships between all participants in
the decision-making process (48) and is an effective
tool to develop empathetic relationships within a
limited time frame, build partnerships, and support
collaboration (19).
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Care mapping provides the opportunity for individuals to
expand their existing knowledge by providing new ideas and
viewpoints, in turn enhancing their mental models (78).

DISCUSSION

Our literature review investigated the challenges of
communication between caregivers and healthcare providers
caring for individuals living with complex health needs,
including NDD and more specifically FXS. We found that one’s
understanding of the condition of their child/patient, referred
to as the mental model, was key in driving decisions, actions,
and communication. We showed how mental models vary
over time between individuals, and how health literacy and
knowledge transfer contribute to leveling those differences in
mental models.

We then discussed knowledge mapping methods which
could be used to better communicate information between
healthcare providers and caregivers. We propose that different
knowledge mapping methods be combined considering their
different outputs. We suggest that concept maps be used as
a tool to represent one’s mental model of a given topic. We
showed that concept maps can identify a shared understanding
and limit misunderstanding. We discussed multiple case studies
that identified how crucial it is to recognize individual mental
models, not only to facilitate quality communication but
also for compatible team functioning. Next, we discussed
how the complex care team caring for individuals with
NDD and FXS could be better coordinated when presented
with a visual representation of information like a care
map. We also highlighted how developing the care map
together with healthcare professionals generated engagement and
empowerment for caregivers.

Further studies will be required to assess the cost effectiveness
of these different mapping methods in the context of NDD.
Moreover, while in theory very useful, we noted that most
research on mapping was performed in specialized clinical

or even research environments, which are not standard for
most individuals with NDD. We therefore wonder about the
uptake of care mapping and concept maps in clinical setups
beyond specialized programs. Furthermore, studies investigating
the internal and external validity of care and concept maps
will be important to determine their effectiveness across
patients, or conditions, or stages of life for individuals with
NDD. Finally, considering the important changes over the
lifespan of individuals with NDD, the changes in literacy for
caregivers and health professionals over time, it remains unclear
how long a map will be useful before becoming in itself
a barrier to communication. More research into when and
how maps will need to be updated will have to be done in
the future.

Altogether, we hope our review will generate interest into
developing mapping approaches to improve communication
between healthcare providers and caregivers but also for any
individual involved in each individual’s team.
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Introduction: Premutation expansions (55–200 CGG repeats) of the Fragile X Mental

Retardation 1 (FMR1) gene on the X chromosome are associated with a range of clinical

features. Apart from the most severe - Fragile X-Associated Tremor/Ataxia Syndrome

(FXTAS) - where the most typical white matter changes affect cerebellar peduncles,

more subtle changesmay include impairment of executive functioning, affective disorders

and/or subtle motor changes. Here we aimed to examine whether performance in

selected components of executive functioning is associated with subclinical psychiatric

symptoms in non-FXTAS, adult females carrying the FMR1 premutation.

Methods and Sample: A total of 47 female premutation carriers (sub-symptomatic

for FXTAS) of wide age range (26–77 years; M = 50.3; SD = 10.9) were assessed using

standard neuropsychological tests, three motor rating scales and self-reported measures

of psychiatric symptoms using the Symptom Checklist-90-Revised (SCL-90-R).

Results: After adjusting for age and educational level where appropriate, both

non-verbal reasoning and response inhibition as assessed on the Stroop task (i.e.,

the ability to resolve cognitive interference) were associated with a range of primary

psychiatric symptom dimensions, and response inhibition uniquely predicted some

primary symptoms and global psychiatric features. Importantly, lower scores (worse

performance) in response inhibition were also strongly correlated with higher (worse)

scores on standard motor rating scales for tremor-ataxia and for parkinsonism.

Conclusion: These results provide evidence for the importance of response inhibition

in the manifestation of psychiatric symptoms and subtle tremor-ataxia motor features,

suggestive of the presence of early cerebellar changes in female premutation carriers.

Keywords: fragile X premutation, response inhibition, executive function, psychiatric symptoms, ataxia,

cerebellum, motor, Fragile X-Associated Tremor/Ataxia Syndrome (FXTAS)
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INTRODUCTION

The premutation expansion (PM: 55–200 CGG repeats) of
the Fragile X Mental Retardation 1 (FMR1) gene on the X
chromosome is associated with a range of clinical features,
including executive function impairments and affective disorders
(1). The most severe form of clinical disorder associated with
premutation expansions in the 5′ untranslated region of the
Fragile X Mental Retardation 1 (FMR1) gene is a late-onset
progressive neurodegenerative condition: Fragile X-Associated
Tremor/Ataxia Syndrome (2). The clinical features include
intention and/or postural tremor, gait ataxia, dementia, and in
some cases parkinsonism. This syndrome usually occurs after,
and progresses from, the age of 55 years, and is more prevalent
in male (45%) than in female (8–16%) PM carriers. In addition
to FXTAS, women carrying the PM allele are at increased risk
(∼20%) of developing premature ovarian failure (3). Apart
from these two well-recognized disorders, subtle cognitive-
executive and neuropsychiatric features are not uncommon
(4), and the latter have more recently been recognized as a
distinct group termed: Fragile X-Associated Neuropsychiatric
Disorders (FXAND) (5). These include cognitive-executive
impairments, anxiety, social deficits, depression and obsessive
compulsive features.

Although the presence of a cognitive-executive phenotype
in female PM carriers has been controversial in the literature,
deficits have been reported in the area of response inhibition,
using direct behavioral assessment and oculomotor antisaccade
paradigms (6–9). Response inhibition is an aspect of executive
function that enables suppression of a prepotent response that is
inappropriate in a given context (10). Several studies documented
age-dependent changes in response inhibition deficits in female
PM carriers, with older age associated with slower inhibition of
prepotent verbal responses and longer antisaccade latency (6, 8).
However, some of these findings reported in the literature have
been inconsistent (11, 12), perhaps owing to selection bias, choice
of response inhibition measure, discrepant age ranges, and small
sample sizes.

Apart from cognitive-executive issues, the effect of the PM
alleles has been documented in elevated prevalence of some
psychiatric disorders, especially mood and anxiety disorders (4),
with elevated symptoms of social phobia, obsessive-compulsive
behavior, somatization and anxiety/depression, in female PM
carriers with or without the environmental stressors arising
from raising a child with Fragile X syndrome (4, 13, 14). With
regard to trajectories in female PM carriers, there is evidence
for increasing deterioration of psychiatric problems especially in
anxiety and obsessive-compulsive symptoms (15), and increasing
prevalence and severity of mood and anxiety disorders over
time (4). Notably, poorer inhibition of verbal responses have
been linked to self-reports of elevated anxiety and depression
in non-FXTAS asymptomatic female PM carriers (7), suggesting
that subtle cognitive-executive difficulties may contribute to or
co-occur with psychiatric features.

Previous findings that impairments in a range of motor
domains are associated with increasing CGG repeat size in
otherwise unaffected PM carriers (16, 17) indicate that multiple

sensorimotor issues correspond with increased disease risk
prior to development of prominent symptoms and observable
clinical signs. Several studies have reported subtle sensorimotor
deficits in apparently asymptomatic (non-FXTAS) female PM
carriers, including changes in upper limb manual control (18),
step initiation (19), gait function, and postural control (20–
22). Importantly, other studies have documented associations
between gait, stepping/postural control and cognitive-executive
functions in PM carriers with and without FXTAS (19–21).

Delineating the female PM carrier phenotype at multiple
severities across motor, cognitive-executive, and psychiatric
domains will be important for examination of synergistic effects
of gender, aging and the FMR1 premutation allele on these
subclinical features.

In a recent study, we have shown that mild motor deficits
(cerebellar ataxia and tremor scores) were correlated with set-
shifting, working memory and psychomotor speed in female
PM carriers without a diagnosis of FXTAS (23). Thus, there is
converging evidence for the view that there is a continuum of
subclinical changes that accumulate over the lifetime, irrespective
of the final clinical endpoint. However, there has been no studies
considering the inter-relationships between all three domains—
motor, cognitive-executive and neuropsychiatric—in female PM
carriers within the same study.

The present study explores the relationships between distinct
subcomponents of cognitive-executive functioning and a range
of psychiatric symptoms in a sample of non-FXTAS, clinically
unaffected female PM carriers across a broad range of age and
CGG expansion sizes. Based on previous literature, we tested
the hypothesis that poorer inhibitory control will be correlated
with higher levels of psychiatric symptoms in the absence of
formal diagnoses. We have also considered a specific relationship
between inhibitory control and subtle motor features of tremor-
ataxia in female PM carriers. We hypothesized that worse motor
rating scores will be correlated with reduced cognitive inhibition
performance at a subclinical but detectable level in female
PM carriers.

METHODS AND SAMPLE

Participants
The study protocol was approved by the La Trobe University
andMonash University Human Research Ethics Committees and
informed consent was provided by all participants. The sample
comprised a total of 47 adult female PM carriers aged between
26 and 77 years (mean = 50.3; SD = 10.9, CGG repeats from
56 to 133), recruited through cascade testing of a large cohort of
fragile X families as described in our previous studies (24–26).
All participants were white Caucasian with the exception of one
participant of Asian descent. The sample characteristics of the
female PM carriers is provided in Table 1. On the basis of FXTAS
criteria, none of the female PM carriers met diagnostic criteria for
inclusion as FXTAS. Based on formal testing by two neurologists
(ES & DZL), elevated scores on standard neurological motor
rating scales (see below) were identified in 27 female PM carriers;
however, we classified this increase as “sub-symptomatic for
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TABLE 1 | Demographic, motor and cognitive-psychiatric characteristics.

Normative valuesa

Variable Mean SD Range Mean SD

Characteristic

Age 50.3 10.9 26–77

Age of menopause 43.6 7.1 27–53

Year of Education 12.9 3.3 4–22

CGG repeats 82.7 16.5 56–133

Motor Score

UPDRS 2.5 3.3 0–17 1.9 2.0b

ICARS Total 6.7 3.6 2–16 4.1 2.2c

Cognitive measures

Vocab SS 9.8 2.5 4–17 10.5 3.2d

MR SS 12.2 2.9 5–17 10.4 2.9d

DS Forwards 6.5 1.2 4–9 7.6 0.8e

DS Backwards 4.9 1.4 3–8 3.1 1.2e

Pro-rated IQ 103.6 13.2 74–132 – –

TMT A (raw score) 35.8 13.3 17–105 31.8 9.9f

TMT B (raw score) 79.3 31.3 37–168 78.8 19.1f

TMT B-A 46.0 26.8 8–128 32.0 14.4f

Stroop (t-score) 51.9 9.2 34–71 43.9 23.1g

SDMT (raw score) 51.0 10.5 33–74 47.9 10.6h

SCL-90-R Scales (t scores)i

Somatization 49.3 10.1 35–79 46.6 8.4

Depression 50.0 9.5 34–69 49.0 11.2

Interpersonal sensitivity 50.7 9.3 39–71 50.5 10.4

Phobic anxiety 47.2 6.7 41–66 46.9 8.3

Paranoid ideation 48.3 8.6 41–65 50.0 8.6

Obsessive-compulsive 51.7 10.0 37–74 51.7 9.3

Hostility 47.3 6.8 35–65 47.1 7.5

Anxiety 46.3 8.9 37–65 46.0 8.6

Global Severity Index (GSI) 48.7 11.3 30–69 – –

aNormative data derived from relevant studies where available.
bPostuma et al. (27).
cFitzpatrick et al. (28).
dHarrison et al. (29).
eLeung et al. (30).
fTombaugh (31).
gBayard et al. (32).
hKiely et al. (33).
iGossett et al. (14).

Vocab SS, WAIS-III Vocabulary Scaled Score; MR SS, WAIS-III Matrix Reasoning Scaled

Score; DS Forwards, WAIS-III forwards digit span subtotal; DS Backwards, WAIS-

III backwards digit span subtotal; TMT-A and -B, Trail-Making Test A and B; SDMT,

Symbol-Digit Modalities Test.

FXTAS” based on standard testing using motor and cognitive
scale scores as previously described (23).

Cognitive-Executive Measures
The cognitive measures were selected to focus on domains
that relied on executive functioning, non-verbal reasoning and
psychomotor speed, which are domains of impairment observed
in male and female PM carriers [see (1) for a review]. General
cognitive ability was assessed by the Vocabulary and Matrix

Reasoning subtests of the Wechsler Adult Intelligence Scale
(Third Edition; WAIS-III), which were used to calculate a
prorated Full Scale IQ score (34). We used the Matrix Reasoning
subtest as a measure of non-verbal reasoning. The WAIS-
III Digit Span forward and backward components, assessed
separately, were selected as measures of short-term verbal
memory andworkingmemory, respectively. Task or set switching
was measured using the Trail Making Test (35). The Stroop
Color-Word Test (36) was used as a measure of response
inhibition in which the participant is asked to name the
(ink-printed) color of a series of words of different colors
(blue, green, red, brown, purple) while selectively inhibiting
the automatic response of reading the names of printed color
words aloud. For example, the word “blue” might be printed
in green ink with the participant instructed to respond “green.”
Time to complete the task (typically <10min for the Victoria
version) was recorded and a decrease in color-naming speed was
taken as measure of increased color-word interference. Finally,
the Symbol Digit Modalities Test was used as a measure of
psychomotor speed (37).

Motor Rating Scales
Tremor-ataxia motor signs were identified and scored using
the International Cooperative Ataxia Rating Scale (ICARS)
(38); and parkinsonian features using the Unified Parkinson’s
Disease Rating Scale (UPDRS) Part III-Motor (39). These
standard neurological motor rating scales, with established
inter-rater reliability (40–42) were administered and scored
by two neurologists (ES & DZL) with relevant experience in
administering these scales from previous studies.

Psychiatric Symptom Measures
The SCL-90-R is a 90 item self-report questionnaire measuring
a range of symptom clusters and general psychiatric
symptomatology occurring over the past week (43). The 90
items are clustered into nine primary symptom dimensions:
somatization, obsessive compulsive, interpersonal sensitivity,
depression, anxiety, hostility, phobic anxiety, paranoid ideation,
and psychoticism. The Global Severity Index (GSI) is an overall
measure of the level of psychological distress and intensity of
symptoms, and is calculated from the average of the primary
symptom scales (43). It has good internal consistency with
coefficient alphas ranging from 0.77 to 0.90 across scales, and
test-retest reliability over a period of 1 week from 0.80 to 0.90.
We report T-scores for both the symptom dimension scales and
the overall level of psychiatric disturbance (GSI T-score), with
a score between 60 and 63 considered borderline and above 63
classified as above clinically significant threshold.

Genetic Molecular Measures
CGG Repeat Size
Standard methods were employed to isolate genomic DNA
from peripheral blood lymphocytes using polymerase chain
reaction and Southern blot analyses as described in our previous
publications (23). Briefly, the Southern blot analysis involved
digestion with 10 micrograms (µg) of isolated DNA using EcoRI
and NruI. The FMR1 genomic dig-labeled StB12.3 probe was
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used for hybridization as previously described (44). PCRwas used
to amplify the genomic DNA (45).

Statistical Analysis
Data were analyzed using the Statistical Package for the Social
Sciences version 26 (SPSS; IBM Corporation; Armonk, NY,
USA). First, outliers were identified using boxplots, histograms,
and by examining Z-scores. There were no extreme outliers
removed from the dataset and standardized values were within
the ranges−3.29 to 3.29. The distributions of scores for themotor
measures and the cognitive measures were then evaluated for
deviations from normality using Shapiro-Wilk’s test of normality,
disclosing some violations of the assumption of normality as
required for parametric tests. Second, we conducted Spearman’s
rank correlation (ρ) to examine correlations between motor
scores, cognitive-executive measures and psychiatric symptom
scores, after adjusting for age and/or year of education (where
appropriate). We then used the Holm-Bonferroni family-wise
false discovery rate (FWFDR) correction method to correct the
p-values for multiple comparisons.

The final approach consisted of a series of linear multiple
regressions which were applied to identify the most significant
predictors of psychiatric symptomatology on the SCL-90-R.
This analysis was based on selected cognitive-executive variables
found to be significantly related to psychiatric scores in
correlational analysis. Age and years of education were entered
as independent control variables. The assumptions of singularity
and multicollinearity were met (r < 0.7), and inspection
of residual scatterplots indicated assumptions of normality,
linearity, homoscedasticity, and independence of residuals were
also met. Cook’s distances were less than one and values of the
standardized residuals were between−3 and 3.

RESULTS

Sample Characteristics
Table 1 shows the sample characteristics for the cognitive-
executive and SCL-90-R dimension scales and Global Severity
Index. There was a single participant aged 26 years; the majority
of the participants were aged between 35 and 50 years. CGG
repeat length ranged from 56 to 133. We reported in a previous
study (23) that the scores on the ICARS and the UPDRS
were elevated in a proportion of the female carriers from the
same sample as in the current study. However, we categorize
this increase as sub-symptomatic for FXTAS since it had not
generated any specific medical diagnoses, or realization of
abnormality on the part of those individuals presenting with
evidently abnormal scores.

As seen in Table 1, the scores on the cognitive measures
were mostly comparable to normative values taken from relevant
studies, with the exception of higher Stroop Color-Word Test t-
scores in female PM carriers. On the SCL-90-R Global Severity
Index, there were six participants who scored above the clinically
significant threshold of 63, and another five participants scored
in the borderline clinical range. However, the mean scores for
premutation females on dimension scales of the SCL-90-R were
comparable to control values as reported in Gossett et al. (14).

Correlations Between Motor, Cognitive and
Psychiatric Symptom Scores
Spearman’s rank correlations between cognitive-executive and
SCL-90-R scores are provided in Table 2. There were significant
negative correlations between Matrix Reasoning scaled scores
(higher is better) and the Hostility symptom scale (higher is
worse) (p = 0.003). Stroop Color-Word Test t-scores were
significantly negatively correlated with scores on several of the
SCL-90-R dimension scales (Depression, Hostility, Anxiety), and
with the Global Severity Index (between p = 0.019–0.046).
Considering the multitude of relationships of the Stroop Color-
Word test with psychiatric symptom scales, we additionally
explored the relationship of these scores with the motor
scale scores and found that Stroop t-scores were significantly
(negatively) correlated with both ICARS and UPDRS (ρ=−0.50,
p = 0.001, with ICARS; ρ = −0.44, p = 0.003, with UPDRS).
The scatterplots illustrating the nature of these relationships are
shown in Figure 1.

Multiple Linear Regression Analysis for
Cognitive-Executive Variables Predicting
Psychiatric Symptom Scores
The multiple regression analysis showed that the Stroop Color-
Word Test scores were a significant predictor of primary
psychiatric symptom dimensions, Somatization (β =−0.35, p=
0.049) and Phobic Anxiety (β =−0.34, p= 0.049) (Table 3), and
overall severity of psychiatric symptoms (β = −0.33, p = 0.017)
on the SCL-90-R Global Severity Index (Table 4).

DISCUSSION

The present study is the first to consider relationships between
all three phenotypic domains– motor, cognitive-executive and
psychiatric features, in a sample of non-FXTAS adult female
PM carriers. These relationships specifically involved cognitive
components representing aspects of executive functioning,
including the Stroop Word-Color test of inhibitory control
and several psychiatric symptom domains as measured by the
SCL-90-R. Here we also provide evidence that this important
component of executive functioning—the ability to inhibit
cognitive interference—is significantly (negatively) correlated
with the motor scales representing tremor/gait ataxia (ICARS)
and parkinsonism (UPDRS) that are commonly used to evaluate
motor dysfunction in PM carriers.

Our earlier study, based on data from the same sample of
female PM carriers, found that a range of cognitive measures,
especially those targeting executive functioning and psychomotor
speed, were significantly and consistently correlated with
these two motor scale scores (23). Here we expanded these
results by including a measure of response inhibition using
the Stroop Color and Word test, as well as a range of
psychiatric features on the SCL-90-R. We showed significant
correlations between both the Stroop and the Matrix Reasoning
scores, and a range of psychiatric features on the SCL-90-
R. Together these results provide convincing evidence that
all three components—motor, cognitive-executive and affective
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TABLE 2 | Spearman’s rank correlation (ρ) between cognitive-executive measures and SCL-90-R psychiatric symptoms, adjusted for age and/or year of education

(whenever appropriate).

MR SS# DS forwards# DS backwards Stroop TMT B-Aγ SDMTγ

ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value

Somatization −0.06 0.715 0.00 0.999 −0.10 0.500 −0.29 0.050 −0.24 0.125 −0.02 0.895

Depression −0.25 0.093 0.08 0.594 0.08 0.604 −0.37 0.036* −0.04 0.811 −0.09 0.582

Interpersonal −0.22 0.155 −0.03 0.848 0.05 0.728 −0.20 0.183 −0.12 0.473 −0.06 0.723

Phobic anxiety −0.05 0.723 −0.08 0.611 −0.18 0.241 −0.23 0.129 −0.01 0.998 −0.07 0.671

Paranoid ideation −0.19 0.210 0.04 0.817 −0.06 0.690 −0.19 0.220 −0.08 0.629 −0.02 0.878

Obsessive-compulsive −0.20 0.195 0.16 0.306 −0.04 0.786 −0.19 221 −0.14 0.420 −0.01 0.997

Hostility −0.43 0.003* 0.10 0.504 −0.21 0.159 −0.30 0.046* −0.14 0.396 −0.02 0.916

Anxiety −0.20 0.179 0.01 0.970 −0.23 0.135 −0.31 0.041* −0.10 0.521 −0.05 0.768

Psychoticism −0.19 0.222 0.09 0.540 0.01 0.939 −0.16 0.286 −0.05 0.744 −0.01 0.971

Global Severity Index −0.28 0.065 0.02 0.973 0.03 0.831 −0.34 0.019* −0.15 0.362 −0.06 0.727

*p-values remain α = 0.05 after adjustment using the Holm-Bonferroni family-wise false discovery rate (FWFDR) correction method. Bolded p-values indicate that correlation is significant

after FWFDR correction. #corrected for years of education.
γ corrected for age and years of education.

Note there were significant correlations between Stroop Color-Word T Score and both ICARS (ρ = −0.503, p = 0.001) and UPDRS (ρ = −0.436, p = 0.003), after adjusting for age.

MR SS, WAIS-III Matrix Reasoning Scaled Score; DS Forwards, WAIS-III forwards digit span subtotal; DS Backwards, WAIS-III backwards digit span subtotal; Stroop, Stroop Color-Word

T Score; TMT B-A, Trail-Making Test time difference between B and A; SDMT, Symbol-Digit Modalities Test.

FIGURE 1 | (A) Scatterplots illustrating significant relationship between Stroop Color-Word t-score and ICARS Total score and (B) Scatterplots illustrating a significant

relationship between Stroop Color-Word t-score and SCL-90-R Global Severity Index (GSI) t-score.

(psychiatric) manifestations—are interrelated at a subtle yet
detectable level in female PM carriers. It is of special interest
that such a constellation of salient relationships between features
of motor, cognitive and affective abnormalities is remininscent
in a milder form to the constellation of cognitive impairments
(particularly affecting executive functions), affective changes
and motor dysfunction, specifically attributed to cerebellar
damage (46).

Although we did not have direct evidence of specific cerebellar
pathology in our female PM carriers (which would require
MRI or brain biopsy), and none of the participants manifested
obvious clinical symptoms of cerebellar ataxia, the results of
the two motor scales applied in this study showed that nearly

half of the carriers had at least one of these scores increased
beyond two standard deviations, which clearly reflects some
degree of cerebellar dysfunction (23). It should be acknowledged
that the motor rating scales especially the ICARS, recognize
the symptoms which occur, albeit in much more severe form,
in clinically diagnosable FXTAS, and are associated with white
matter lesions predominantly found in the middle cerebellar
peduncles (15).

The current findings highlight the importance of impairment
of the ability to ignore interference, as measured by the
Stroop Color and Word test, in predicting certain psychiatric
features on the SCL-90-R. These findings are consistent with a
previous study in female PM carriers showing that psychological
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TABLE 3 | Multiple linear regression analyses for cognitive-executive variables predicting SCL-90-R symptom scale scores in female premutation carriers.

Somatization Phobic anxiety

Predictor B SE B β t B SE B β t

Age −0.149 0.150 −0.164 −0.992 −0.082 0.094 −0.144 −0.875

YOEa −0.723 0.587 −0.218 −1.230 −0.581 0.367 −0.279 −1.582

MR SSb 0.584 0.688 0.158 0.849 0.755 0.430 0.325 1.754

Stroopc −0.379 0.186 −0.351* −2.034 −0.235 0.116 −0.346* −2.017

aYears of education.
bMatrix Reasoning Scaled Score.
cStroop Color-Word Scaled Score. Standardized regression coefficients.

*p < 0.05.

TABLE 4 | Multiple linear regression analyses for cognitive-executive variables

predicting SCL-90-R Global Severity Index in female premutation carriers.

Global Severity Index

Predictor B SE B β t

Age 0.015 0.167 0.015 0.093

YOEa −0.076 0.157 −0.069 −0.485

MR SSb −0.148 0.171 −0.863 0.849

Stroopc −0.129 0.049 −0.328* −2.475

aYears of education.
bMatrix Reasoning Scales Score.
cStroop Color-Word Scaled Score.

Standardized regression coefficients. *p < 0.05.

symptoms of anxiety and depression were highly elevated in
those with poor response inhibition (7). Thus, the assessment of
executive functions such as response inhibition could be useful
in identifying risk factors for onset of significant psychiatric
problems, especially anxiety and/or depression. Alternatively,
these subtle executive function abnormalities may simply reflect
the effects of psychological symptomatology on cognition. We
may further speculate that subtle changes in the cerebellar
peduncles in female PM carriers could give rise to mild
cognitive regulatory impairments that interact with psychiatric
symptomatology (perhaps via shared neuropathology) over time,
and that in a subset of these carriers, may progress to a
more severe clinical condition such as FXTAS. However, the
possibility of the emergence and symptomatic expression of
both cognitive inhibition impairments and psychiatric changes
remains hypothetical, considering the cross-sectional nature of
this study.

Given the multifaceted nature and fractionated components
of executive functioning (47, 48), it is perhaps not surprising that
some but not all cognitive-executive aspects might correlate with
subtle motor features, as has been shown in our sample. The
ability to suppress an unwanted response to avoid interference
from prepotent stimuli, as assessed by the Stroop test, is
commonly associated with recruitment of distinct regions in the
ventromedial prefrontal cortex (49). However, we suggest that

the cerebellum is likely to play an important role in inhibitory
control by virtue of connectivity from medial prefrontal cortex
through the pons and middle cerebellar peduncle via the cortico-
ponto-cerebellar pathway (50). Although the presence of early
cerebellar changes remains relatively unexplored in female PM
carriers, there is evidence for subtle white matter alterations in
the middle cerebellar peduncles in asymptomatic (non-FXTAS)
male premutation carriers (51). In addition, the presence of
abundant intranuclear inclusions has been reported throughout
the brain in female PM carriers with and without FXTAS (52).

This study has a number of limitations. First, the reliance on
self-reported psychological symptoms might be subject to biases
and inaccuracy of participants’ recall of their previous levels of
psychological distress. Future studies applying semi-structured
interviews will provide a more comprehensive evaluation; for
example by using the Structured Clinical Interview for DSM-IV-
TR (SCID) to confirm these relationships. Second, considering
the variability of these measures, a larger sample size would
provide more reliable results. Third, given the cross-sectional
nature of this study, we could not assess the impact of
executive function skills on psychiatric symptoms over time,
and thus, were unable to determine whether the trajectories
of any decline in motor function or cognition match those
of any associated psychopathological impairments. Fourth, it
should be acknowledged that the cohort of female PM carriers
predominantly were mothers of children affected by FXS,
hence our findings may not be generalizable to the broader
population. Given the evidence of the effects of parenting
stress of raising a child with a disability on increased risk for
some psychiatric disorders (53, 54), future studies are needed
in female PM carriers without children affected by FXS or
other forms of disability. A final limitation is the lack of
more sensitive and tract-based analysis of subclinical changes
using advanced MRI techniques to examine relationships

between microstructural alterations to the cerebellum and the

executive-psychiatric phenotype in female PM carriers, but

this preliminary observation may open the way for a future

separate study.
In summary, our findings highlight the importance of

response inhibition in the recognition of psychiatric symptoms
and subtle tremor-ataxia motor features in female PM carriers
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subsymptomatic for FXTAS. We report interactive influences
across the constellation of features reminiscent in a milder
form in disorders associated with disruption to the cerebro-
cerebellar circuits. Our findings of the involvement of all
three interacting domains of PM carrier phenotype, together
with motor involvement (tremor and cerebellar ataxia),
suggest that these early changes may result from the subtle
impact of PM alleles on early changes in the cerebro-
cerebellar pathways. Advanced MRI techniques to assess
middle cerebellar peduncles’ white matter integrity may be
able to strengthen these findings. Follow-up studies using
longitudinal models is essential to verify the possibility that the
subtle cognitive and psychiatric changes related to cerebellar
involvement progress over time to overt and more severe
neurological and executive-psychiatric dysfunction as seen
in FXTAS.
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Carriers of the fragile X premutation (PM) can develop a variety of early neurological
symptoms, including depression, anxiety and cognitive impairment as well as being
at risk for developing the late-onset fragile X-associated tremor/ataxia syndrome
(FXTAS). The absence of effective treatments for FXTAS underscores the importance
of developing efficacious therapies to reduce the neurological symptoms in elderly PM
carriers and FXTAS patients. A recent preliminary study reported that weekly infusions
of Allopregnanolone (Allop) may improve deficits in executive function, learning and
memory in FXTAS patients. Based on this study we examined whether Allop would
improve neurological function in the aged CGG knock-in (CGG KI) dutch mouse,
B6.129P2(Cg)-Fmr1tm2Cgr/Cgr, that models much of the symptomatology in PM carriers
and FXTAS patients. Wild type and CGG KI mice received 10 weekly injections of Allop
(10 mg/kg, s.c.), followed by a battery of behavioral tests of motor function, anxiety,
and repetitive behavior, and 5-bromo-2′-deoxyuridine (BrdU) labeling to examine adult
neurogenesis. The results provided evidence that Allop in CGG KI mice normalized
motor performance and reduced thigmotaxis in the open field, normalized repetitive
digging behavior in the marble burying test, but did not appear to increase adult
neurogenesis in the hippocampus. Considered together, these results support further
examination of Allop as a therapeutic strategy in patients with FXTAS.

Keywords: : FXTAS, allopregnanolone, mouse, behavior, adult neurogenesis

INTRODUCTION

Approximately 1.5 million individuals in the US are carriers of the Fragile X premutation (PM),
with prevalence estimates ranging from 1:209 to 1:250 in females and 1:430 to 1:800 in males
(Hunter et al., 2008; Hantash et al., 2011; Tassone et al., 2012). Many carriers develop neurological
and psychological problems over their lifespan including anxiety, depression, and poor motor
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performance (Aziz et al., 2003; Moore et al., 2004; Cornish
et al., 2005; Farzin et al., 2006; Coffey et al., 2008; Koldewyn
et al., 2008; Bourgeois et al., 2011; Goodrich-Hunsaker et al.,
2011). Carriers of PM are also at risk for developing Fragile
X-associated tremor/ataxia syndrome (FXTAS), a late onset
neurodegenerative disorder characterized by tremors, ataxia,
brain atrophy and cognitive decline (Hagerman et al., 2001).
The chances of developing FXTAS increase dramatically with
age, with approximately 40% of males and 8–11% of female
PM carriers over the age of 50 developing FXTAS (Rodriguez-
Revenga et al., 2009). Indeed, FXTAS may be one of the more
common causes of tremor/ataxia in older adults (Jacquemont
et al., 2004). Because of the dramatic increase in the number of
individuals reaching the age of 65, and increasing life expectancy,
the numbers of FXTAS patients will increase accordingly, further
highlighting the importance of research on PM and FXTAS
(Jacquemont et al., 2004). At the present time there are no
effective treatments to improve neurological function and overall
quality of life for many affected PM carriers and FXTAS patients
(Hagerman et al., 2008, 2009, 2010; Berry-Kravis et al., 2011).
Therefore, it is extremely important to understand the underlying
pathology in FXTAS, establish its developmental time course, and
develop rational treatment strategies.

The goal of this preclinical study was to determine whether
chronic treatment with the neurosteroid Allopregnanolone
(Allop, 3α-hydroxy-5α-pregnan-20-one) would improve motor
function and anxiety-like behaviors in a knock-in mouse model
(i.e., CGGex KI) of the PM and FXTAS (Willemsen et al., 2003;
Van Dam et al., 2005; Berman and Willemsen, 2009). This mouse
KI model recapitulates much of the pathology in the PM and
FXTAS (Berman and Willemsen, 2009). This includes a 2–3-
fold elevation in Fmr1 mRNA in brain and the accumulation
over time of ubiquitin-positive intranuclear inclusions in both
neurons and astrocytes. The KI model also exhibits motor deficits
on the rotarod and ladder walking tasks (Van Dam et al., 2005;
Hunsaker et al., 2011), cognitive impairments in several spatial
memory tasks (Van Dam et al., 2005; Hunsaker et al., 2009),
and increased anxiety in the elevated plus-maze (Berman and
Willemsen, 2009), modeling clinical symptoms often seen in PM
carriers and in patients with FXTAS.

Allop is a neurosteroid that enhances GABAA function,
stimulates neurogenesis and has been shown to improve
cognitive function in animal models of neurodegenerative disease
including Alzheimer’s disease (Brinton and Wang, 2006a,b;
Wang et al., 2010). Allop has also has been found to enhance
adult neurogenesis in the hippocampal subgranular zone (SGZ)
(Genazzani et al., 1998; Kim et al., 2006; Herd et al., 2007; Nilsen
et al., 2007; Wang et al., 2010; Chen et al., 2011; Noorbakhsh
et al., 2011; Turkmen et al., 2011; Holden et al., 2012; Singh et al.,
2012; Sun et al., 2012). Allop appears to stimulate neurogenesis
in the hippocampus through a GABAA mediated increase in
intracellular calcium, leading to increased expression of genes
for proteins that promote cell proliferation (Wang et al., 2005,
2008). This is relevant because GABAergic transmission appears
to be abnormal in CGGex KI mice. D’Hulst et al. (2009) reported
that GABAA receptor subunits, transporters (GAT 1 and 2),
and GAD are upregulated in the cerebellum of CGGex KI mice,

suggesting a compensatory response to decreased GABAergic
transmission. Levels of the GABA vesicular transporter VGAT
are also lower in hippocampal neurons cultured from CGGex KI
mice suggesting reduced presynaptic levels of GABA (Cao et al.,
2012). In addition, reduced GABAergic signaling in cultured
neurons from CGGex KI mice results in burst-firing of neurons
and abnormal patterns of Ca+2 oscillations that can be rescued
by culturing neurons in the presence of Allop (Cao et al.,
2012). Therefore, in this study we examined the ability of Allop
treatment to ameliorate behavioral pathology in a mouse model
of the PM and FXTAS.

A recent open-label study assessed whether Allop given as
12 weekly infusions (2–6 mg) to 6 FXTAS patients would
improve clinical symptoms, brain electrophysiological activity,
and MRI measurements of brain deterioration and white matter
pathology (Wang et al., 2017). Treatment improved executive
functioning, episodic memory and learning, and increased N400
repetition effect amplitude as an index of brain activity. Overall
deterioration of the brain on MRI was not significantly affected,
although some patients showed improvement. In a separate
report in 2019, plasma pharmacometabolomics and lymphocytic
mitochondria function were assessed at baseline and within
48 h from the last infusion, and Allop treatment altered GABA
metabolism and reduced markers of oxidative stress (Napoli et al.,
2019). Considered together, results of this limited pilot clinical
research project indicate that Allop may improve psychological
and cognitive performance in FXTAS, and that further research is
warranted, including preclinical studies such as the present study.

MATERIALS AND METHODS

Animals
Twenty-three male B6.129P2(Cg)-Fmr1tm2Cgr “dutch CGG KI
mice” (CGG KI) aged 13–16 months old, and 18 aged-matched
wild type (WT) littermates were derived from a total of 18 litters
bred at the UC Davis Neurotherapeutics Institute. The range of
CGG trinucleotide repeat expansions for CGG KI mice was 67–
197 (Mean 112 ± 10.5), and 10.0 ± 0.4 for WT mice. The mice
were randomly assigned to receive 10 once-weekly injections
of 10 mg/kg, s.c. Allopregnanalone (Allop) or β-cyclodextrin
vehicle control (Veh) in one of 4 treatment groups: wild type-
vehicle (WT-Veh; n = 9), wild type-Allop (WT-Allop; n = 9),
CGG KI-vehicle (CGG KI-Veh; n = 11), CGG KI-Allop (CGG
KI-Allop; n = 12). This drug injection protocol was patterned
after that reported to improve cognitive performance in a mouse
model of Alzheimer’s disease (Singh et al., 2012), and the Allop
treatment paradigm was designed to avoid the potential cognitive
impairments observed with acute exposure (Johansson et al.,
2002, 2016). In order to avoid any transient effects of Allop
as an acute GABAA receptor modulator, mice were given a 1-
week washout period after the last Allop injection before being
evaluated across a series of behavioral tasks to assess motor
coordination, balance, locomotor activity, and arousal as outlined
in Figure 1. All experiments were conducted during the light
phase of the light/dark cycle and were pre-approved by the
University of California, Davis IACUC and in accordance with

Frontiers in Neuroscience | www.frontiersin.org 2 December 2021 | Volume 15 | Article 752973223

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-752973 November 29, 2021 Time: 14:38 # 3

Schwartzer et al. Allopregnanolone in the CGG-KI Mouse

FIGURE 1 | Timeline for the experimental procedures. WT and CCG KI mice between the ages of 13–16 months old were treated once weekly with
allopregnanolone (Allop) (10 mg/kg s.c.) or β-cyclodextrin vehicle control. Following the last injection, mice were left undisturbed for a 1-week drug washout period
and then assessed for behavioral differences across a battery of motor and arousal tasks. Then, mice were injected once daily with 5-bromo-2′-deoxyuridine (BrdU,
100 mg/kg i.p.) for seven consecutive days and their brains were then processed for evidence of neurogenesis.

the policies of the National Institutes of Health for the humane
care and use of laboratory animals.

Genotyping
CGG repeat length was determined using methods previously
described by Hunsaker et al. (2011). Briefly, DNA was extracted
from mouse tails by incubation with 10 mg/mL Proteinase
K (Roche Diagnostics; Mannheim, Germany) in 300 µL lysis
buffer containing 50 mM Tris-HCl, pH 7.5, 10 mM EDTA,
150 mM NaCl, 1% SDS overnight at 55◦C. One hundred
µL saturated NaCl was then added and the suspension was
centrifuged. One volume of 100% ethanol was added, gently
mixed, and the DNA was pelleted by centrifugation and the
supernatant discarded. The DNA was washed and centrifuged
in 500 µL 70% ethanol and then dissolved in 100 µL milliQ-
H2O. CGG repeat lengths were determined by PCR using the
Expanded High Fidelity Plus PCR System (Roche Diagnostics).
Approximately 500–700 ng of DNA was added to 50 µL of PCR
mixture containing 2.0 µM/L of each primer, 250 µM/L of each
dNTP (Invitrogen; Tigard, OR), 2% dimethyl sulfoxide (Sigma-
Aldrich; St. Louis, MO), 2.5 M Betaine (Sigma-Aldrich), 5 U
Expand HF buffer with Mg (7.5 µM/L). The forward primer
was 5′-GCTCAGCTCCGTTTCGGTTTCACTTCCGGT-3′ and
the reverse primer was 5′-AGCCCCGCACTTCCACCACCA
GCTCCTCCA-3′. PCR steps were 10 min denaturation at 95◦C,
followed by 34 cycles of 1 min denaturation at 95◦C, annealing
for 1 min at 65◦C, and elongation for 5 min at 75◦C to end
each cycle. PCR ended with a final elongation step of 10 min
at 75◦C. DNA CGG band sizes were determined by running
DNA samples on a 2.5% agarose gel and staining DNA with
ethidium bromide.

Open Field
Locomotor behaviors were tested by placing mice in an empty
Plexiglas arena (30 cm × 30 cm × 38 cm) and allowing them to
freely explore the environment for 5 min. The total time spent
in the center and margin of the arena as well as the number of
line crosses in a 3 × 3 grid were counted by researchers blind to
genotype and treatment conditions.

Marble Burying
Mice were habituated for 10 min to clean Plexiglas cages (37 cm
× 14 cm × 12.5 cm) filled with a 4 cm thick layer of clean
corncob bedding for 10 min. Following habituation, animals were
returned to their home cage and 15 glass marbles were laid out in
five rows of three marbles placed equidistance apart. Mice were
then returned to the cages and allowed to explore under dim
illumination for 10 min. At the end of the 10 min period, animals
were gently removed from the testing cages and the number of
marbles buried was recorded. Only marbles covered by 75% or
more bedding were counted as buried.

Rotarod
Balance and motor coordination were assessed using a Rotamex-
5 rotarod with infrared photocell detection (Columbus Instr.,
Columbus, OH). Mice were first given an initial training session
by placing them on the rotarod rotating at a constant speed of
4 RPM for 120 sec. Mice that fell were immediately reloaded
and allowed to complete the training session. The following day,
mice were placed on the rotarod at an initial speed of 4 RPM
that accelerated by 1.0 RPM every 10 s. A trial was terminated
when a mouse fell from the rod at which time the latency to fall
was recorded. Each mouse was tested twice. Mean performance
time was defined as the average time the mouse remained on the
rotarod across trials.

Elevated Plus Maze
Anxiety in the mice was assessed using the elevated plus maze
(Handley and Mithani, 1984; Walf and Frye, 2007). The Plexiglas
apparatus consisted of two open arms (30 cm × 5 cm × 0.5 cm)
and two perpendicular closed arms (30 cm × 5 cm × 15 cm)
extending from a central platform. The entire maze was elevated
approximately 1 m from the floor. Mice were placed in the central
platform and allowed to freely explore the maze for 5 min. The
total number of entries in the open arm, as defined by all four
paws outside the central zone, as well as the total time spent in
the open and closed arms were recorded. Percent of open arm
exploration time was calculated as the time in the open arm
divided by the total time in both the open and closed arms.
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Ladder Walk
The ladder walk task was conducted as previously described
(Hunsaker et al., 2011). The apparatus consisted of two, 28 cm
tall × 65 cm long black walls separated by 10 cm. The floor
was elevated 10 cm from the bottom of the walls and was made
from 43 parallel 1 mm diameter bars separated by 1.5 cm. Mice
were placed in the apparatus and allowed to freely explore the
apparatus for 2 min while being video recorded. The digital
recordings were scored for the number of times a foot (forelimb
or hindlimb) slipped through the floor bars as previously
described (Hunsaker et al., 2011). The digital recordings were
scored independently by two experimenters blinded to the
genotype and treatment of the animals.

Histology
Immediately following the final behavioral task, mice were
injected once daily with 5-bromo-2′-deoxyuridine (BrdU)
(100 mg/kg, i.p.) for seven consecutive days and then sacrificed
to quantify hippocampal neurogenesis as previously described
(Wojtowicz and Kee, 2006). Briefly, brain tissue was fixed with
4% paraformaldehyde, flash frozen, and serial 40 µm sections
were cut anterior-posterior through the hippocampus. Sections
were mounted on glass slides, rinsed 3 times for 10 min each
with 0.1 M phosphate buffered saline (PBS) followed by 0.5%
hydrogen peroxide in methanol for 15 min. Following another
series of rinses, sections were submerged in 2N HCL solution for
20 min at 37 degrees Celsius, rinsed 3 times for 10 min each,
and placed in blocking solution of 3% BSA, 3% goat serum, and
0.3% triton X for 1 h. Sections were then incubated for 18 h in
blocking solution containing 1:50 anti-BrdU antibody (Accurate
Chemical) and 1:100 anti-NeuN (EMD Millipore). The following
day, sections were rinsed 6 times for 5 min each with 0.1 M
PBS containing 0.3% Triton X and then incubated in blocking
solution containing fluorescent-labeled secondary antibodies for
2 h. Sections were counter stained in a 1:500 solution of DAPI,
rinsed 6 times for 5 min. each in 0.1 M PBS, and coverslipped
with fluoromount G. The number of BrdU+ and double labeled
BrdU+/NeuN+ cells were quantified in the subgranular zone
of the dentate gyrus, defined as a narrow band 1–2 cells thick
between the granule cell layer and the hilus (Kempermann et al.,
1997), on every fifth section. Co-localization was determined by
focusing through each section and toggling between filter sets to
visually establish that immunofluorescence for BrdU and NeuN
was from the same cell.

Statistical Analysis
Data were analyzed using R version 4.0.4 (2021) using the “stats”
and “pscl” packages. Mortality measures (i.e., number of deceased
mice throughout the study) were evaluated across genotype and
treatment conditions using chi-square test for independence.
For behavioral measures, assumptions of normality and linearity
were evaluated using the Shapiro-Wilks test and assessed visually
using qqplots and histograms. Count data (number of open
arm entries, marble burying, and ladder walk slips, and cell
counts) containing excess numbers of zeros were assessed using
Zero-Inflated Poisson regression followed by post hoc planned
comparisons. Similarly for continuous measures (open field,

rotarod), data were analyzed using Wilcoxon-Mann-Whitney
planned comparisons to determine if (1) wild type mice treated
with vehicle (WT-Veh) differed significantly from vehicle-treated
CGG KI mice (CGG KI-Veh); (2) CGG KI mice treated
with Allop (CGG KI-Allop) differed significantly from CGG
KI-Veh mice; and (3) if wild type mice treated with Allop
(WT-Allop) differed significantly from WT-Veh. All analyses
were two-tailed, and values of p ≤ 0.05 were considered
statistically significant. All graphs show sample medians and
inter-quartile range (IQR).

RESULTS

Mortality and Body Weight
A total of 4 CGG KI mice and 2 wild type mice died during the
time-course of the study. Of those deceased, 1 CGG KI vehicle-
injected and 2 wild type Allop-injected mice were euthanized
before the end of the injection series due to skin lesions at
the site of the subcutaneous injections (Table 1). Chi-square
analysis confirmed that there were no differences in the number
of mice that died or were euthanized between genotype [X2 (1,
N = 41) = 0.81, p = 0.37] or drug treatment, [X2 (1, N = 41) = 0.04,
p = 0.84]. There were no significant differences in body weight
among groups before or after the last injection of either saline or
Allop, and no significant change in body weight between the 1st
and 10th injection due to treatment or genotype.

Locomotor Activity and Arousal
Locomotor and anxiety-related behaviors for CGG KI and wild
type mice were measured in the open field and elevated plus
maze tasks (Figures 2A–D). Overall activity in the open field was
quantified by the number of line crosses over a 5 min period.
As shown in Figure 2A, CGG KI-Veh mice had significantly
fewer line crosses (i.e., lower activity) compared to WT-Veh mice,
and this effect was ameliorated in the CGG KI mice by Allop
treatment. Statistical analysis of locomotor activity in the open
field, measured by the number of line crosses, confirmed that
activity was significantly lower in CGG-Veh mice compared to
WT-Veh mice (p = 0.018). Allop treatment did not significantly
affect Wild type mice (i.e., WT-Veh vs. WT-Allop, p = 0.790), but
significantly increased activity in the CGG KI mice (CGG KI-Veh
vs. CGG KI-Allop, p = 0.007). In fact, Allop treatment restored
locomotor activity in the CGG KI mouse to a level similar to
vehicle-treated wild type mice.

As shown in Figure 2B, there was a significant effect of
Allop treatment on time spent in the margin for CGG KI mice.

TABLE 1 | Sample sizes for each genotype and treatment group.

Genotype Treatment Alive Deceased

Wild type Vehicle 9 0

Wild type Allop 7 2

CGG repeat Vehicle 9 2

CGG repeat Allop 10 2

There were no significant differences in the number of mice that died or were
euthanized between groups.
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FIGURE 2 | Locomotor activity, arousal, and anxiety-associated behaviors in the CGG KI and wild type mice. Mice were treated for 10 weeks with Allop or vehicle
control and evaluated for locomotor activity and thigmotaxis in the open field task (A,B), anxiety-like measures in the elevated plus maze (C,D), and repetitive digging
behavior in the marble burying task (E). Reported are (A) the number of lines crossed during a 5-min open field exploration; (B) the total time spent exploring the
margins of the open field arena (i.e., thigmotaxis); (C) the percent time exploring the open arms in the elevated plus maze, as well as (D) the total number of entries
into the open arms; (E) the percent of marbles buried in the marble burying task. *p < 0.05 as determined by Wilcoxon-Mann-Whitney (Locomotor Activity and
Thigmotaxis) or Zero-Inflated Poisson Regression (Elevated Plus Maze and Marble Burying) followed by pairwise planned comparisons. Plots represent individual
mice; bars represent median ± IQR. Wild type-vehicle (n = 9), wild type-Allop (n = 7), CGG KI-vehicle (n = 8), CGG KI-Allop (n = 10).

Planned comparisons showed that WT-Veh mice did not differ
significantly in margin time from either WT-Allop (p = 0.831)
or CGG KI-Veh (p = 0.699). However, CGG KI-Allop treated
mice spent less time in the margin compared to CGG KI-Veh
(p = 0.050).

In the elevated plus maze, there was no difference in percent
time in the open arms between vehicle treated mice of both
genotypes (p = 0.918) and no effect of treatment on CGG KI-
Allop (p = 0.133) or WT-Veh (p = 0.491). On average, mice

only spent approximately 24% of their exploration time in the
open arms of the maze (Figure 2C). Importantly, there were
no differences in the total number of open arm entries between
genotypes (z = 0.04, p = 0.631) or treatment (z = 0.02, p = 0.851),
suggesting that motor activity did not impact elevated plus maze
performance (Figure 2D).

Figure 2E shows the results of Allop treatment on marble
burying used as a test of repetitive digging behavior (Thomas
et al., 2009). There was a significant treatment by genotype

Frontiers in Neuroscience | www.frontiersin.org 5 December 2021 | Volume 15 | Article 752973226

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-752973 November 29, 2021 Time: 14:38 # 6

Schwartzer et al. Allopregnanolone in the CGG-KI Mouse

interaction (z = 2.26, p = 0.024), in the number of marbles
buried in a 10-min marble burying task. Planned comparisons
confirmed that CGG KI-Veh mice buried fewer marbles
than WT-Veh and CGG KI-Allop mice (p < 0.001 for
both comparisons).

Motor Coordination
Motor coordination was evaluated in the rotarod (Figure 3A) and
ladder walk tasks (Figure 3B). In the rotarod task, there were no
differences in total time on the rotarod between genotypes, WT-
Veh compared to CGG KI-Veh (p = 0.630), and no differences
between treatment conditions, CGG KI-Veh compared to CGG
KI-Allop (p = 0.897) and WT-Veh compared to WT-Allop
(p = 0.536). On the ladder walk test, a poisson regression
revealed a marginally significant effect of treatment (z = 1.93,
p = 0.053) based on genotype (z = 2.08, p = 0.038). Specifically,
Allop treatment in WT mice reduced the number of foot slips
compared to WT-Veh controls (p = 0.051), but no differences
were observed between Allop and Vehicle treatment in CGG KI
mice (p = 0.425) (Figure 3B).

Dentate Gyrus Neurogenesis
The effects of 10 weeks of once weekly Allop treatment on cell
proliferation and neurogenesis in the hippocampus are shown in
Figure 4. Images of the dentate gyrus labeled with BrdU (green
fluorescence, Figure 4A) and NeuN (red fluorescence, Figure 4B)
were quantified for the number of colocalized BrdU+/NeuN+
cells (yellow fluorescent cells; see insert, Figure 4C). Poisson
regression analysis for the total number of BrdU+ cells confirmed
a significant treatment effect of Allop (z = −8.42, p < 0.001)
but not for genotype (z = −1.42, p = 0.157). Figure 4D shows
a greater number of BrdU+ cells in both WT-Allop (p = 0.003)
and CGG KI-Allop (p < 0.001) compared to genotype-matched
vehicle controls. There was no significant effect of genotype
on the total number of BrdU+/NeuN+ double-labeled cells in
the dentate gyrus (Figure 4E), classified as adult proliferating
neurons (i.e., adult neurogenesis), and the effect of AlloP
treatment on BrdU+/NeuN+ double-labeled cells did not reach
statistical significance (z = −1.67, p = 0.095). However, there
was a significant treatment by genotype interaction (z = 2.46,
p = 0.014). Planned comparisons confirmed a small increase in
the number of double-labeled BrdU+/NeuN+ cells in CGG KI-
Allop mice compared to genotype-matched CGG KI-Veh mice
(p = 0.024). Figure 4F shows the total number of cells that labeled
for BrdU, but not NeuN (BrdU+/NeuN−), calculated as the
difference between total BrdU+ cells labeled and BrdU+/NeuN+
double labeled cells. This population of BrdU labeled cells likely
includes proliferating astrocytes, oligodendrocytes and microglia,
as well as young neurons not expressing NeuN although they
were not further classified in this study. Interestingly, there was
a significant effect of treatment on the number of non-neuronal
BrdU+/NeuN− cells (z = −8.57, p < 0.001). Planned group
comparisons showed the number of BrdU+/NeuN− cells was
significantly larger in the CGG KI-Allop mice compared to the
CGG KI-Veh mice (p < 0.001), and in the WT-Allop mice
compared to genotype-matched WT-Veh controls (p < 0.001).

No effect of genotype were observed between WT-Veh mice and
CGG KI-Veh groups (p = 0.923).

DISCUSSION

The CGG KI mouse is a well-validated and established
pre-clinical tool for modeling the hallmark behavioral and
neurobiological features of the Fragile X PM and FXTAS.
This includes motor dysfunction, ubiquitin-positive inclusions,
and disruptions in GABAergic signaling (Brouwer et al., 2008;
D’Hulst et al., 2009; Berman et al., 2014). While treatments for
FXTAS are, to date, only palliative, it has been hypothesized
that pharmacological agents that target the GABAergic system
may improve neurological function or delay disease progression.
In particular, Allop has undergone an initial open-label clinical
trial to test its efficacy in reversing the motor and cognitive
deficits in a small population of elderly men with FXTAS (Wang
et al., 2017; Napoli et al., 2019). Given the high degree of
construct validity observed in the CGG KI mouse, we tested
whether a similar regimen of Allop in aged CGG KI mice would
show efficacy in reducing the behavioral pathologies observed in
this mutant mouse model. Our results demonstrated significant
improvements in locomotor activity in the open field, but
without concomitant improvements in coordination and balance
in the rotarod or ladder walk tests. Together, these data provide
additional evidence supporting a potential therapeutic effect of
Allop on specific FXTAS-associated behavioral deficits.

In humans, premutation carriers show longer, slower motor
movements and reaction times that worsen with age (Shickman
et al., 2018). Our aged CGG KI mice showed similar deficits in
locomotor activity and arousal given the observed reductions in
line crosses in the open field task and reduced marble burying
activity. The marble burying task in particular revealed a near
absence of buried marbles in the CGG KI-Veh mice, likely due
to deficits in motor activity and general arousal as a result of the
insertion of the CGG-repeat. Treatment with Allop for 10 weeks
restored these deficits in motor activity and arousal in both
the marble burying and open field tasks to levels observed in
wild type controls. These convergent phenotypes across multiple
behavioral assays (i.e., open field and marble burying) serve as
a measure of reliability in Allop’s restorative effects on motor
activity. Interestingly, 10 weeks of Allop treatment did not
further enhance arousal levels in wild type mice, underscoring
the specificity of targeting GABAergic systems to restore, but
not enhance, locomotor activity. While these improvements in
motor activity would suggest a therapeutic potential for Allop,
similar restorative responses were not observed in measures of
anxiety, namely the elevated plus maze and thigmotaxis (time
in center) measures in the open field arena. Performance on
the elevated plus maze task declines with age in the C57BL/6
mouse strain, with aged-mice exhibiting fewer entries and
reduced time in open-arm exploration (Sukoff Rizzo et al.,
2018; Shoji and Miyakawa, 2019). Similar to our observations
in the rotarod and ladder rung task, our observed similarities
in elevated plus-maze performance between aged wild type and
CGG KI mice would suggest that natural age-related declines
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FIGURE 3 | Behavioral assessments of balance and motor coordination in response to Allop in the wild type and CGG KI mouse. Following 10 weeks of Allop
treatment mice were evaluated for changes in balance on the rotarod task and motor coordination in the ladder rung task. (A) No differences were observed in the
average time to fall in the rotarod task. (B) In the ladder rung task, mice were evaluated for total number of slips. *p < 0.05 as deteremined by
Wilcoxon-Mann-Whitney (Rotarod) or Poisson Regression (Ladder Walk) followed by pairwise planned comparisons. Plots represent individual mice; bars represent
median ± IQR. Wild type-vehicle (n = 9), wild type-Allop (n = 7), CGG KI-vehicle (n = 8), CGG KI-Allop (n = 10).

FIGURE 4 | Hippocampal cell proliferation and adult neurogenesis in the brains of CGG KI and wild type mice. Fluorescent photomicrographs of (A) BrdU+ cells
(green fluorescence) in the subgranular zone of the hippocampus. (B) Neurons were labeled with NeuN (red fluorescence), and (C) newly generated neurons are
co-labled BrdU+/NeuN+ and appear yellow (high magnification insert). Images shown at 20x magnification. (D) The total number of BrdU+ cells in the subgranular
zone of WT and CGG KI mice treated with Allop or vehicle for 10 weeks. (E) The total number of double labeled BrdU+/NeuN+ cells reflecting adult neurogenesis in
the dentate gyrus of the hippocampus. (F) The number of new cells not labeled with NeuN (BrdU+/NeuN−) was calculated as the total number of number of BrdU+

cells in (D) minus the total number of BrdU+/NeuN+ in (E). *p < 0.05 as determined by poisson regression (BrdU+ and BrdU+/NeuN−) or zero-inflated poisson
regression (double-labeled BrdU+/NeuN+) analysis followed by pairwise planned comparisons. Plots represent aggregated count data of individual mice; bars
represent median + IQR. Wild type-vehicle (n = 5), wild type-Allop (n = 6), CGG KI-vehicle (n = 7), CGG KI-Allop (n = 10). BrdU, 5-bromo-2′-deoxyuridine.

in performance may be masking earlier anxiety-like effects of
the CGG premutation reported in younger CGG KI mice.
Therefore, the potential therapeutic effects of Allop treatment
on anxiety-like measures remain inconclusive given our inability
to effectively evaluate premutation-induced changes in elevated
plus-maze performance.

Motor coordination, ataxia and balance are among the
hallmark symptoms of FXTAS, and the CGG KI mouse

is characterized to show similar deficits in movement and
coordination including increases in foot slips in the ladder
rung task (Hunsaker et al., 2011) and changes in rotarod
performance (Van Dam et al., 2005). Unexpectedly, we did
not observe these differences in motor function between our
aged wild type and CGG KI mice in either test, regardless of
Allop treatment. These results are similar to the study by Van
Dam et al. (2005) who also found that rotarod performance
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did not differ significantly between 20-, 52-, and 72-week-
old CGG KI and control mice. Only when genotypes were
analyzed separately did they observe evidence of a significant age-
related decline in rotarod performance in 52- and 72-week-old
CGG mice compared to 20-week-old genotype-matched mice.
While procedural differences between the present study and
that of Van Dam et al. (2005) make it difficult to compare
studies, such as rotarod apparatus (i.e., Rotamex 5 vs. Ugobasile),
pretesting adaptation trials (i.e., a single vs. 2 min trials) and
time between adaptation and testing (i.e., 24 h vs. immediate),
it is clear that aged CGG KI and control mice did not
differ significantly in either study. Previous studies have used
a combination of young and old-aged mice (4–16 months)
(Hunsaker et al., 2011; Wenzel et al., 2019), but the behavioral
phenotype of CGG KI mice at advanced ages, such as the mice
used in the present study, has not been well characterized.
This is important given that C57BL/6 mice exhibit age-related
changes in behaviors including increased anxiety and decreases
in motor performance (Sukoff Rizzo et al., 2018; Shoji and
Miyakawa, 2019). As a result, natural age-related declines in
wild type mouse motor performance (e.g., rotarod and ladder
rung test) may equal declines in the aged CGG KI mice,
thereby masking differences between wild type and KI mice
previously reported in younger mice. Moreover, Allop did not
alter rotarod motor performance in either wild type or CGG
KI groups, suggesting that weekly treatment with Allop does
not improve motor function when started at an advanced age.
In a recent pilot study of 6 individuals with FXTAS, 12-weeks
Allop did not improve tremor or ataxia (Napoli et al., 2019)
corroborating our preclinical findings in the CGG KI mouse.
As a result, our data would suggest that targeting GABAergic
function with weekly Allop treatment is not sufficient to restore
motor coordination deficits resulting from age-related declines
in motor function. However, it remains unexplored whether
treatment at an earlier age could mitigate or delay the onset
of pathology in premutation carriers before the full onset of
FXTAS symptomatology.

Allop is an active metabolite of the naturally occurring
neurosteroid progesterone with numerous actions in the central
nervous system. Allop and other neurosteroids exert numerous
classic and non-classic actions in the central nervous system,
including promoting genomic and non-genomic cell-cycle
functions modulating cell proliferation, cell shape, and gene
expression (Garcia-Segura et al., 1996, 1999; Jordan, 1999;
Nichols, 1999). Previous studies have demonstrated Allop’s ability
to promote adult glial cell health and proliferation in addition to
its effects on neurogenesis (for review see Faroni and Magnaghi,
2011). Allop is also an allosteric modifier of the GABAA
receptor and can stimulate neurogenesis in the hippocampus
(Baulieu et al., 2001). Given the known proliferative effects of
Allop on hippocampal neurogenesis both in vitro (Wang et al.,
2005) and in vivo (Wang et al., 2010), we examined whether
the locomotor and arousal improvements we observed in our
CGG KI mice were accompanied by concomitant increases in
adult neurogenesis in the dentate gyrus. Adult hippocampal
neurogenesis has been demonstrated in all mammalian species
studied to date including mouse (Kempermann et al., 1997;

Zhao et al., 2006), rat (Kuhn et al., 1996), non-human primate
(Gould et al., 1999) and human (Eriksson et al., 1998). The
function of adult neurogenesis is still unclear, but a growing
body of evidence indicates its importance in processing of
sensory stimuli such as spatial cues necessary for behavioral
discrimination (Tuncdemir et al., 2019). Ten weeks of treatment
with Allop did not provide compelling evidence of increased
neurogenesis in either aged wild type or CGG KI mice. However,
this observation is tempered by the fact that in the present study
group sizes were relatively small, and numbers of proliferating
neurons in the dentate gyrus were also comparatively small,
possibly due to the advanced age of the mice used in this study.
Adult neurogenesis in the hippocampus declines with age in mice
(Kempermann et al., 2002; Yang et al., 2015) and rats (Kuhn
et al., 1996), although stable levels of human hippocampal adult
neurogenesis have been reported throughout aging (Boldrini
et al., 2018). Therefore, the potential for Allop to stimulate
adult neurogenesis in the aged rodent hippocampus may be
somewhat limited, making it more difficult to document potential
drug effects on neurogenesis. It is also possible that the dosage
or timing of injections were insufficient to stimulate neuronal
proliferation in aged mice.

Ten weeks of Allop injections did significantly increase the
total numbers of BrdU-labeled cells that were not NeuN+ in
both wild type and CGG KI dentate gyrus. The identity of
these proliferating cells was not further examined in the present
study, and will need to be determined in future studies. One
plausible explanation for this low level of BrdU+/NeuN+ double
labeling may be a result of the timing of BrdU injections
and time of sacrifice before histological evaluation. Specifically,
Snyder et al. (2009) found that newly generated neurons do
not express NeuN until 2–3-weeks after birth, a time period
longer than used in the present study. Although we adopted
a substantially different BrdU injection regimen to Snyder
et al. (2009), their results open the possibility that many of
the BrdU+ only cells in our AlloP-exposed mice may include
immature neurons not yet expressing the NeuN neuronal
marker (Snyder et al., 2009). If so, it is possible that the
increase in BrdU+ cells (Figure 4D) included new neurons
stimulated by AlloP treatment but not yet expressing NeuN.
Alternatively, total number of BrdU+ cells in 4D includes
astrocytes, oligodendrocyte precursor cells, oligodendrocytes and
microglia. Gliogenesis in the adult mammalian hippocampus
is well documented (Rietze et al., 2000; Wang et al., 2005;
Nixon et al., 2008), and in a triple transgenic mouse model
of Alzheimer’s disease (3xTgAD), chronic Allop treatment
promoted not only neurogenesis, but oligodendrogenesis (Irwin
and Brinton, 2014; Chen et al., 2020). It is notable that this
increased proliferation of BrdU+ cells by Allop treatment was
observed across wild type and CGG KI hippocampus, although
planned comparisons indicated that the effect was mainly due
to the drug’s effects in the CGG KI mouse hippocampus. Glia
constitute roughly half of the cells of the central nervous system
and provide important functions including homeostasis, neural
development, migration, synaptogenesis, synaptic transmission
and neural plasticity (Allen and Lyons, 2018). In view of the
importance of glia for CNS function, and the possible occurrence
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of non-cell autonomous pathology from glial to neurons in
FXTAS (Wenzel et al., 2019), it is possible that proliferation
of one or more glial subtypes may have contributed to the
behavioral results of the present study and this should be
examined in future studies.

Considered together, our data provide evidence that 10 weeks
of Allop treatment in aged-CGG KI mice improves deficits in
locomotor activity and repetitive digging behavior in the marble
burying test. Several behavioral measures evaluated in these aged
mice, including rotarod and ladder walk, did not show differences
between CGG KI and wild type controls in contrast to what has
been reported in young CGG KI mice (Berman et al., 2014).
This prevents the drawing of any conclusions about possible
Allop effects on these types of behaviors. One possibility is that
age-related declines in motor performance in very old wild type
C57 mice may reach the same level as that of CGG KI mice,
making it difficult to compare and identify impaired motor
performance in aged CGG KI mice. Given the myriad effects of
Allop in modulating both cellular and neurochemical systems
in the central nervous system, it is important in the future to
examine whether treatment with Allop in earlier stages of the
PM pathology may be more effective in delaying the onset of
the behavioral and histopathological deficits induced by the CGG
repeat expansion.
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Fragile X syndrome (FXS) is the most common cause of hereditary intellectual disability
and the second most common cause of intellectual disability of genetic etiology. This
complex neurodevelopmental disorder is caused by an alteration in the CGG trinucleotide
expansion in fragile X mental retardation gene 1 (FMR1) leading to gene silencing and the
subsequent loss of its product: fragile X mental retardation protein 1 (FMRP). Molecular
diagnosis is based on polymerase chain reaction (PCR) screening followed by Southern
blotting (SB) or Triplet primer-PCR (TP-PCR) to determine the number of CGG repeats
in the FMR1 gene. We performed, for the first time, screening in 247 Ecuadorian male
individuals with clinical criteria to discard FXS. Analysis was carried out by the Genetics
Service of the Hospital de Especialidades No. 1 de las Fuerzas Armadas (HE-1), Ecuador.
The analysis was performed using endpoint PCR for CGG fragment expansion analysis
of the FMR1 gene. Twenty-two affected males were identified as potentially carrying the
full mutation in FMR1 and thus diagnosed with FXS that is 8.1% of the sample studied.
The average age at diagnosis of the positive cases was 13 years of age, with most cases
from the geographical area of Pichincha (63.63%). We confirmed the familial nature of
the disease in four cases. The range of CGG variation in the population was 12–43 and
followed a modal distribution of 27 repeats. Our results were similar to those reported
in the literature; however, since it was not possible to differentiate between premutation
and mutation cases, we can only establish a molecular screening approach to identify
an expanded CGG repeat, which makes it necessary to generate national strategies to
optimize molecular tests and establish proper protocols for the diagnosis, management,
and follow-up of patients, families, and communities at risk of presenting FXS.

Keywords: dynamic mutation diseases, fragile X syndrome, FMR1, repetitions, intellectual disabilities

INTRODUCTION

Fragile X syndrome (FXS) is the most common cause of hereditary intellectual disability (1). The
syndrome has a complex clinical course, and patients show a unique phenotype that includes an
elongated face, pointed ears, high palate, hyperlaxity, etc. Children with FXS also exhibit behavioral
characteristics including anxiety, irritability, aggressiveness, and compulsivity (2). In approximately
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60% of cases, patients are also diagnosed with autism spectrum
disorder (ASD) (3), representing the most common monogenic
cause of ASD. Autism, intellectual disability, and behavioral
disorders develop at a lower rate and to a much lesser degree in
females than in males (4).

FXS is caused by an abnormal expansion of a CGG triplet,
greater than 200 repeats in the promoter region of the FMR1
gene located at Xq27.3 (5, 6). This expansion causes a loss
of function that prevents the encoding of FMRP, a protein
involved in several brain development and function processes
(7). The FMR1 gene contains 17 exons (38kb) and the mutation
normally occurs in intron 10, which contains the gene’s unstable
region (8). According to the reported expansion number, the
allele can be classified into normal alleles, with 6–44 CGG
repeats, premutation (PM) alleles, with 55–200 CGG repeats,
and full mutation (FM) alleles with more than 200 CGG repeats.
Intermediate or gray zone alleles are those harboring between 45
and 54 CGG repeats and are considered precursors of the PM
allele (9).

Methods to diagnostic FXS include molecular tests such as
PCR that allows determining if there is a CGG expansion, which,
in combination with SB, allows determining the exact number
of CGG repeats and the degree of methylation of the FMR1
gene (10), and triplet-primed PCR assay that detects FMR1
alleles throughout the expanded range (11). On the other hand,
immunohistochemical tests can be performed to determine the
presence or absence of the FMRP protein (12).

The frequency for the FM has been estimated to be higher in
males than in females; internationally, the prevalence is 1/4,000
in males and 1/8,000 in females, and the PM frequency for this
gene is 1/259 in females and 1/379 in male carriers (13). There is
some variation depending on the population studied, e.g., in the
United States, the prevalence of the FM in European descendants
is 1/3,717, and in African descendants, the prevalence is 1/2,545
males (14, 15). The prevalence of carriers of the PM in females is
1/151, and for males, it is 1/468, while for carriers of intermediate
or “gray zone” alleles, it is 1/35 in females and 1/42 in males (16).

The prevalence of FXS in Ecuador remains uncertain. Most
diagnoses of FXS have been made in isolation through screening
projects. Of Ecuador’s 17 million inhabitants, 2.72% (472,213
inhabitants) are known to have some type of disability, of which
23% (108,588 inhabitants) are cognitive or intellectual (17).
The elevated number of undiagnosed patients with intellectual
disabilities in our country highlights the need to implement
molecular study tools to characterize the population in order
to improve clinical assessment and genetic counseling for
patients and their families. This work describes the experience
in the molecular diagnostic approach of fragile X in the HE-1
in Ecuador.

MATERIALS AND METHODS

This is a genetic, descriptive, cross-sectional, retrospective study
of 247 male patients to rule out FXS, conducted at the
Genetic Service of HE-1 in Quito, Ecuador. These patients were
referred for genetic evaluation between 2011 and 2021, from

different institutions belonging to the Comprehensive Public
Health Network.

Clinical and genetic data were extracted from the patients’
physical medical records, the clinical notes reported in the
HE-1 hospital management system, the referral sheets, and
the record books of the molecular biology laboratory. Excel
spreadsheets were used for data processing, followed by a
descriptive analysis using SPSS to obtain measures of central
tendency for the quantitative variables and the absolute
frequency, relative frequency, and relative percentage frequency
for qualitative variables.

Participant Inclusion Criteria
Men with a diagnosis of intellectual disability, ASD, language
delay, or a positive family history of FXS.

DNA Extraction
DNA used for PCR amplification was extracted from peripheral
blood leukocytes by High Pure PCR Template Preparation
Kit (Roche GmbH, Mannheim, Germany) according to the
manufacturer’s protocol. DNA quantification was performed to
ensure the quality of the DNA extraction and to determine if the
nucleic acid concentration was optimal for the study (∼50 ng).

PCR-Based Method
Amplification of normal and expanded alleles was performed
by endpoint PCR using the Veriti Thermal Cycler (Applied
Biosystems Inc., California, USA).

Fast Start High Fidelity PCR System Kit (Roche Gmb.,
Mannheim, Germany) was used to assemble the PCR
and two sets of oligonucleotide primers were used to
amplify the repetitive CGG region of the FMR1 gene: Fx-
C: GCTCAGCTCCGTTTCGGTTTCACTTCCGGT and Fx-F:
AGCCCCGCACTTCCACCACCAGCTCCTCCA, owned by
Gene Link Inc. (New York, USA).

The PCR assay was performed in a 48-µl reaction volume
containing about 200 ng of genomic DNA, 18 mmol/L of
MgCl2, 0.625 U/ml of DMSO, 0.36 mmol/L of dNTPs, and 0.83
µmol/L of the pair of primers for PCR amplification of the
CGG repetitive region of the FMR1 gene (Gene Link, INC, USA)
and 5 units/reaction of Taq polymerase (ROCHE; Hamburg,
Germany). The reactions were denaturated for 10min at 98◦C,
after which the Taq Polymerase was added; followed by 10
cycles consisting of 97◦C for 30 s, 65◦C for 45 s, and 68◦C for
4min; and 20 cycles consisting of 97◦C for 30 s, 65◦C for 45 s,
68◦C for 4min 20 s, and finally a 10-min extension at 68◦C
(Table 1). The PCR-amplified products were separated by 3%
agarose gel electrophoresis using a 50-bp DNA Step Ladder as a
molecular marker, Blue/Orange Loading Dye [6X] in the loading
mix, and fluorescent Diamond Nucleic Acid Dye (Promega,
Wisconsin, USA).

RESULTS

Resource Identification Initiative
Two hundred and forty-seven men referred for genetic
evaluation were screened for FXS. Of these, 22 patients were
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identified to have an abnormal CGG expansion of the FMR1
gene (8.1%); 46% came from the Pichincha Province (Table 1).
Family history of the condition was detected in 10 patients (four
families). The average age of diagnosis of the positive cases was
13 years, with age range between 2 and 31 years old. Cases
were found in 6 of Ecuador’s 24 provinces, with the Pichincha
Province, capital of Ecuador, presenting the highest number
of positive results: 14 cases, 63.63% (Figure 1). The average
expansion and the number of CGG repeats for male Ecuadorian
patients, with some clinical criteria studied to discard FXS, were
12–43 (Figure 3).

TABLE 1 | Endpoint PCR program for fragile X syndrome.

Step Time and temperature Cycles

Denaturation 10min at 98◦C 1

Hold 5min (pause) at 98◦C 1

Add Taq enzyme mix while on hold

Denaturation 30 s at 97◦C 10

Annealing 45 s at 65◦C

Extension 4min at 68◦C

Denaturation 30 s at 97◦C 20

Annealing 45 s at 65◦C

Extension 4min 20 s at 68◦C

Fill up 10min at 68◦C 1

Hold Hold for infinity at 4◦C 1

The absence of DNA fragments in the agarose gel indicates
that the allele was so expanded that it cannot be observed
given the limited sensitivity of the technique (100–120 CGG
repeats). This corresponds to a positive result, which is
confirmed considering the positive clinical elements (family
history, intellectual disability, attention deficit and hyperactivity,
autism spectrum, long narrow face, prominent jaw and ears,
and joint hypermobility). In addition, this result is validated by
performing real-time PCR to ensure adequate amplification of
the genetic material (Figure 2).

Translation Results
The average range of CGG repeats in individuals with a normal
expansion in FMR1 was 27 repeats (Figure 3). PM is not
included since the technique does not allow establishing the
exact number of repeats in overexpanded affected alleles. The
protocol only allows a normal repetition range to be established.
If the value exceeds that range, the allele is not observed in the
electrophoretic run, ensuring its overexpansion but without exact
determination of the size.

DISCUSSION

FXS is the most common monogenic condition underlying ASD
and intellectual disability (18). For this reason, the American
College of Medical Genetics and Genomics recommends FXS
testing for all individuals with developmental delay, intellectual
disability, and/or behavioral problems (19).

FIGURE 1 | Map of Ecuador with positive case distribution by provinces. The Pichincha Province has 14 positive cases; the Guayas, Loja, and Chimborazo Provinces
have 2; and the Orellana and Zamora Chinchipe Provinces have 1 positive case.
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FIGURE 2 | (A) Agarose gel electrophoresis of fragile X. Example applied to patients (DNA 01 and DNA 02). Lane 1 (MM): 50-bp DNA Step Ladder, Lane 2: Healthy
Control (HC), Lane 3 (DNA 01): Healthy patient, Lane 4 (DNA 02): Affected patient, Lane 5: Positive Control (PC) and Lane 6: Negative Control (CN).
(B,C) Amplification of genetic material by Real-Time PCR of DNA 02 and Positive Control respectively; DNA 02 and Positive control were quantified in Quantus
Fluorometer (Promega, Wisconsin, USA) and concentration values between 65 and 75 ng/µl were obtained.

Estimation of prevalence varies depending on the population
studied and the diagnostic test used. Of the 247 Ecuadorian
patients with intellectual disabilities and/or behavior problems
who participated in this study, 8.1% were found to be
positive through the application of molecular screening of PCR,
establishing a reference point in our country, compared to
previous studies that describe the presence of this condition in
7% to 8% of children with ASD (20).

Family segregation was identified in 4 families, which is
justified by the inheritance mechanism, especially if a recurrent
family history, an X-linked pattern, or a phenotype compatible
with this disorder is considered (21). The average age of diagnosis
in the patients seen in the laboratory was 13 years, much older
than the age of diagnosis described in other studies, such as that
described by Bailey et al., where the average age of diagnosis of
FXS in children remained relatively stable over the 7-year period,
at ∼35 to 37 months (22). Among the studies carried out in the
region, Colombia and Chile also show a higher age of diagnosis
than expected (23, 24). The difference found in our data and in
neighboring countries may be explained by the limited access to
the health system and the lack of national protocols for molecular
study of this condition in people with intellectual disabilities.

Most of the positive results were found in the Pichincha
province in the Andes, possibly because it is the region of
the country with the largest number of tertiary hospitals with
access to molecular testing. In an ancestry analysis study
in the Ecuadorian population carried out by Zambrano and
collaborators, Ecuador’s genetic composition is described as

a mixture of three groups of ancestors: Native Americans—
the largest proportion in all regions (over 50%)—and a lower
proportion of people of European and African descent. The
proportion of Native American ancestry in the Andes region
is 64.7%, European ancestry in the same region reaches 26.8%,
while African ancestry reaches 0.85% (25). Peprah describes the
lack of information on FMR1 gene mutations in most countries
with a non-European population (26). Further studies are needed
to find out the extent of the mutation of the gene in the
Pichincha Province.

The proportion of patients with FXS who came for genetic
evaluation is low (2.7% of the total cases studied for rare diseases
in HE1 since 2010) in relation to other diseases also diagnosed
in the service such as Steinert myotonic dystrophy (12.2% of
the cases studied) or Huntington’s chorea (8.2% of the cases
studied). This may be due to the lack of referral of patients with
FXS and indicates a need for education of health professionals
from different disciplines regarding the importance of early
detection, which could lead to minimizing or preventing the risk
of transmission.

In negative cases, there was a multimodal distribution of 27
(8.90%), 26 (7.28%), 29 (7.04%), and 35 (7.04%) repeats, similar
to that reported in different populations worldwide where the
allelic distribution of the expansion and the number of CGG
repeats of the gene is between 29 and 30 (26) (Figure 3). The
data are similar in studies conducted in Brazil (27), Cameroon
(28), Chile (29), China and India (30), United States (31), and
Mexico (32). The small differences found (one or two repeats of

Frontiers in Psychiatry | www.frontiersin.org 4 December 2021 | Volume 12 | Article 716311236

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Pozo-Palacios et al. Molecular Diagnoses Fragile X Syndrome in Ecuador

FIGURE 3 | Analysis of CGG repeats in the normal unaffected population of Ecuador. Horizontal axis (X axis): CGG repeats, Vertical axis (Y axis): Frequency in the
number of CGG repetitions. The range of variation of CGG in the population is 12–43 and shows a modal distribution of 27 repeats (8.90% of case). Other important
percentages of frequency were of 26 repeats (7.28%), and 29 and 35 repeats (7.04%).

CGG) are related to experimental errors given by differences in
the precision of the techniques used and the lack of their own
population patterns (33), in addition to population and ethnic
characteristics (34).

Limitations
The standard procedure for the diagnosis of FXS is PCR and
Southern blot, and results can only be analyzed with a gene
analyzer or capillary electrophoresis equipment. Unfortunately,
these tools were not available in the Medical Genetics service;
therefore, only endpoint PCR and agarose gel electrophoresis
were used. The absence of DNA fragments in the agarose gel
indicated that the allele was expanded and was not observable
due to the limited sensitivity of this technique (100–120 CGG
repeats). In this case, the result was validated by real-time PCR
to ensure adequate amplification of genetic material. In addition,
the technique used cannot detect gene PM.

In addition, the sensitivity of the technique does not allow
to visualize the second allele, corresponding to the homologous
X chromosome in a woman; thus, there are two possibilities:
two superimposed alleles with similar molecular weights. In this

case, the patient would present a normal phenotype, without risk
of transmission of FXS, or that the second allele had a large
number of CGG repeats that cannot be amplified by the PCR.
In this case, the patient would be a carrier of a PM or a complete
mutation of the FMR1 gene, with the risk of transmitting FXS
to her descendants. To avoid confusion, this screening was not
performed in women.

CONCLUSION

Using the endpoint PCR technique, it is not possible to
differentiate the cases of mutation carriers from those of PM,
so it does not allow us to obtain a real rate of patients with
the condition. It only allows us to make an approximation of
the possible cases, functioning as an initial screening technique.
Although our values were similar to those reported in the
literature, as we were unable to differentiate the number of
expansions, we could be overestimating the number of cases with
a diagnosis of FXS. National strategies should be implemented
to optimize molecular tests and establish proper protocols for
the diagnosis to implement the use of diagnostic techniques such
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as SB and triplet-primed PCR assay, guides for management,
and follow-up of patients, families, and communities at risk of
presenting FXS.

The limitation of the study is the laboratory technique. The
endpoint PCR and agarose gel electrophoresis used in this
study do not allow to differentiate the premutated alleles (55
to 200 CGG repeats) and complete mutation alleles (>200
CGG repeats). These are important characteristics to understand
the inheritance mechanism at the family (35). In addition to
PCR, Southern blot and capillary electrophoresis are standard
techniques for the diagnosis of FXS that allow confirmation of
premutated allele carriers and full mutation. The laboratory does
not have a capillary electrophoresis equipment because it is a
complex and expensive technique. Instead, the Fast Start High
Fidelity PCR System kit (Roche GmbH, Mannheim, Germany)
was used to assemble the PCR and agarose gel electrophoresis.
This study helps in the screening of the frequency of patients
with FXS in Ecuador and makes visible the need to implement
molecular diagnosis for people with intellectual disabilities and
learning disorders.
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Fragile X syndrome (FXS), the most common inherited cause of intellectual disability,

learning disability, and autism spectrum disorder, is associated with an increased

prevalence of certain medical conditions including seizures. The goal of this study was to

better understand seizures in individuals with FXS using the Fragile X Online Registry with

Accessible Research Database, a multisite observational study initiated in 2012 involving

FXS clinics in the Fragile X Clinic and Research Consortium. Seizure data were available

for 1,607 participants, mostly male (77%) and white (74.5%). The overall prevalence of at

least one seizure was 12%, with this rate being significantly higher in males than females

(13.7 vs. 6.2%, p < 0.001). As compared to individuals with FXS without seizures, those

with seizures were more likely to have autism spectrum disorder, current sleep apnea,

later acquisition of expressive language, more severe intellectual disability, hyperactivity,

irritability, and stereotyped movements. The mean age of seizure onset was 6.4 (SD

6.1) years of age with the great majority (>80%) having onset of seizures which was

before 10. For those with epilepsy, about half (52%) had seizures for more than 3

years. This group was found to have greater cognitive and language impairment, but not

behavioral disruptions, compared with those with seizures for < 3 years. Antiepileptic

drugs were more often used in males (60.6%) than females (34.8%), and females more

often required more than one medication. The most commonly used anticonvulsants

were oxcarbazepine, valproic acid, lamotrigine, and levetiracetam. The current study

is the largest and first longitudinal study ever conducted to describe seizures in FXS.

Overall, this study confirms previous reports of seizures in FXS and extends previous

findings by further defining the cognitive and behavioral phenotype of those with epilepsy

in FXS. Future studies should further investigate the natural history of seizures in FXS and

the characteristics of seizures in FXS in adulthood.
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INTRODUCTION

Fragile X syndrome (FXS) is the most common known
inherited cause of intellectual disability, learning disability,
and autism spectrum disorder (ASD), with an estimated
prevalence of about 1/4,000 (1). Individuals with FXS
display variable physical features such as large ears, long
face, macrocephaly, macroorchidism, and variable levels of
functioning, with a fairly stereotyped cognitive profile and
behavioral features characterized by hyperactivity, anxiety,
and socialization difficulties. Additionally, certain medical
problems are more common in FXS, such as strabismus, otitis
media, gastroesophageal reflux, loose stools, sleep apnea, and
seizures (2).

FXS results from a trinucleotide repeat (CGG) expansion
mutation of >200 repeats (full mutation) in the promoter of
FMR1 (fragile X mental retardation 1) gene (3) which leads
to transcriptional silencing of FMR1 and loss or significant
reduction of expression of the gene product, FMRP (fragile
X mental retardation protein) (4). FMRP is an RNA-binding
protein that appears to function as a dendritic translational
repressor that modulates receptor-activated dendritic protein
synthesis and regulates multiple ion channels (5–7). In the
absence of FMRP in the Fmr1 knockout (k/o) mouse model of
FXS, there is immature dendritic spine morphology and region-
and cell-dependent deficits in synaptic plasticity (8). Accordingly,
these synaptic abnormalities result in abnormal epileptiform
discharges (9) and a high frequency of audiogenic seizures in the
Fmr1 k/o mouse (10), presumably modeling the increased risk of
seizures in humans with FXS.

Past reports have identified seizures in 4.4%-40% of males
with FXS (2, 11–19) with a lower frequency of 4.4%-18% in
larger cohorts with less referral bias (2, 13, 15–19). Many
children with FXS also have abnormal electroencephalograms
(EEGs) without overt epileptic seizures (15, 17, 19), frequently
with a pattern of centrotemporal spikes (similar to benign
focal epilepsy of childhood) (13, 15, 19, 20). Types of seizures
reported in FXS vary widely, and clinical and EEG findings
consistent with Panayiotopoulos syndrome, a benign autonomic
epilepsy syndrome, have also been seen in FXS (21). Complex
partial (focal onset with impaired awareness) seizures were
reported as most common in FXS in several series (13, 15, 18),
although simple partial (focal onset without impaired awareness)
and generalized tonic-clonic seizures occur often, and status
epilepticus has also been observed (22). Seizures are reported to
be easily controlled in most cases (15, 17, 18) and resolve during
childhood in the majority of individuals with FXS, although in
a study of hospital encounters for adolescents and adults with
FXS, seizures represented an identifiable reason for emergency
room presentation and hospitalization in FXS (23). Occasional
patients with FXS and intractable seizures due to mesial temporal
sclerosis have been described, suggesting a secondary etiology
amenable to surgical management (24). A small case series
describing three females with FXS and severe developmental
impairment and medically refractory focal epilepsy also suggests
that severe epilepsy in FXS may signal a secondary genetic
condition (25).

Studies investigating the association of seizures with other
disease features in FXS include a small cohort which showed a
trend toward an increased rate of seizures in individuals who
were also diagnosed with ASD (26) and a second small case
series of 11 patients which suggested an association between
epilepsy and attention problems (27). In the largest investigation
of seizures in FXS involving 1,394 individuals assessed by a
survey and 352 individuals assessed in clinic (19), 14% of males
and 6% of females reported seizures. Seizures tended to be
infrequent and more often focal, had onset between 4 and 10
years of age, were generally easily treated, and were associated
with ASD, but not academic achievement. A clinic-based study
of 135 patients with FXS seen in clinic (17) suggested that many
patients described spells such as staring, but most of these were
without EEG correlate, and only 4.4% of the cohort were actually
diagnosed with seizures, emphasizing the importance of clinical
confirmation of seizure diagnoses in persons with FXS. A large
study of ASD in FXS based on data from 547 participants with
FXS in the Fragile X Online Registry and Accessible Research
Database (FORWARD) natural history study (28) showed that
having a diagnosis of ASD was associated with an approximately
three-fold increased risk of seizures both in younger children and
in adolescent/young adults (29).

The Fragile X Clinic and Research Consortium (FXCRC)
initial database collected data from 260 participants with FXS
from 9 FXS Clinics from 2005 to 2011 and showed a seizure
frequency of 10% (12% in males) (2). Longitudinal data about
seizures from participants with FXS have subsequently been
collected as part of the FORWARD project (28), from 2012
to 2021. In the present report, we use these FORWARD data
to investigate seizure prevalence and characteristics, including
gender differences, age of onset and resolution, duration and
associated comorbid conditions, and other features (e.g., use of
anticonvulsants), in the largest and first longitudinal study ever
conducted to describe seizures in FXS. Specific goals of these
analyses are to update information on seizure frequency and co-
occurring problems associated with seizures in FXS in a larger
group than previously reported, study the onset and trajectory
of seizures experienced by those with FXS across time with
longitudinal data, and understand factors associated with more
severe epilepsy in FXS.

MATERIALS AND METHODS

Data analyzed for this report were derived from FORWARD.
As described previously (28), FORWARD is a multisite
observational study initiated in 2012. The study collects data
yearly on a Registry form, Parent Report form, and Clinician
Report form, as well as standardized questionnaires including
the Aberrant Behavior Checklist-Community Edition (ABC-
C) (29), the Social Communication Questionnaire (SCQ) (30),
and the Social Responsiveness Scale – Second Edition (SRS-
2) (31). The analyses for this report were performed using
baseline and longitudinal data collected during follow-up visits
from FORWARD Version 5, with data obtained from 1,607
individuals with FXS evaluated between 2012 and 2020, who had
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information available about seizures derived from the Clinician
Report form. There were 1,607 baseline visits and 1,945 follow-
up visits (occurring after the baseline visit) for 803 participants
with at least 1 year of follow-up. The study was approved by
the Institutional Review Board for each participating FXS Clinic
where data were collected, and written informed consent was
obtained from primary caregivers or adult patients who were
their own guardians.

Demographic variables including age, sex, and ethnicity were
collected on the Registry form. Data from the Clinician Report
form included variables related to seizures including presence
or absence of seizures currently or in the past, age (in years
and months) at seizure onset, age when seizures resolved if the
participant had been 2 years without seizures, type of seizures
(focal, generalized, febrile), whether antiepileptic medication
was used for seizures at the time of the visit, and, if so,
which antiepileptic medication(s) the participant was taking.
Antiepileptic medication use was tracked at all visits and was
reported in this paper based on use described at any visit over the
course of follow-up. Other data from the Clinician Report form
about problems that could potentially be associated with seizures
were also utilized, including level of intellectual disability (ID),
presence of ASD, presence of sleep apnea, severity of behaviors
on the ABC-C adjusted for FXS (ABCFX) (32), and severity of
ASD symptoms on the SCQ and SRS-2.

STATISTICAL ANALYSIS

Frequency tabulations and proportions for categorical variables,
and means and standard deviations for continuous variables,
were used for the descriptive analyses. The chi-square test
or Fisher’s exact test for categorical variables, and analysis
of variance (ANOVA) for continuous variables were used to
compare characteristics of those with and without seizure
experience and to compare males and females with seizures.
Using longitudinal data, subjects were divided into three groups
based on seizure experience. Participants who reported no
seizures ever and who were observed at least once at or over the
age of 15 comprised one group; participants who reported having
seizures but only for a period <3 years and were followed at least
2 years after the last reported seizure comprised a second group;
and participants who reported seizures over a period >3 years
comprised the third group. Comparisons of demographic and
clinical variables between these three groups were made using
chi-square tests or Fisher’s exact tests, for categorical variables,
and Wilcoxon rank-sum test and Student’s t-tests for continuous
variables, as appropriate.

Kaplan–Meier survival estimates were produced to model and
plot time to first reported seizure for the full sample. Mixed-effect
logistic regression models were fit to estimate the rate of current
seizures for age groups, using the longitudinal data, across the full
sample. This model featured random intercepts for subject.

Analyses were performed using SPSS version 26 and SAS
version 9.4. In each analysis reported in this paper, data were used
for all individuals who had valid values for the variables used in
that analysis. Statistical significance level was set at 5%.

TABLE 1 | Demographics of the FORWARD cohort.

Characteristic (N)*

Sex (N = 1607) 77% male

Race/ethnicity (N = 1607) 74.5% White, 7.7% African American,

3.4% Asian, 12.9% Hispanic, 1.4% Other

Age at first visit (years, N = 1607) 26.3% age 0–5, 27.1% age 6–10, 21.0%

age 11–15, 11.4% age 16–20, 14.2% age

21+

Number of visits (N = 1607) 1–804, 2–329, 3–191, 4–103, 5–73, 6–39,

7–39, 8–28, 9–1

ASD by clinician (DSM5, N = 1592) 39.5%

ASD by SCQ (N = 1187) 61% no ASD, 39% ASD

ASD by SRS (N = 1061) 16% no ASD, 42% mild ASD, 42% severe

ASD

Intellectual disability (N = 1536) 7.7% normal, 15.4% DD, 7.4% borderline,

23.2% mild, 38.7% mod, 7.2% severe,

0.3% profound

Current or past seizures (N = 1607) 12%

Current or past sleep apnea

(N = 1323)

16.9%

*N is less than total based on missing data for some items, and the SCQ and SRS were

filled out separately from the Clinician forms and not collected on all individuals.

RESULTS

Characteristics of the 1,607 FORWARD participants with
available seizure data used for this study are shown in
Table 1: 77% were male, 74.5% were White, 7.7% were African
American/Black, 3.4% were Asian, and 12.9% were Hispanic.
The mean age at the baseline evaluation for the cohort was 13.8
years. A history of current or past seizures at any evaluation
was reported for 193 patients (170 males and 23 females) or
12% of the sample. Approximately half had moderate (38.7%) or
severe/profound (7.5%) ID,∼39.5% were diagnosed with ASD by
a clinician, and sleep apnea was present in 16.9% of the cohort.
Severity of ID, ASD symptom severity by SRS-2, and percent of
patients with an ASD diagnosis by SCQ were all lower in females
with FXS relative to males.

In the entire cohort, there were a higher proportion of males
with FXS relative to females who had current or past seizures at
any time prior to baseline or during follow-up, 13.7 and 6.2%,
respectively (Fisher’s exact p < 0.0001). Seizures occurred more
often in severely affected patients, with 68.7% of patients with
seizures having moderate, severe, or profound ID, while only
43% of patients without seizures had this level of ID (chi-square
p < 0.0001 for distribution of ID within the seizure and no
seizure groups, Table 2, Figure 1A). Those with seizures had
later onset of spoken language (age 2.37 vs. 2.02 years, ANOVA
p = 0.03). Those with seizures were more likely to have an
ASD diagnosis compared to those without seizures (53.9 vs.
41.9%, chi-square p < 0.0001, Table 2, Figure 1B). The group
with seizures had a trend to have an increased likelihood of
a diagnosis of ASD by SCQ (score of over 15) at the baseline
FORWARD visit (45.9 vs. 38.3%, Fisher’s exact p = 0.087),
although not statistically significant, and increased severity of
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TABLE 2 | Association of cohort characteristics with seizures.

Characteristic Seizures

(N = 193)

No seizures

(N = 1,414)

p-value**

N (% of total with seizures or no seizures)

Sex <0.0001

Male 170 (88.1) 1067 (75.4)

Female 23 (11.9) 347 (24.6)

Age at first visit* 13.7 (8.7) 11.6 (9.4) 0.004

Age at last visit* 16.1 (8.9) 13.5 (9.8) <0.00001

Race/ethnicity

White non-Hispanic 139 (72.0) 1061 (75.0) 0.6

Black non-Hispanic 17 (8.8) 106 (7.5)

Asian 9 (4.7) 45 (3.2)

Hispanic 24 (12.4) 184 (13.0)

Other 4 (2.1) 18 (1.3)

ASD diagnosis <0.00001

No 80 (41.9) 847 (60.5)

Yes 103 (53.9) 526 (37.5)

ASD by SCQ 0.087

No 80 (54.1) 641 (61.7)

Yes 68 (45.9) 398 (38.3)

Unknown 8 (4.2) 28 (2)

ASD by SRS-2 0.008

Absence of ASD 12 (9.2) 153 (16.4)

Mild ASD 48 (36.9) 401 (43.1)

Severe ASD 70 (48) 377 (40.5)

Level of ID <0.00001

None 5 (2.7) 114 (3.0)

Devel Delay 11 (5.9) 226 (16.7)

Borderline 7 (3.8) 107 (7.9)

Mild 35 (18.8) 322 (23.9)

Moderate 102 (54.8) 493 (36.5)

Severe 25 (13.4) 85 (6.3)

Profound 1 (0.5) 3 (0.2)

Sleep apnea 0.001

Currently 7 (4.2) 29 (2.5)

Past 7 (4.2) 69 (6.0)

No 130 (78.8) 1000 (86.4)

Don’t know 21 (12.7) 60 (5.2)

*Values reported are mean (SD). **Significance (p-value) is reported for distribution of

categories (chi-squared) in characteristic and indicates whether these are differently

distributed between the group with seizures and those without.

ASD symptoms by SRS-2 (9.2 vs. 16.4% absence of ASD, 53.8
vs. 40.5% severe ASD, chi-square p = 0.008). Current symptoms
of obstructive sleep apnea were seen more often in those with
seizures (4.2 vs. 2.5%) which led to a chi-square of p = 0.001
for the distribution of sleep apnea category between those with
and without seizures. However, if one considered past history of
sleep apnea, the distribution of seizures was similar in those with
and without sleep apnea, making it unclear whether there is a
true association. There were no effects of race/ethnicity, place of
residence, household income, or level of education of parents on
the likelihood of patients manifesting seizures at any time.

Patients were more likely to have reported seizures if they
were older at the first and last evaluations (chi-square p < 0.0001
for age distribution between those with and without seizures),
thought likely to be related to being past the typical age of onset of
seizures in FXS. There was no effect of the number of evaluations
in FORWARD.

In the group of 193 patients with seizures (Table 3), the mean
age at the baseline visit was 13.7 ± 8.7 and the number of
evaluations during follow-up was 2.5 ± 1.8. The mean age of
seizure onset was 6.4 ± 6.1, and the mean time elapsed since
the last seizure was 6.4 ± 7.7 years. In most cases, seizure onset
occurred before the age of 10, including 86.7 and 81.8% of males
and females, respectively (Figure 2A). For males (N = 170), 96%
had the first seizure by age 15, with only 4% presenting after
age 15. For females (N = 23), 18.2% had their first seizure after
age 15, a trend in age distribution with borderline significance
(p = 0.058). The age of the last seizure followed a similar
distribution to age of onset of seizures with 70.9% and 63.6% of
seizures resolving by age 10 in males and females, respectively
(Figure 2B). Only 7.9% of males and 18.2% of females had
seizures continuing after age 20; this sex difference, based on a
low number of females, was not significant.

Partial seizures were reported in 25% and generalized seizures
in 31% of patients, with febrile seizures in 8% and the remainder
of seizures being of unknown type (Figure 3A). Males and
females did not show a different distribution of seizure types.

The average number of anticonvulsants used across the entire
group with seizures was 0.91 ± 1.01. Anticonvulsant use was
reported in 60.6% of males with seizures at any evaluation vs.
34.8% of females (Fisher’s exact p= 0.024, Figure 3B), with 37.6%
of males vs. 13.0% of females requiring a single medication (chi-
square p = 0.035), and 23 and 22%, respectively, requiring two
or more medications. The most commonly used anticonvulsant
was oxcarbazepine, followed by valproic acid, lamotrigine, and
levetiracetam (Figure 3C).

During the follow-up period, 26 incident seizures were
reported in 20 males and 6 females in 1945 patient-years
of follow-up, for a calculated rate of 0.013 new seizures per
patient year of follow-up. Incident seizures had an age and
sex distribution resembling that for age and sex distribution of
seizures at baseline. Twelvemales experienced a change in seizure
type in 283 patient years of follow-up, indicating that seizure
type changes about 4.2% of time in follow-up. Figure 4A shows
a Kaplan–Meier plot of age of seizure onset in the FXS cohort,
which reached a plateau by age 15 years. There was also an
apparent increase in seizure onset after age 25, despite the low
actual numbers of adults with seizures. This is most likely because
the Kaplan–Meier model estimated the proportion based only on
the subjects observed until later ages, even though many of the
younger subjects would have likely reached age 25 years without
having a seizure. For that reason, the Kaplan–Meier estimate of
the total proportion experiencing seizures (about 17%) is greater
than the raw calculation of the proportion reporting seizures
(12% as noted above). Figure 4B shows the proportion of patients
having seizures separated into 5 year groups. As expected, the
proportions are higher in the youngest groups, tapering off until
reaching the 26–30 year age group.
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FIGURE 1 | Association between intellectual disability (ID), autism spectrum disorder (ASD), and seizures in FXS. (A) The bar graph depicts the proportion (in

percentages) of individuals with and without seizures at each level of ID. Note the higher proportion of patients with seizures at the higher levels of ID severity. DD

corresponds to developmental delay in younger individuals. (B) The graph shows the proportion (in percentages) of individuals with and without seizures diagnosed (or

not) with ASD. Note in the group with ASD, a higher proportion of patients with seizures.

TABLE 3 | Characteristics of the FXS FORWARD participants with seizures.

Sex # of

evaluations

(clinician form)

Age at first

evaluation

Age of

seizure

onset

SCQ Total

Score

Total SRS T

Scores

# of unique

medications

reported

across all visits

Years from last

seizure onset

to last

evaluation

1 Male Mean 2.48 13.39 6.22 16.17 76.12 0.95 6.42

N 170 170 150 131 114 170 151

SD 1.860 8.748 5.690 6.450 11.161 1.010 7.647

2 Female Mean 2.35 15.83 7.36 11.94* 75.69 0.61 6.23

N 23 23 22 17 16 23 22

SD 1.402 8.072 8.255 4.905 13.489 0.941 7.994

Total Mean 2.47 13.68 6.37 15.68 76.07 0.91 6.39

N 193 193 172 148 130 193 173

SD 1.809 8.686 6.060 6.422 11.415 1.006 7.668

*p = 0.01, no other characteristics are significantly different between males and females.

Patients with persistent seizures, operationally defined as
those with seizures lasting over 3 years (N = 75), were compared
with those with seizures lasting <3 years (N = 70) and those
without seizures who had reached age 15 (N = 514) (Table 4).
The group without seizures was limited to those over 15 years
to ensure that the comparator group had a very low likelihood
of developing seizures. Those without seizures were older at the
first and last evaluation than the other groups; however, this
was expected given the age limitation on this group. There was
no significant difference in age at evaluation between the two
seizure groups. Relative to those with seizures <3 years, those
with seizures lasting >3 years were on more anticonvulsants (p
< 0.0001 both first and last evaluations), were more likely to
have partial seizures and less likely to have febrile seizures (p =

0.005 at first evaluation and 0.03 at last evaluation), made less

language progress during follow-up, had more severe language
impairment at the most recent visit (p = 0.03), and had a
higher proportion of severe/profound ID (although this was
not statistically significant, p = 0.14), but did not have higher
prevalence of ASD, sleep apnea, or severity of behavioral issues
on any subscale of the ABCFX. The lack of language progress in
the group with seizures lasting >3 years was remarkable, with
25% non-verbal at the initial visit and 21.4% remaining non-
verbal at the last visit compared to 14.4% non-verbal at the initial
visit and 5.7% at the last visit for those with seizures lasting <3
years. Underscoring the phenotypical severity associated with
having seizures regardless of duration, those with no seizures
had significantly less severe ID than the <3 year seizure group
(p = 0.003), less severe language impairment at the first but not
the last visit for those with seizures <3 years (p = 0.038 and
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FIGURE 2 | Age of onset and resolution of seizures. (A) Bar graph showing the proportion (in percentages) of individuals, divided by sex, with onset of seizures at

different 5 year bins. Note that, with exception of a subset of females with onset after age 15, most patients with FXS displayed an onset before age 10. (B) Bar graph

showing the proportion (in percentages) of individuals, divided by sex, experiencing last seizures at different 5 year bins. As for seizure onset, most patients had their

last seizure before age 15, with exception of a subset of females who has seizure resolution after this age.

FIGURE 3 | Seizure types and anticonvulsant use in FXS. (A) Pie graph depicting the proportion of each seizure type in the entire FXS cohort. (B) Graphs showing the

number of anticonvulsants per patient in males and females, respectively. Note the higher proportion of males on anticonvulsants. (C) Number of patients with FXS

using the most common anticonvulsants. Oxcarbazepine, valproic acid, and lamotrigine were the three most commonly prescribed anticonvulsants.
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FIGURE 4 | Plot of time to first seizure. (A) Reverse Kaplan–Meier estimates show the estimated proportion of subjects who had their first seizure onset reported, over

ages 0 to 30. Band shows 95% confidence intervals for estimates. For example, approximately 7% of subjects had first seizure onset by age 5, approximately 12% of

subjects had first seizure onset by age 10, and approximately 14% of subjects had first seizure onset by age 15. Bar chart of the model-estimated proportion of

having any seizures during selected age periods (B). Proportion estimates are derived from mixed-effect logistic regression models fit for the odds of having

experienced a seizure, with categorized age as the predictor, and random intercepts for subject.

0.15, respectively), less severe language impairment than those
with seizures >3 years at both visits (p = 0.0004 and 0.0062,
respectively), a higher percent with sustained conversation ability
at both visits than those with seizures <3 years at both visits (p
= 0.0003 and 0.01, respectively), a lower proportion with ASD
diagnosis than both seizure groups at both visits (p = 0.009 for
both groups at the last visit), and lower scores on the ABCFX

Hyperactivity, Irritability, and Stereotypy subscales than both
seizure groups at both visits (p-values ranging from <0.0001
to 0.029).

DISCUSSION

In this study, we characterized seizures in the largest clinically
evaluated cohort of individuals with FXS. In addition, this is
the only longitudinal study of seizures to date in FXS and
thus the only study ever to evaluate incident onset of seizures
prospectively in this syndrome. In addition to confirming
previously reported characteristics of individuals with FXS and
seizures, such as prevalence, sex distribution (13.7% males, 6.2%
females), and association with ASD (19, 26, 33), we identified
an association with current sleep apnea and additional features.
Those with seizures were also more likely to have more severe ID
and later onset of expressive language, findings which have not
been reported before, likely due to lack of sufficient numbers of
subjects (10–15, 26) or lack of clinical assessment or evaluation
of levels of ID and language (19, 33) in prior studies. The
group with seizures was also more likely to have more severe
behavioral problems, as measured by the ABCFX (Hyperactivity,
Irritability, and Stereotypy subscales). Availability of longitudinal
data allowed the delineation of key aspects in the evolution of
seizures in FXS and their association with other features of the
disorder. A longer course of epilepsy in FXS was associated with

greater overall cognitive and language impairments, but notmore
severe behavioral problems.

In this FORWARD cohort, individuals with FXS and seizures
were more likely to have ASD diagnosed by the clinician based
on DSM5 criteria. The association between seizures and a clinical
diagnosis of ASD in children with FXS is supported by the
finding that this subset has more severe ASD symptoms on the
SCQ and SRS-2. Consistent with our findings, previous studies
have found an association between the diagnosis of ASD and
seizures and children with ASD with seizures have been found
to have more severe ASD symptoms (34, 35). However, although
previous studies suggested that children with ASD and genetic
disorders have high rates of epilepsy (36), this study suggests that
the rate of seizures in FXS is rather moderate, at 12%, comparable
to the 12.1% rate of epilepsy in individuals with idiopathic ASD
reported in a recent meta-analysis (37). Additionally, studies on
children with ASD also demonstrate that many have subclinical
epileptiform discharges in a centrotemporal pattern (38, 39) and
occipital regions (40), similar to EEG profiles reported in FXS
(13, 15, 19–21). Children with ASD and EEGs with subclinical
epileptiform discharges are found to be more severely impaired
(35, 41) but may show improvement in behavior and cognition
with treatments targeted to reduced epileptiform discharges (35,
38, 42). Although EEG data were not collected in the FORWARD
study, children with FXS and an abnormal EEG are a subgroup of
FXS patients that may warrant closer study.

Onset of seizures in FXS was typically (>80%) below age 10,
with a very low proportion of males having seizure onset after age
15 years. A higher percent of females had seizure onset after age
15 years, which suggests a slightly different pattern for seizure
onset in females, although females with first seizure at age >15
represented only four patients. Thus, the marginally significant
chi-square (p= 0.058) for a different male–female distribution of
age of seizure onset may be due to the relatively small number
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TABLE 4 | Comparison of characteristics between groups with no seizures, seizures reported for < 3 years, and seizures reported for > 3 years*.

Overall

(N = 659)

No Seizures

(N = 514)

Seizures < 3 years

(N = 70)

Seizures > 3 years

(N = 75)

p-values

Variable n % or Mean

(SD)

n % or Mean

(SD)

n % or Mean

(SD)

n % or Mean

(SD)

Overall 1 vs. 2 1 vs. 3 2 vs. 3

Number of evaluations 659 2.8 (2.0) 514 2.8 (2.0) 70 2.6 (1.7) 75 2.8 (2.1) 0.7533 0.4488 0.8982 0.6178

Number of evaluations [Min, Max] 659 (1, 9) 514 (1, 9) 70 (1, 8) 75 (1, 8)

Number of evaluations–binary 0.5789 0.8537 0.3185 0.3821

1 235 35.7% 180 35.0% 24 34.3% 31 41.3%

2+ 424 64.3% 334 65.0% 46 65.7% 44 58.7%

Gender 0.0535 0.0537 0.1033 0.7522

Male 520 79.0% 395 77.0% 61 87.1% 64 85.3%

Female 138 21.0% 118 23.0% 9 12.9% 11 14.7%

Age at first evaluation 659 19.9 (9.6) 514 21.1 (9.4) 70 14.7 (8.3) 75 16.4 (9.5) <0.0001 <0.0001 <0.0001 0.2669

Age at last evaluation 659 22.6 (9.3) 514 23.8 (9.0) 70 17.6 (8.4) 75 18.9 (9.6) <0.0001 <0.0001 <0.0001 0.3685

Years between first and last

evaluation

419 4.3 (2.2) 330 4.3 (2.3) 46 4.3 (2.1) 43 4.4 (2.2) 0.9798 0.8835 0.4309 0.4973

Age of onset 135 6.7 (6.6) N/A 66 5.9 (5.3) 69 7.5 (7.6) N/A N/A N/A 0.1625

Mean inter-evaluation period 423 1.8 (1.2) 333 1.8 (1.2) 46 2.0 (1.2) 44 1.6 (1.0) 0.3655 0.3427 0.3576 0.1326

Number of AEDs first evaluation 659 0.1 (0.5) 514 0.0 (0.0) 70 0.3 (0.5) 75 1.1 (1.0) <0.0001 <0.0001 <0.0001 <0.0001

Number of AEDs first evaluation

[Median (IQR)]

659 0.0 (0.0-0.0) 514 0.0 (0.0-0.0) 70 0.0 (0.0-0.0) 75 1.0 (0.0-2.0)

Number of AEDs last evaluation 659 0.2 (0.5) 514 0.0 (0.0) 70 0.3 (0.5) 75 1.3 (1.0) <0.0001 <0.0001 <0.0001 <0.0001

Number of AEDs last evaluation

[Median (IQR)]

659 0.0 (0.0-0.0) 514 0.0 (0.0-0.0) 70 0.0 (0.0-0.0) 75 1.0 (1.0-2.0)

Seizure type first seizure

evaluation

N/A N/A N/A 0.0051

Generalized 61 45.5% N/A 28 43.8% 33 47.1%

Partial 46 34.3% N/A 16 25.0% 30 42.9%

Febrile 11 8.2% N/A 10 15.6% 1 1.4%

Unknown 16 11.9% N/A 10 15.6% 6 8.6%

Seizure type last seizure

evaluation

N/A N/A N/A 0.0363

Generalized 39 45.9% N/A 19 42.2% 20 50.0%

Partial 25 29.4% N/A 10 22.2% 15 37.5%

Febrile 11 12.9% N/A 10 22.2% 1 2.5%

Unknown 10 11.8% N/A 6 13.3% 4 10.0%

Intellectual disability Dx last

evaluation

0.0001 0.0003 0.0735 0.1380

No ID 35 5.5% 31 6.3% 4 5.8% 0 0.0%

Delayed development 3 0.5% 0 0.0% 3 4.3% 0 0.0%

Borderline 35 5.5% 30 6.1% 2 2.9% 3 4.3%

Mild 146 23.0% 119 24.0% 11 15.9% 16 22.9%

Moderate 356 56.2% 274 55.4% 42 60.9% 40 57.1%

Severe 57 9.0% 40 8.1% 7 10.1% 10 14.3%

Profound 2 0.3% 1 0.2% 0 0.0% 1 1.4%

Language milestone (Q24) first

evaluation

0.0049 0.0378 0.0004 0.6416

Non-verbal 12 1.8% 6 1.2% 2 2.9% 4 5.3%

Signing 7 1.1% 5 1.0% 0 0.0% 2 2.7%

Babbling 2 0.3% 0 0.0% 1 1.4% 1 1.3%

Few words 52 8.0% 34 6.7% 7 10.1% 11 14.7%

Word combinations 64 9.9% 47 9.3% 9 13.0% 8 10.7%

Phrases 512 78.9% 413 81.8% 50 72.5% 49 65.3%

(Continued)
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TABLE 4 | Continued

Overall

(N = 659)

No Seizures

(N = 514)

Seizures < 3 years

(N = 70)

Seizures > 3 years

(N = 75)

p-values

Variable n % or Mean

(SD)

n % or Mean

(SD)

n % or Mean

(SD)

n % or Mean

(SD)

Overall 1 vs. 2 1 vs. 3 2 vs. 3

Sustained conversation (Q26)

first evaluation

0.0009 0.0774 0.0003 0.5314

Non-verbal 26 4.1% 15 3.0% 4 6.0% 7 9.6%

Yes, sustained conversion 385 60.3% 320 64.1% 34 50.7% 31 42.5%

No sustained conversion 228 35.7% 164 32.9% 29 43.3% 35 47.9%

Language milestone (Q24) last

evaluation

0.0034 0.1536 0.0062 0.0358

Non-verbal 8 1.2% 5 1.0% 1 1.4% 2 2.7%

Signing 8 1.2% 5 1.0% 2 2.9% 1 1.3%

Babbling 4 0.6% 2 0.4% 0 0.0% 2 2.7%

Few words 40 6.1% 28 5.5% 1 1.4% 11 14.7%

Word combinations 53 8.1% 37 7.3% 10 14.3% 6 8.0%

Phrases 538 82.6% 429 84.8% 56 80.0% 53 70.7%

Sustained conversation (Q26)

last evaluation

0.0236 0.2432 0.0122 0.1287

Non-verbal 12 2.0% 9 1.9% 0 0.0% 3 4.5%

Yes, sustained conversion 404 65.8% 329 68.4% 41 62.1% 34 50.7%

No sustained conversion 198 32.2% 143 29.7% 25 37.9% 30 44.8%

Autism Dx ever 0.0003 0.0005 0.0246 0.1952

No 321 48.9% 273 53.2% 20 28.6% 28 37.8%

Yes 328 49.9% 234 45.6% 48 68.6% 46 62.2%

Autism Dx current (last

evaluation)

0.0022 0.0095 0.0094 0.3945

Yes 276 43.0% 196 39.0% 39 57.4% 41 57.7%

No 331 51.6% 277 55.1% 28 41.2% 26 36.6%

Don’t know 35 5.5% 30 6.0% 1 1.5% 4 5.6%

Sleep apnea last evaluation 0.1434 0.3075 0.0555 0.6080

No 378 97.2% 295 98.0% 43 95.6% 40 93.0%

Yes 11 2.8% 6 2.0% 2 4.4% 3 7.0%

ABC hyperactivity first evaluation 506 18.8 (7.4) 393 17.9 (6.9) 58 23.3 (8.1) 55 20.6 (8.0) <0.0001 <0.0001 0.0076 0.0795

ABC inappropriate Speech first

evaluation

506 8.4 (3.4) 393 8.3 (3.4) 58 9.1 (3.6) 55 8.1 (3.3) 0.2196 0.1187 0.5732 0.1172

ABC irritability first evaluation 506 31.0 (11.9) 393 29.9 (11.4) 58 35.8 (14.1) 55 33.2 (11.8) 0.0006 0.0004 0.0473 0.2830

ABC social avoidance first

evaluation

506 7.7 (3.4) 393 7.7 (3.4) 58 7.6 (3.4) 55 7.4 (3.4) 0.7930 0.8768 0.4987 0.6881

ABC social unresponsiveness

first evaluation

506 18.8 (5.7) 393 18.5 (5.9) 58 19.9 (5.3) 55 19.6 (5.3) 0.1154 0.0811 0.1916 0.7393

ABC stereotypy first

evaluation

506 10.9 (4.8) 393 10.5 (4.6) 58 12.7 (5.4) 55 11.9 (5.1) 0.0011 0.0010 0.0296 0.4655

ABC hyperactivity last

evaluation

504 17.5 (6.9) 382 16.4 (6.2) 58 21.5 (7.2) 64 20.1 (8.3) <0.0001 <0.0001 <0.0001 0.3237

ABC inappropriate Speech last

evaluation

504 8.0 (3.4) 382 7.8 (3.4) 58 8.7 (3.5) 64 8.4 (3.4) 0.1310 0.0789 0.2204 0.6524

ABC irritability last evaluation 504 30.0 (11.7) 382 28.8 (11.1) 58 33.5 (12.3) 64 34.1 (13.0) 0.0002 0.0032 0.0007 0.8072

ABC social avoidance last

evaluation

504 7.5 (3.4) 382 7.4 (3.3) 58 8.1 (3.8) 64 7.2 (3.3) 0.2760 0.1532 0.6003 0.1568

ABC social unresponsiveness

last evaluation

504 18.4 (5.7) 382 18.2 (5.8) 58 19.0 (5.1) 64 19.5 (5.1) 0.1634 0.3221 0.0856 0.5669

ABC stereotypy last evaluation 504 10.5 (4.6) 382 10.1 (4.3) 58 11.8 (5.0) 64 12.0 (5.0) 0.0006 0.0061 0.0016 0.8347

*for the p-values listed for group comparisons, 1 = no seizures, 2 = seizures for < 3 years, 3 = seizures for > 3 years.
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of females with seizures in the cohort. Consequently, a larger
cohort would be needed to confirm that females with FXS have
a larger proportion of late-onset seizures than males. There is
a new concern in adolescents and adults with idiopathic ASD
of having new-onset seizures (43), especially in those with ID
(44), which appears to be linked to increased morbidity (45, 46).
Interestingly, we did not find this trend in those with FXS,
making this less of a concern in this genetic disorder.

As with idiopathic ASD and many other ID syndromes,
seizure type was variable between patients. However, the
proportions of generalized and partial seizures are in general
agreement with the literature (13–15, 19). Overall, the number
of anticonvulsants required for those with seizures was low,
consistent with past observations (15, 19). As might be
expected considering that males with FXS are more affected
than females, males with seizures were more likely to be on
anticonvulsants, including multiple drugs, and to be followed
in clinic and in FORWARD longer than females with seizures.
The anticonvulsants used in the FXS population were consistent
with recommendations in the field (2, 19, 47) and were those
typically employed in any pediatric seizure population, and
similar perhaps with somewhat less use of levetiracetam, most
likely due to concerns about aggravating behavior.

For all participants with follow-up visits in FORWARD,
new (i.e., incident) seizures were rare, with risk being only
approximately 1% per patient year of follow-up in FORWARD.
Risk of change in seizure type was only approximately 4% per
patient year. The Kaplan–Meier plot (Figure 4) shows risk of
having seizures at any given age across the lifespan. It is clear that
most seizures are present early in life. After being stable through
the 15–25 year age period with fewer patients having any seizure
during this time period, the proportion of seizures goes up after
age 25, most likely due to the small number of adults >25 years
old included in FORWARD to date. There is also a likely referral
bias such that patients are more likely to remain in care at an FXS
clinic if they have ongoing seizures or be referred to an FXS clinic
if they have new-onset seizures. This may be particularly the case
for clinics run by pediatric neurologists, who tend to see adults
with FXS more readily. Since the FORWARD project is now
focused on increasing enrollment of adults, it is expected that
more definitive estimates can be obtained for seizure prevalence
and onset in adults upon future analysis of a larger cohort.

When patients with longer duration of seizures (>3 years)
were compared with those with shorter duration (<3 years),
only a few differences emerged, including increased use of
anticonvulsants, higher prevalence of partial seizures, and lower
prevalence of febrile seizures and, most importantly, more severe
language outcomes despite lack of differences in behavioral
abnormalities (including ASD) and non-significant increases in
ID severity. This suggests that a longer course of seizures in FXS
is an index of severity linked to more severe outcome in this some
functional domains. It is possible that the division of the groups
at 3 years of persistent seizures did not isolate those with the most
severe phenotypes and a 5 year cutoff might have been better
to more fully explore this concept. Nonetheless, there were not
enough patients in FORWARD with 5 years of longitudinal data
at present to support such an analysis.

Strengths of this study are the size of the subject sample,
very large for rare disease standards, and the ability to examine
longitudinal data. Weaknesses include lack of availability of
follow-up visits into the late teenage years in about half the
cohort, lack of complete evaluations of seizure type (many were
undefined), and a relatively small population of adults in the
current FORWARD database. Additionally, as participants with
FXS were not a randomly selected, sampling biases inherent to
clinic-based samples cannot be discounted.

Based on the data from this study, the prototypical individual
with FXS and seizures would be male, with moderate or severe ID
and expressive language delay, with a DSM-5 diagnosis of ASD
and a corresponding SCQ >15 and SRS-2 in the severe range,
who had a first evaluation at a FORWARD (perhaps any FXS)
clinic after age 5. Females with FXS and seizures would show
similar characteristics; however, among females a subgroup with
a distinctive but uncommon profile of onset of seizures after age
15 is identified. It appears that this subgroup has greater cognitive
impairment than other females with or without seizures and had
a first evaluation at a FORWARD clinic after age 15. The duration
of seizures also seems to be a parameter associated with worse
outcomes, particularly in cognitive function.

FMRP has been linked to seizures in FXS through excessive
mGluR5 signaling of dendritic translation, based on reversal of
audiogenic seizures by mGluR5 blockers in the fmr1 knockout
mouse (48). FMRP also operates presynaptically and may cause
seizures through interruption of a direct interaction of FMRP
with a presynaptic BK channel subunit (49). Seizures are
associated withmutations in CYFIP2, which interacts with FMRP
(50), and FMRP appears to underlie enhanced mLTD in adult
rats triggered by early-life seizures (51). Thus, absence of FMRP
may potentiate seizure via multiple neural mechanisms which
are likely to vary between patients, thus resulting in variable
penetrance and severity of seizures in FXS. However, likely the
presence of seizures is a signal of more problematic neural and
synaptic dysfunction related to variation in FMRP deficits in
cells, and variation in these multiple interacting pathways. The
present study adds to the understanding of the characteristics,
risk factors, and course of seizures in FXS and provides a
basis for anticipatory guidance for clinicians and families. The
study also defines gaps and additional areas of investigation
that could answer further questions about seizures, their
neural underpinnings, and their evolution across the lifespan
in FXS.
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Objective: Poor physiological regulation in response to threat is linked to multiple

negative developmental outcomes including anxiety, which is highly prevalent and

impairing in young children with neurodevelopmental disabilities like fragile X syndrome

(FXS) and autism spectrum disorder (ASD). The present study contrasted cardiac startle

response in pre-school-aged children with FXS, with and without ASD, to children with

non-syndromic ASD (nsASD) and neurotypical controls (NT). The relationship of cardiac

startle to non-verbal mental age (NVMA), ASD severity, and parent-reported anxiety was

also examined.

Method: Four age-matched groups of pre-school children participated including those

with FXS without ASD (FXS-Only, n = 21), FXS with ASD (FXS+ASD, n = 17), nsASD

(n = 42), and NT children (n = 27). Participants viewed a silent movie during which a

single 200ms 98-decibel white noise burst occurred. Cardiac activity was analyzed for

pre-stimulus respiratory sinus arrhythmia (RSA) and the inter-beat intervals (IBI) at the

auditory stimulus and 10 s post-stimulus. The Spence Pre-school Anxiety Scale, Autism

Diagnostic Observation Schedule-2nd Edition, and Mullen Scales of Early Learning were

examined in relation to startle response.

Results: The nsASD group demonstrated heightened cardiac activity at the auditory

stimulus and 10 s post-stimulus compared to the NT controls. Neither of the FXS groups

showed differences from any other group. Higher pre-stimulus RSA was associated with

reduced cardiac response across groups, while the relationship between cognitive ability

and ASD severity to cardiac response varied between groups. Parent-reported anxiety

was not associated with cardiac response for any group.

Conclusion: These findings demonstrate group distinctions in cardiac responses to

auditory startle. Although FXS and ASD share behavioral characteristics, the nsASD

group showed a heightened cardiac startle response compared to the NT group that

was not present in the FXS groups with or without ASD. Non-verbal mental age was

associated with greater stimulus or post-stimulus reactivity for all groups except the
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FXS+ASD group, which showed no association between startle response and any

clinical outcomes. Increased understanding of the relationship between physiological

regulation and clinical outcomes will assist in identifying the timing and targets for effective

interventions for individuals with neurodevelopmental disabilities.

Keywords: pre-school, intellectual disabilities (ID), anxiety, heart activity, physiological startle, autism spectral

disorder (ASD), fragile X syndrome

INTRODUCTION

Physiological regulation during threat is a critical adaptive
response formed early in development. When a threat is
experienced, the autonomic nervous system (ANS) activates
the sympathetic branch in response, while the parasympathetic
branch supports the body in recovering to a baseline state after
the threat has passed. Well-integrated physiological regulation is
related to a range of positive outcomes including better language
skills, increased social responsiveness, peer engagement,
emotion recognition, healthy social attachment, and social
approach (1, 2). In contrast, physiological dysregulation is
linked to a litany of maladaptive outcomes including emotion
dysregulation, social deficits, delayed adaptive skills, and a
range of psychological disorders (3, 4). Specifically, a heightened
physiological response and reduced modulation in response
to threat, like an auditory startle, can be indicative of anxiety
(5, 6). Individuals with neurodevelopmental disabilities
are at an elevated risk for physiological dysregulation and
emotional difficulties, despite differing etiologies. Because there
is a clear relationship between physiological regulation and
developmental outcomes (7, 8), studying this phenomenon
in individuals with neurodevelopmental disabilities can
provide unique insights into the biological mechanisms
of anxiety.

One way to capture physiological regulation is to measure
heart activity in response to threat. Two cardiac indices of

physiological regulation are inter-beat interval (IBI), defined as
the time between heartbeats and an indicator of heart rate, and

respiratory sinus arrhythmia (RSA), the temporal variation in

IBI synced with respiration. When faced with an unpredictable

or sudden threat, a specific pattern of physiological reactivity,
known as the startle response, is often observed. This startle
response is considered a primitive, elicited response to intense
or sudden stimuli that prepares the body for “fight or flight”
(9). During a startle response, the sympathetic nervous system
is activated, allowing blood flow to move more rapidly to the
extremities and breathing to increase, which allows the body to
mobilize a response. During this phase, both reduced IBI (i.e., less
time between heartbeats), and reduced RSA (i.e., less variability
in the time between heartbeats) are typically observed. After the
threat has passed, the parasympathetic nervous system becomes
activated, which causes breathing to slow and blood flow to
return to central organs (10). Additionally, IBI and RSA both
increase as they return to baseline “resting state” levels.

Individuals with anxiety often show an atypical physiological
startle response. For example, adults and children with anxiety

exhibit lower resting RSA, which leads to the sympathetic system
over-responding to threat, causing an exaggerated startle reflex of
increased muscle tension, blink response, RSA withdrawal, and
galvanic skin response. Individuals with lower resting RSA also
show a slower return to baseline state after a threat (5, 6, 11).
Additionally, children with anxiety often exhibit a shorter IBI
at resting state and a slower IBI recovery than non-anxious
peers, suggesting that they have restricted autonomic flexibility
in response to threatening stimuli (4, 8, 12). Evidence also
suggests that lower RSA during a resting state is predictive of a
heightened startle response in typical adults (11). Taken together,
these studies provide compelling evidence that physiological
dysregulation, particularly in response to threat, may underlie
vulnerability to anxiety in neurotypical individuals. However,
little work has examined IBI and RSA during a startle paradigm
in children with neurodevelopmental disorders, such as autism
spectrum disorder (ASD) or fragile X syndrome (FXS).

Children with neurodevelopmental disorders appear to be at
elevated risk for both physiological dysregulation and anxiety.
Autism spectrum disorder (ASD) is a neurodevelopmental
disorder characterized by deficits in social communication skills
and the presence of restricted, repetitive behaviors (13). Current
estimates suggest that 1 in 54 children have an ASD, and ∼40–
50% will develop a co-occurring anxiety disorder (14–16). Fragile
X Syndrome (FXS) is a monogenic disorder characterized by
atypical social and communication skills, repetitive behaviors,
and intellectual disability. Approximately 1 in 4,000 males and 1
in 8,000 females have the full mutation of FXS, which results from
a mutation on the FMR1 gene of >200 CGG repeats (17, 18).
Similar to children with ASD, children with FXS are also at
a heightened risk for developing comorbid anxiety disorders
(50–86%) (19, 20). Children with FXS also exhibit a behavioral
phenotype that is strikingly similar to ASD, with ∼60% of
children with FXS also meeting diagnostic criteria for ASD
(21, 22). For instance, repetitive speech and behaviors, social
avoidance, aberrant eye contact, and physiological dysregulation
are features common to both ASD and FXS. Given the similar
behavioral phenotypes but divergent etiology between non-
syndromic ASD (nsASD) and FXS, cross-population studies can
provide insight into genetic contributions to physiological and
emotional dysregulation (2).

Studies of children with ASD suggest that autonomic
dysregulation is common in this population with findings
showing a persistent state of hyperarousal, though the pattern
of findings are not consistent. For example, at baseline, most
studies have found that individuals with ASD are hyper-aroused,
showing lower RSA and higher heart rate than peers, yet some
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studies found no differences (2, 23). Physiological responses to
threat also appear to be atypical but varied in ASD, as evidenced
by hyperarousal during cognitive tasks (elevated heart rate, lower
RSA), no differences in heart rate during social interactions, and a
blunted heart rate during social performance tasks (lower during
stress) (24–26).

Some evidence suggests that features comorbid with ASD
can also influence physiological response to threat, including
anxiety and intellectual disability (ID). The role of anxiety in
physiological responses to stress within ASD is limited and not
well-understood. In studies of children and adolescents with
ASD and comorbid anxiety, a blunted physiological response
to threat (i.e., lower heart rate, less electrodermal activity) has
been found compared to individuals with ASD only and typically
developing peers (25, 27). In addition to anxiety, differences are
also evident in individuals with ASD and ID in that some studies
indicate that these individuals are hyper-aroused and show little
variation in HR in response to stimuli (23). Combined, these
findings suggest that the coordination of the sympathetic and
parasympathetic nervous system’s threat response is disrupted
in some way, particularly in those children who also have
anxiety or ID alongside ASD. Understanding the characteristics
and outcomes of children with poor physiological regulation is
important because reduced resting RSA has been associated with
poorer language skills and social responsiveness in children with
ASD. Overall, evidence suggests that physiological regulation
has critical implications for downstream social-communicative
functioning (3, 23, 28).

Evidence for physiological dysregulation is generally more
consistent in children with FXS than in children with ASD.
Overall, individuals with FXS show a developmental effect that
becomes more pronounced with age, from hypo-arousal in the
first 2 years of life toward hyperarousal thereafter, exhibiting
reduced IBI and RSA during resting state (2, 29). In response to
threat, one study found that infants with FXS showed reduced
RSA during a stranger approach paradigm, a task designed to
elicit social fear where an examiner dresses in a disguise and
approaches the child (30). Another study found no differences in
change in IBI in response to an auditory startle between boys with
FXS and neurotypical boys, but did find that older boys with FXS
showed a stronger startle response than younger boys with FXS
(31). Similarly, in another study examining heart activity during
rest and stress, adolescents with FXS remained in an aroused state
throughout rest and stress periods (i.e., reduced RSA, shorter IBI)
compared to typically developing peers (32). Thus, it appears that
children with FXS exhibit chronic hyperarousal through baseline
arousal as well as response to cognitive or social threats, which
becomes more pronounced over age. However, the link between
the physiological startle response and anxiety has not been
investigated in FXS. Further, information regarding the potential
impacts of co-occurring ASD on physiological dysregulation
in FXS is limited, although evidence suggests that individuals
with ASD+FXS often have behavioral differences and decreased
cognitive and adaptive functioning (21, 33). Given the differences
in developmental profiles, a direct comparison of startle response
between children with FXS with and without ASD could provide
insight into underlying physiological differences.

Although a link between physiological response to threat
and anxiety has been established in neurotypical populations,
it remains understudied in clinical groups at elevated risk for
anxiety, such as ASD and FXS. A clearer understanding of the
cardiac startle response in individuals with neurodevelopmental
disabilities and how it relates to clinical features can provide
insight into the mechanistic underpinnings of negative
behavioral outcomes and guide the development of targeted
prevention and intervention programs. The present study is the
first to assess the cardiac startle response in pre-school-aged
children with nsASD, FXS with comorbid ASD (FXS+ASD), and
FXS only (FXS-Only) compared to neurotypical peers (NT). Our
specific research questions are as follows:

1a. Are there differences in cardiac response (IBI) to threat
during an auditory startle paradigm between pre-school
children with nsASD, FXS+ASD, and FXS-Only compared
to NT controls? 1b. Does pre-startle RSA predict startle IBI
differentially across groups?

2. Does cardiac response to startle (IBI) relate to non-verbal
mental age, ASD severity, or parent-reported anxiety, and do
these relationships differ by group?

Given the current evidence for cardiac dysregulation in both
FXS and ASD, it is anticipated that the clinical groups will
demonstrate an exaggerated physiological response to threat
(shorter IBI) after an unexpected auditory stimulus compared
to the neurotypical (NT) controls. Additionally, it is expected
that higher baseline RSA will be associated with longer IBI
during the auditory stimulus, regardless of group. Exaggerated
startle is expected to be related to clinical outcomes including
low non-verbal mental age, high ASD severity, and high anxiety
symptoms, given the connection between poor regulation and
negative outcomes.

METHODS

Participants
Participants for this study were drawn from an ongoing NIMH
study (1R01MH107573-01A1; PI: Roberts) that is focused on
the emergence of anxiety symptoms in young children with
neurodevelopmental disabilities. The present sample consisted
of 107 children between 36 and 72 months of age divided into
four diagnostic groups: non-syndromic ASD (nsASD; n= 42, 36
males), FXS with comorbid ASD ruled out (FXS-Only; n= 21, 11
males), FXS with comorbid ASD (FXS+ASD; n = 17, 13 males),
and neurotypical controls (NT; n = 27, 20 males). Participants
were excluded if they were born premature (gestational age <

37 weeks) or had a history of seizures. Participants with FXS
were confirmed to have the full mutation (>200 CGG repeats) of
the FMR1 gene through genetic records. The nsASD group had
no known genetic disorders. Autism diagnoses for the nsASD
and FXS+ASD groups were confirmed through a Clinical Best
Estimate (CBE) review process (22). The NT sample had no
known diagnoses nor family history of ASD. The FXS-Only and
NT samples were confirmed to not have ASD through the CBE
process. Both males and females were included in the study in
order to reflect the heterogeneity of the populations.
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Measures
Auditory Startle Paradigm
TheAnxiety Dimensional Observation Schedule (Anx-DOS) (34)
is an observational measure that consists of a variety of tasks
designed to elicit anxious and fearful behaviors in pre-school-
aged children. During the auditory startle task, each participant
watched a two-and-a-half-minute silent children’s movie while
wearing a heart ratemonitor. Approximately halfway through the
movie, a 200ms white noise burst occurs at∼98 decibels.

Physiological Regulation
Heart activity data was recorded continuously through two
electrodes placed onto the child’s chest using the Actiwave
Cardio Monitor (CamNtech Ltd., Cambridge, UK) at 1,024Hz.
To ensure uniformity among participants, a trained research
assistant identified the heart activity data period of interest
as 30 s prior to the auditory stimulus through 90 s after. The
cropped heart activity data was visually inspected and edited
off-line for artifacts, arrhythmias, and false heart periods by
trained research assistants using CardioEdit software (Brain-
Body Center, University of Illinois at Chicago). Mean values for
RSA and IBI were extracted using CardioBatch software (Brain-
Body Center, University of Illinois at Chicago). To calculate RSA
values, CardioBatch samples sequential heart periods at 250ms
epochs and then de-trends the data with a 21-point moving
polynomial algorithm (35). The data was then bandpassed
filtered to extract variance associated with spontaneous breathing
parameters (0.24–1.04Hz). The variance was then changed to its
natural logarithm to provide an estimate of RSA.

Pre-Stimulus RSA was defined as the mean RSA for the 30 s
prior to the auditory stimulus as a measure of baseline RSA.
Stimulus IBI was themean IBI extracted from the 1-s interval that
began at the onset of the auditory stimulus. Post-stimulus IBI was
the mean IBI extracted from the 1-s interval at 10 s post-stimulus
(Figure 1). Pre-stimulus RSA assessed the capacity for regulation
during the startle, while stimulus and post-stimulus IBI captured
the acute cardiac startle response.

Autism Diagnosis and Severity
The Autism Diagnostic Observation Schedule- 2nd Edition
(ADOS-2) is a semi-structured, play-based observational
measure assessing the presence of autism symptomology
(36). The tasks in the ADOS-2 are designed to elicit social-
communication skills, and the presence of restricted, repetitive
behaviors. The ADOS-2 has four modules (1–4), ranging
from non-verbal to fluent verbal abilities. The ADOS-2 was
administered and scored by research reliable, graduate-level
professionals and reviewed by a licensed psychologist through
the CBE process to confirm an ASD diagnosis in the ASD
group. Site reliability was conducted on 20% of the ADOS-2
administrations (item-level inter-rater agreement = 83.3%).
The Calibrated Comparison Score (CSS) is an overall severity
composite relative to children of similar language abilities,
ranging from 1 to 10. The CSS was used as a continuous variable
of ASD severity across groups for analysis in the present study.

Anxiety Symptoms
The Spence Pre-school Anxiety Scale (PAS) (37) is a 34-item
caregiver report of anxiety symptoms in children aged 2.5–6.5
years. Item scores range from 0 to 4 and summary scores are
computed for Generalized Anxiety, Social Anxiety, Obsessive-
Compulsive disorder, Physical Injury Fears, Separation Anxiety,
and Total Anxiety. For this study, the Total Anxiety raw score
was used as a measure of overall anxiety symptoms. While the
PAS was developed for typically developing children, studies
suggest that it is an appropriate tool for parent-reported anxiety
for children with ASD because many questions target observable
behaviors (38–40).

Developmental Level
The Mullen Scales of Early Learning (MSEL) (41) is a
standardized measure designed to assess development from birth
to 68 months across gross and fine motor skills, receptive
and expressive language, and visual reception. Children with
ASD and FXS often have language delays that can overshadow
cognitive skills, particularly before age 5 (42). Evidence suggests
that non-verbal IQ is a more stable and accurate representation
of cognitive ability in young children with ASD (43). Thus, non-
verbal mental age (NVMA) was used as an index of non-verbal
cognitive ability for the present study. NVMA was computed
by averaging the visual reception age equivalent and the fine

motor age equivalent (
VR age +FM age

2 ) (44). The MSEL shows
good internal consistency for each subscale (0.75–0.08), and
test-retest reliability (0.70–0.80).

Analytic Plan
Statistical analyses were conducted through three phases:
preliminary analysis, stimulus analysis (RQ1), and correlates
of startle response (RQ2). First, in the preliminary analysis,
groups were compared through one-way analyses of variance
(ANOVAs) to assess for group differences in chronological age,
NVMA, ADOS-2 CSS, and PAS Total Anxiety scores. Pre-
stimulus IBI was also compared through a one-way ANOVA
to assess for group differences in IBI prior to the auditory
stimulus (i.e., baseline IBI). Second, to evaluate the cardiac
response to the auditory stimulus across a 90-s task (RQ1a),
multilevel regression models were run to assess group differences
in IBI during the 1-s period that began at the onset of the
auditory stimulus and the 1-s period occurring 10 s post-stimulus
to test time-by-group interactions. The interaction was probed
by centering time at the stimulus and at 10 s post-stimulus to
determine any points of significant divergence in IBI trajectories
(45). Because IBI increases during the pre-school developmental
period, groups were matched on chronological age. Then, a
multiple regression model was run to assess if pre-startle RSA
predicted startle IBI with group as a covariate (RQ1b). Finally,
a within-group bivariate correlations were used to determine
patterns of association between PAS Total Anxiety scores, ADOS-
2 CSS, or NVMA and IBI at the stimulus and post-stimulus across
each group (RQ2).

Frontiers in Psychiatry | www.frontiersin.org 4 January 2022 | Volume 12 | Article 729127255

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Ezell et al. Cardiac Startle and Clinical Correlates

FIGURE 1 | Three phases of the auditory stimulus paradigm.

FIGURE 2 | Epoch by group comparison of inter-beat intervals during startle paradigm. *Significant differences were seen between the ASD and the NT groups for

stimulus (p = 0.03) and post-stimulus IBI (p = 0.02).

RESULTS

Preliminary Analysis: Group Comparisons
for Age, ADOS-2 CSS, NVMA, Spence
Anxiety, and Pre-stimulus IBI
Results of the first one-way ANOVA showed no significant group

differences for chronological age [F(3,106) = 0.14; p = 0.94]. As

anticipated, significant differences were found for ADOS-2 CSS
between groups [F(3,92) = 78.8; p< 0.001], in that the nsASD and

FXS+ASD groups showed significantly higher severity scores

than the FXS-Only and NT groups, and the FXS-Only group
showed higher severity scores than the NT group. Results of the
one-way ANOVA for NVMA also showed significant differences
between groups [F(3,102) = 24.3; p < 0.001]. As expected, the
NT group demonstrated significantly higher NVMA than the

FXS + ASD, ASD, and FXS-Only groups, and the FXS+ASD
group showed significantly lower NVMA than all groups. The
nsASD and FXS-Only groups were not significantly different on
NVMA. For the PAS Total Anxiety Raw score, no significant
group differences were observed [F(3,92) = 1.48, p= 0.23]. Lastly,
results of the one-way ANOVA indicated that groups did not
differ on pre-stimulus IBI [F(3,102) = 1.25, p = 0.29]. Table 1
depicts means and standard deviations for each group.

Startle Analysis (RQ 1a): Group
Comparisons for IBI at Stimulus and
Post-stimulus
Multilevel regression model results with time centered at the
stimulus (30 s) indicated that the nsASD group exhibited a
significantly shorter IBI than the NT group (b = −33.856,
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TABLE 1 | Descriptive data by group.

Gender

M:F

Age in

months

Mean (SD)

ADOS-2

CSS

Mean (SD)

NVMA

Mean (SD)

Spence raw

total

Mean (SD)

Pre-stimulus

IBI

Mean (SD)

Pre-stimulus

RSA

Mean (SD)

nsASD

(n = 42)

36:6 46.08 (8.0) 7.09 (1.4)a
(n = 35)

30.24 (11.2)b
(n = 40)

12.17 (10.0)

(n = 35)

574.06

(73.48)

5.90 (1.44)

FXS-only

(n = 21)

11:10 47.46 (7.7) 3.56 (1.8)b
(n = 18)

35.08 (10.3)b
(n = 20)

14.44 (11.1)

(n = 18)

577.18

(57.56)

6.08 (1.25)

FXS + ASD

(n = 17)

13:4 46.10 (9.3) 7.33 (1.5)a
(n = 15)

22.50 (5.9)c
(n = 16)

15.47 (9.3)

(n = 15)

583.71

(105.29)

5.20 (1.99)

NT

(n = 27)

20:7 46.55 (9.2) 2.0 (1.2)c
(n = 25)

47.59 (10.7)a
(n = 27)

9.8 (6.2)

(n = 25)

584.89

(76.40)

6.30 (1.39)

Group differences (p < 0.05) are indicated by different subscripts.

TABLE 2A | Regression model centered at stimulus.

b SE(b) P

Intercept 609.445 13.190 <0.001

Epoch 30 s 0.014 0.014 0.90

FXS + ASD −25.850 21.22 0.23

FXS-only −27.508 19.94 0.17

nsASD −35.501 16.91 0.038

FXS + ASD x Epoch 30 s −0.003 0.17 0.99

FXS-only x Epoch 30 s 0.060 0.16 0.71

nsASD x Epoch 30 s −0.126 0.14 0.36

p = 0.027). Neither the FXS-Only group nor the FXS+ASD
groups showed significant trajectories from the NT group
with time centered at the stimulus (see Table 2A; represented
in Figure 2). Results from probing group-by-time interactions
at 10 s post-stimulus (40 s) indicated that the nsASD group
continued to display a shorter IBI than the NT group
(b = −35.120, p = 0.026). Further, the FXS-Only group and
the FXS+ASD groups continued to show similar IBIs to the
NT at 10 s post-stimulus. The interaction of IBI-by-time was
not significant indicating that this group difference was present
regardless of time (see Table 2B). The reference group was
recoded in subsequent models to yield estimates for differences
between the clinical groups in cardiac reactivity. These results
indicated no significant differences between the three clinical
groups for IBI at the stimulus or post-stimulus (ps > 0.594).

Relationship Between Pre-stimulus RSA
and Stimulus IBI (RQ 1b)
Results from the multiple regression model assessing differential
associations of pre-stimulus RSA to stimulus IBI as a function
of group accounted for ∼49% of the variance in stimulus
IBI. Additionally, parameter estimates indicated that accounting
for group, pre-stimulus RSA was a predictor for stimulus IBI
(b = 41.68; p < 0.001) such that for each unit increase in pre-
stimulus RSA, there was an associated increase of 41.7ms in
IBI. Further, a lack of significant group-by-RSA interaction terms

TABLE 2B | Regression model centered at post-stimulus regression.

b SE(b) P

Intercept 609.59 13.25 <0.001

Epoch 40 s 0.014 0.11 0.90

FXS + ASD −25.88 21.31 0.23

FXS-only −26.91 20.03 0.18

nsASD −36.76 16.98 0.032

FXS + ASD x Epoch 40 s −0.003 0.17 0.99

FXS-only x Epoch 40 s 0.060 0.16 0.71

nsASD x Epoch 40 s −0.126 0.14 0.36

TABLE 3 | Regression model of pre-stimulus RSA to stimulus IBI.

b SE(b) p

Intercept 352.40 56.52 <0.001

Pre-stimulus RSA 41.68 8.80 <0.001

FXS + ASD −69.71 70.88 0.33

FXS-only 42.34 88.65 0.63

nsASD 28.69 69.54 0.68

FXS + ASD x Pre-stimulus RSA 18.74 11.70 0.11

FXS-only x Pre-stimulus RSA −11.03 14.10 0.44

nsASD x Pre-stimulus RSA −8.13 11.05 0.46

indicated that the effect of pre-stimulus RSA on stimulus IBI did
not differ as a function of group (see Table 3).

Association Between Startle Response and
Non-verbal Mental Age, ASD Severity, and
Parent-Reported Anxiety (RQ 2)
Lastly, Pearson correlations were tested to assess if non-verbal
mental age, ASD severity, or parent-reported anxiety predicted
stimulus IBI or post-stimulus IBI within each group. NVMA
was significantly correlated with stimulus IBI for the NT group
(r = 0.63, p < 0.001) and FXS-Only group (r = 0.50, p = 0.022)
and for post-stimulus IBI for the NT group (r = 0.53, p = 0.004)
and for the ASD group (r = 0.36, p = 0.022). The FXS+ASD
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TABLE 4 | Post-hoc correlations.

ADOS-2

CSS

NVMA Spence

PAS

nsASD Startle IBI

Post-startle IBI

r = −0.13

r = −0.10

r = 0.26

r = 0.36*

r = 0.22

r = 0.23

FXS-only Startle IBI

Post-startle IBI

r = 0.44

r = 0.53*

r = 0.50*

r = 0.42

r = −0.17

r = −0.08

FXS + ASD Startle IBI

Post-startle IBI

r = −0.19

r = −0.28

r = 0.12

r = 0.29

r = −0.07

r = −0.02

NT Startle IBI

Post-startle IBI

r = 0.27

r = 0.22

r = 0.63**

r = 0.53**

r = −0.13

r = −0.23

*Significant at p < 0.05; ** Significant at p < 0.01.

group did not show an association between NVMA and cardiac
response to stimulus (p > 0.273). ADOS-2 CSS was moderately
correlated with stimulus IBI (r= 0.44, p= 0.07) and significantly
correlated with post-stimulus IBI (r = 0.53, p = 0.02) for the
FXS-Only group, but no relationship was found for any other
groups. Lastly, PAS Total Anxiety Raw Score was not significantly
correlated with stimulus IBI or post-stimulus IBI for any group
(Table 4).

DISCUSSION

Poor physiological regulation in response to threat is linked
to a range of negative developmental outcomes including
anxiety, behavioral difficulties, and low adaptive skills, which
are highly prevalent and impairing in young children with
neurodevelopmental disabilities, like FXS and ASD (2–4). In this
study, we examined the cardiac response to an auditory startle
in an age-matched sample of pre-school children with FXS, ASD,
and typical development.We also investigate clinical features that
are thought to be associated with poor physiological regulation.
Our results indicate that the children with ASD exhibit an
exaggerated cardiac response to a sudden auditory stimulus that
differentiated them from NT children, but no other significant
group differences were observed. Elevated pre-startle RSA was
associated with longer IBI at the stimulus across all the groups.
In contrast, more severe ASD symptoms were associated with
reduced cardiac startle only in the group with FXS that did
not have ASD. Also, elevated non-verbal ability was related to
reduced cardiac startle in the NT, nsASD, and FXS group without
ASD but not in the FXS group with ASD. Finally, parent-reported
anxiety symptoms were not associated with cardiac startle in
any group.

Cardiac Auditory Startle Responses
Across Groups
The present study found that pre-school children with nsASD
showed greater cardiac startle to an auditory startle relative to
NT peers. Our findings are consistent with previous studies of
individuals with ASD that indicate physiological dysregulation
within this population (2, 23, 46, 47). While abnormalities in
arousal are consistent in ASD, specific patterns of physiological

response to stress are varied, possibly reflecting the heterogeneity
of the ASD population. The present study is the first to
assess cardiac startle response in young children with ASD
and ID, as the majority of previous studies were conducted
with individuals with higher cognitive and language abilities
or older individuals with ASD. Given the heterogeneity of
ASD populations, demonstrating hyperarousal in a relatively
homogeneous sample of pre-school children with ASD and ID
compared to an age-matched sample shows that this trend toward
hyperarousal begins early in life.

Understanding patterns of physiological activity in children
with ASD is important, as hyperarousal has been theorized to
underlie behavioral and learning difficulties often present in
ASD. A review by White et al. (47) posits that physiological
hyperarousal in ASD is linked to emotion dysregulation, which
can lead to social and psychological difficulties like anxiety.
Emotional and behavioral problems can impact early learning
and compound existing developmental delays and deficits. For
instance, children with FXS and ASD often have more delays
early in infancy and behavioral difficulties that cause long-term
impairment, including the ability to become independent (48–
53). It is essential to understand the presentation of physiological
abnormalities in ASD early in life in order to improve
developmental outcomes, including social and emotional health
(23, 54).

Our findings show interesting parallels with two studies
assessing startle responses in individuals with FXS. First, a
study by Cohen et al. (45) compared physiological reactivity
(electrodermal, heart activity, eye blink) in males aged 10–17
years old with ASD, FXS+ASD, FXS-Only, and NT controls
as they viewed emotional stimuli. Similar to the present study,
Cohen et al. (45) found that the two FXS groups showed similar
patterns of cardiac reactivity, despite the presence of ASD. In
contrast, in the Cohen et al. study (45), the FXS groups showed
higher cardiac activity than the ASD group, whereas our results
identified elevated cardiac activity in the nsASD group compared
to the FXS groups. Because the present study consisted of young
children, one possible explanation for differences is increased
arousal over age in individuals with FXS (2, 29). Further, the
present study included females and children with intellectual
disabilities, which warrants continued investigation into these
factors and the influence they have on cardiac reactivity in
individuals with ASD and FXS.

The second study assessed the cardiac response to an auditory
startle in boys with FXS aged 1–10.5 years old compared to a
NT age-matched group (31). Similar to the present study, the
Roberts et al. (31) results did not find significant differences in
cardiac response to startle between the boys with FXS and the
NT boys. The study did find that as children with FXS aged, their
cardiac arousal to the startle increased, a shift not seen in the NT
group. Although the developmental shift toward hyper-arousal
with age for individuals with FXS was not seen in the present
study, the sample was limited to pre-school-aged children and
was cross-sectional, rather than longitudinal. Further, the present
study examined the cardiac response in a sample of children
with FXS divided into those with and without comorbid ASD,
which may have implications for the trajectory of arousal in
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FXS. Future studies should examine the longitudinal patterns of
cardiac response to threat in these two groups for nuances in
trajectories as children age into adolescence and the potential
impacts of comorbid ASD.

Relationship Between Cardiac Auditory
Startle and Clinical Features
In the second aim, we examined whether clinical features of
ASD and FXS are associated with cardiac startle responses within
and across groups. Cognitive level is particularly important to
consider, as autonomic regulation has been linked to aspects
of development, like language ability and adaptive functioning,
but has not been assessed directly with cardiac startle in young
children with intellectual disabilities. Interestingly, NVMA was
strongly correlated with post-startle IBI in that, as non-verbal
abilities increased, heart rate decreased. The NT group showed
a moderate positive relationship between non-verbal ability and
startle and post-startle IBI, suggesting that non-verbal abilities
and the physiological regulation during an auditory startle are
moderately linked in typical pre-schoolers. One hypothesis is
that children with higher non-verbal cognitive abilities are able
to regulate their cardiac response better than children with
lower cognitive abilities because they can interpret the startle
as non-threatening. Children with lower cognitive abilities,
however, showed difficulty modulating their cardiac responses
to the startle, suggesting that cognitive delays negatively impact
physiological regulation to threat.

Within the clinical groups, the FXS-Only group also showed
positive correlations between non-verbal ability and startle
response like the NT group, while the nsASD group and the
FXS+ASD group showed no relationship between NVMA and
startle response. The shared behavioral diagnosis of ASD might
indicate that features of ASD are confounding or influencing the
relationship between cognitive ability and startle response. Some
studies have found that cardiac flexibility is positively related
to cognitive ability in ASD, whereas individuals with ASD and
low cognitive abilities show higher physiological arousal and less
flexibility in response to threat (23). Overall, the relationship
between physiological response to startle and cognitive ability
suggests that developmental delays are connected to cardiac
startle in that higher non-verbal ability might support the ability
to regulate physiologically because of the ability to cognitively
cope in response to the startle.

Autism severity also significantly impacts development and
the ability to regulate in response to stressors. The link between
ASD severity and poor RSA is well-established (1, 55) and the
clinical overlap of anxiety symptoms and features of ASD has
been observed in neurotypical and ASD populations (55–58).
Even with these established connections, no studies have assessed
the relationship between cardiac response to startle and ASD
severity within ASD and FXS samples. In the present study, the
FXS-Only group showed a significant relationship between post-
startle heartrate and ASD severity in that the higher the severity
score, the less reactive the heartrate. This relationship was specific
to the FXS-Only group, which uniquely represents a diagnostic
group with ASD symptoms but not ASD. In the FXS-Only group,

ASD severity might represent aspects of ASD behaviors like social
avoidance or repetitive and restrictive behaviors that suggest a
link between specific ASD features and decreased cardiac startle.
Interestingly, neither the ASD+FXS group nor the nsASD group
showed a relationship between ASD severity and startle response,
suggesting that having ASD might overpower any relationship
between ASD severity and startle response.

Lastly, a relationship between parent-reported anxiety and
cardiac reactivity was not found in any group. The relationship
between anxiety and cardiac activity is inconsistent across ASD
and FXS, with some evidence suggesting that the interplay
between anxiety, ASD severity, and cognitive level makes it
difficult to isolate the impact of anxiety alone on autonomic
functioning (2, 59). Anxiety in young children, especially
those with developmental delays, is very difficult to accurately
distinguish from other behavioral difficulties when present (56,
60–62). The reliance on parent reports for interpreting pediatric
anxiety is limiting, as many of these measures are designed
for neurotypical children with classic presentations of anxiety.
Previous research in anxiety in ASD has suggested that higher
functioning individuals show higher levels of anxiety, but these
studies often rely on classic presentations of anxiety. Individuals
with ASD and ID have shown increased problem behavior,
elevated heart rate, and decreased RSA in anxiety-provoking
situations, which is difficult to characterize as anxiety without
multiple sources of data or a functional behavior assessment
(62). Thus, to accurately understand and intervene in anxiety
in individuals with ID, a multi-method approach that evaluates
observed behaviors, physiological data, and clinical interviews is
essential (62, 63).

Anxiety often becomes more distinct and easier to identify as
a child ages and has a greater ability to use language to report
internal feelings and experiences. Thus, anxiety in a pre-school
sample with intellectual disabilities is not only challenging to
measure, but may be subtle, idiosyncratic, or even absent at this
stage of development. Additionally, physiological dysregulation
has been posited to underlie emotion dysregulation, and thus,
cardiac activity during the startle paradigm might better reflect
general emotional dysregulation rather than anxiety specifically
(47). Since, autonomic flexibility is associated with social
functioning, language ability (3), and behavioral problems (1),
the startle paradigm might capture these aspects of development
rather than anxiety. In the present study, ASD severity and non-
verbal cognitive ability exhibited a correlation to cardiac startle
response where parent-reported anxiety did not.

Limitations
Although this is the first study to directly compare heart activity
in pre-school children with ASD and FXS, some limitations
should be considered. First, our groups varied in size and
variability, which could mask patterns or effects in the smaller
groups, particularly the FXS split sample. Additionally, while
the PAS has been used in pre-school children with ID, the
measure was developed for typically developing children, and
thus the nuances of atypical anxiety in children with ASD
and FXS (56) might be missed. Further, the PAS is a parent-
reported measure, as self-report is very challenging in a young
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sample with ID. While parent-report is necessary during the
assessment of children, it is limited to the parent’s perceptions,
observations, and conclusions about their child’s behavior. The
addition of behavioral observations and a clinician-led anxiety
interview developed for children with ASD could clarify the
relationship between physiological regulation and anxiety in pre-
school children with neurodevelopmental disabilities.

CONCLUSIONS AND FUTURE
DIRECTIONS

Individuals with neurodevelopmental disabilities often show
difficulties with autonomic flexibility in response to aversive
stimuli and experience emotional and behavioral dysregulation
alongside physiological dysregulation (2, 64). The present
study assessed cardiac startle response in children with
varying risks for anxiety, ASD, and cognitive delays. The
results demonstrate that physiological dysregulation begins early
in childhood, during windows of time when children are
particularly sensitive to intervention (65–67). Children with
autonomic flexibility have better language, cognitive, and social
skills (3, 23), and thus, the relationship between behavioral
and physiological functioning must be considered in early
interventions. Evidence suggests that incorporating physiological
components, like relaxation and neurofeedback, with learning
social and cognitive skills can lead to more skill acquisition
by individuals with ASD (68–71). Therefore, interventions
addressing physiological regulation in response to environmental
stressors paired with skill-building components can prime the
child to be more receptive to interventions targeting sleep,
attention, and learning.

In order to ascertain the nuances of physiological
regulation and behavioral problems in young children
with neurodevelopmental disabilities, future work should
incorporate behavioral observations alongside physiological
measures. Additionally, integrating measures of sensory
behaviors and emotion regulation could elicit insight into the

interplay of behavioral, physiological, and neurological factors
impacting child development. Further, studies in older and

higher-functioning samples of ASD have found differences in
physiological response when groups are divided into subgroups
of high and low anxiety (27, 72). Thus, distinguishing clinical
groups by anxiety symptoms might delineate the relationship
between high anxiety symptoms and physiological reactivity.
Lastly, including clinical interviews of anxiety that target both
traditional and atypical presentations in young children are
important to clarify the role of anxiety in high-risk populations.
Overall, a richer understanding of the complex relationship
of physiological markers and behavior difficulties in young
children with neurodevelopmental disabilities is a critical
step in developing and refining appropriate interventions for
early childhood.
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Background: Limited success of previous clinical trials for Fragile X syndrome (FXS)

has led researchers to consider combining different drugs to correct the pleiotropic

consequences caused by the absence of the Fragile X mental retardation protein (FMRP).

Here, we report the results of the LovaMiX clinical trial, the first trial for FXS combining two

disease-modifying drugs, lovastatin, and minocycline, which have both shown positive

effects when used independently.

Aim: The main goals of the study were to assess the safety and efficacy of a treatment

combining lovastatin and minocycline for patients with FXS.

Design: Pilot Phase II open-label clinical trial. Patients with a molecular diagnostic of

FXS were first randomized to receive, in two-step titration either lovastatin or minocycline

for 8 weeks, followed by dual treatment with lovastatin 40mg and minocycline 100mg

for 2 weeks. Clinical assessments were performed at the beginning, after 8 weeks of

monotherapy, and at week 20 (12 weeks of combined therapy).

Outcome Measures: The primary outcome measure was the Aberrant Behavior

Checklist-Community (ABC-C) global score. Secondary outcome measures included

subscales of the FXS specific ABC-C (ABC-CFX), the Anxiety, Depression, and Mood

Scale (ADAMS), the Social Responsiveness Scale (SRS), the Behavior Rating Inventory

of Executive Functions (BRIEF), and the Vineland Adaptive Behavior Scale second

edition (VABS-II).

Results: Twenty-one individuals out of 22 completed the trial. There were no serious

adverse events related to the use of either drugs alone or in combination, suggesting

good tolerability and safety profile of the combined therapy. Significant improvement was

noted on the primary outcome measure with a 40% decrease on ABC-C global score

with the combined therapy. Several outcome measures also showed significance.
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Conclusion: The combination of lovastatin and minocycline is safe in patients for FXS

individuals and appears to improve several elements of the behavior. These results set the

stage for a larger, placebo-controlled double-blind clinical trial to confirm the beneficial

effects of the combined therapy.

Keywords: fragile X syndrome, clinical trial, lovastatin, minocycline, intellectual disability, autism spectrum

disorder (ASD), dual treatment

INTRODUCTION

FXS is an X-linked neurodevelopmental disorder caused by
a CGG trinucleotide repeat expansion at the 5′ untranslated
region of the FMR1 gene leading to its methylation and
its consequent silencing. This results in reduced or absent
expression of the FMRP, which is essential for proper brain
development and synaptic functioning (1, 2). Clinically, FXS
is characterized by moderate to severe intellectual disability in
males, often accompanied by aggressivity and social avoidance,
while females generally display a milder and broader cognitive
phenotype. The neuropsychiatric profile of FXS includes
anxiety, autism spectrum disorder (ASD) and attention deficit
and/or hyperactivity disorder (ADHD). Current treatments are
mostly symptomatic with limited efficacy. The latter includes
antidepressants, stimulants, alpha2-agonists, and antipsychotics
(3). There is a crucial need to better understand FXS core
pathophysiology in order to find disease-modifying interventions
capable of changing the natural trajectory of FXS and
significantly reduce family burden (4).

In FXS, lack of FMRP leads to the hyper-phosphorylation
of extracellular signal-regulated kinase (ERK), notably in mouse
brain (5), human post-mortem brain (6, 7), and human platelets
(8). Several lines of evidence suggest that reducing ERK activity
reverts core features of the neurological phenotype of FXS
animal models, including increased protein synthesis activity
(9), cortical hyperexcitability and susceptibility to audiogenic
seizures (10). These abnormalities, robustly found in preclinical
models, recapitulate the enhanced risk of seizures of FXS patients
and the presence of cortical hyperexcitability (11–13). Moreover,
a clinical trial using lovastatin, a lipid-lowering drug that
inhibits the mevalonate pathway and consequently lowers ERK
phosphorylation (14), has been shown to improve the behavior
of individuals with FXS aged 10 to 40 years in the context of a 3-
month open-label trial (15). Interestingly, the observed decrease
in ABC-C global score was somehow linked to the decrease
of ERK phosphorylation in platelets, suggesting a mechanistic
relationship between this pathway and behavioral outcome (8).
More recently, a randomized 20-week placebo-controlled trial
with lovastatin (10–40 mg/day) in 30 FXS participants (10–17
years old) was carried out introducing a parent-implemented
language intervention (PILI) as primary outcome measure (16).
Improved in PILI was reported in both groups during the trial
without significant changes in ABC-C global scores.

In parallel to ERK phosphorylation, lack of FMRP also
leads to increased matrix metalloproteinase-9 (MMP-9) activity,
which has been ubiquitously described in mouse brain (17),

human post-mortem brain (18, 19), and human plasma (20).
Minocycline is a tetracycline antibiotic, an inhibitor of MMP-
9 that showed its potency in the Fmr1 ko mouse correcting
dendritic spine abnormalities (17), synaptic structures (21) while
improving behavioral phenotypes (17, 22). In FXS participants,
8-weeks of treatment with minocycline was shown to improve
behavior during an open-label clinical trial (23). The treatment
was well-tolerated although seroconversion was reported in
two subjects described as increased Anti-Nuclear Antibodies
(ANA) titer. More recently, a double-blind placebo-controlled
trial found that minocycline given for 3 months significantly
improved the Clinical Global Impressions Scale-Improvement
(CGI-I) score in children with FXS (ages 3.5–16 years) (24).
Interestingly, in this double-blind trial, minocycline was shown
to reduce plasmatic MMP-9 activity (20) and to improve their
habituation to sound (25). Minocycline is therefore a promising
drug that could correct core features of FXS pathophysiology.

Several other drugs have been tested over the years but none of
them has shown clear efficacy in FXS placebo-controlled clinical
trials (26). For this reason, and since the absence of FMRP has
pleiotropic effects, a multi-targeted approach, combining drugs
impacting different signaling pathways, could be more efficient
to compensate for the absence of FMRP (27). However, there is
a potential risk to target distinct receptor leading to a common
mechanism such as blocking mGluR receptors and stimulate
GABA in order to reduce cortical hyper-excitability (28). Since
lovastatin and minocycline target clear distinct pathways, and
have a very high security profile while being metabolized very
differently, we believe that this synergistic drug regimen will have
a higher positive effect on behavior in FXS participants, making
them prime candidates for such an endeavor.

Here, we conducted an open-label, clinical trial combining
lovastatin and minocycline in adolescents and adults with FXS
to assess the safety and effectiveness of a combined therapy. We
hypothesized that the combination of lovastatin andminocycline,
each targeting distinct pathways, may have synergistic effects on
cognition and behavior in individuals with FXS while not having
added adverse effects.

MATERIALS AND METHODS

Study Design
The study was an open-label, single center, clinical trial designed
to evaluate the safety and (to some extent) the efficacy of a
dual treatment lovastatin/minocycline in adolescents and adults
with FXS. The study took place at the Centre de Recherche du
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CHUS (CRCHUS), Sherbrooke, Quebec, Canada. The enrollment
period was from June 2016 to May 2017 with the last participant
completing the trial in November 2017. Since dual therapy
brings cumulated risk of adverse effects that could arise from
either lovastatin, minocycline alone or in combination, direct
exposition to both treatment at the beginning of the trial was
avoided in accordance with Ethics Board recommendations,
particularly in the context of a substitute consent. Prior
exposition to either drugs as monotherapy for 8 weeks before 12
weeks with dual therapy was chosen to reassure participants and
caregivers while facilitating monitoring of arising adverse effect’s
origin. This unique design also allowed the direct comparison
between lovastatin and minocycline during the monotherapy
period. The study was approved by the Ethics and Research Board
of the CRCHUS and Health Canada being conformed to the
Declaration of Helsinki.

Participants Eligibility and Regimen
Allocation
Males and females with: (i) a molecular diagnosis of FXS, (ii)
aged between 13 and 45 years, (iii) with an age-adjustedWechsler
Intelligence Scale score (Full Scale IQ) <70, (iv) who has a
caregiver that spends at least 6 h per day with the participant and
attends all visits, were eligible to participate. Exclusion criteria
included the following: (i) >3 psychoactive drugs, (ii) changes in
treatment regimen in the last 3 months, (iii) severe or unstable
disease, (iv) pregnancy, (v) history of sustained muscle enzymes
elevation and/or muscle pain, (vi) history of liver, kidney disease
or systemic lupus erythematosus, (vii) concomitant drugs being
metabolized by cytochrome P450 3A4.

The study was presented in detail to caregivers (being also
legal representatives) and explained to participants with the help
of a picture diagram. Written informed consents from legal
representatives along with verbal assents from participants were
obtained. Eligible participants were then assigned to lovastatin
or minocycline group by the pharmacy of the CRCHUS on a
1:1 basis to treatment arms, minimizing differences in covariates
(gender and age). Participants in the lovastatin group took
lovastatin 20mg during 4 weeks and 40mg for 4 weeks, while
participants in the minocycline group started with minocycline
50mg and then 100mg daily. Then, both groups received
combined treatment of lovastatin 40mg and minocycline 100mg
for 12 weeks. Visits at the research center were scheduled
at baseline, week 8, 12, and 20 and phone calls monitoring
were at week 4 and week 24 (4 weeks after completion of
the trial).

Medication
Lovastatin tablets (20 and 40mg) and minocycline capsules (50
and 100mg) were obtained from Apotex (Toronto, Ontario,
Canada). Caregivers were instructed that participants should
take their medication orally every morning. If a participant
had difficulty swallowing pills, we instructed caregivers that
the minocycline capsules can be opened, and lovastatin tablets
crushed if needed. Furthermore, caregivers were instructed
that participants should avoid eating grapefruits as well as
multivitamins or anti-acids during the study. To monitor

compliance, subject diaries were given to caregivers and
remaining tablets or capsules were counted (compliance =

number of tablets taken/number of days between visits∗100%).

Baseline Evaluation
Medical history, medication, and demographic information were
collected at baseline. The designated caregiver filled out the
French version of the Social Communication Questionnaire
(SCQ). Full-scale IQ (FSIQ) of participants was assessed with
the French version either of the Wechsler Intelligence Scale
for Children Fourth Edition (WISC-IV) or the Wechsler Adult
Intelligence Scale Third Edition (WAIS-III) by a qualified
neuropsychologist. The treating specialist (FC) filled out the
Clinical Global Impressions Scale-Severity (CGI-S) which ranges
from 1 (“Normal, not at all ill”) to 7 (“Among the most extremely
ill patients”) (29). Molecular diagnosis was assessed by Southern
Blot and PCR-based genotyping and non-classic mutations were
detected by array comparative genomic hybridization. Platelet
content in FMRP was measured by immunoblots as previously
described (30).

Outcome Measures
The primary outcome was the global score of the ABC-C (31, 32).
Secondary outcomes included each of the FXS ABC-C subscales
(ABC-CFX) subscales (33), the ADAMS, the BRIEF, the SRS, the
VABS-II, and the Test of Attentional Performance for Children
(KiTAP) (34).With the exception of the KITAP, all questionnaires
were filled out by the same caregiver of the participant, at
baseline, week 8, 12, and 20 according to the behavior of the
participant in the previous 2 weeks.

Safety
Vital signs, weightmeasurements, and physical examination were
carried out at each visit. Blood samples were drawn from non-
fasting participants at each visit to performed biochemical tests.
Creatinine, creatine kinase (CK), alkaline phosphatase (ALP),
bilirubin, alanine aminotransferase (ALT), total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C) were
measured by enzymatic/spectrophotometric method (Roche
Diagnostics R© Modular P700) and apolipoprotein B (ApoB)
by immunoturbidimetric assay (Roche Diagnostics R© Cobas
e501). Anti-nuclear antibodies (ANA) titer was determined by
immunofluorescence. Non-HDL-Cholesterol (Non-HDL-C) was
calculated as the difference between TC and HDL-C. Adverse
events (AE) were systematically investigated with both open and
close-ended questions at each visit and each scheduled phone
call. Close-ended questions included those more frequently
associated to lovastatin (muscle and joint pain) and minocycline
treatment (teeth or skin coloration). The Common Terminology
Criteria for Adverse Events (CTCAE) Version 4.0 (35) was
applied to report AE and their severity, ranging from 1 (“Mild”)
to 5 (“Death related AE”). A difference in ALP, creatinine,
bilirubin, ALT, CK, CT, HDL, non-HDL-C, or ApoB compared
to the baseline was included in the qualitative description of
AE. The Liverpool causality tool was used to determine drug
causality of adverse events on a 4-point scale, ranging from
“Unlikely” to “Definite” (36).
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FIGURE 1 | CONsolidated Standards of Reporting Trials (CONSORT) flow diagram of subject disposition.

Statistical Analysis
A power analysis based on previous clinical trial in FXS
using ABC-C global score lessening as the primary outcome
recommended a sample size of 11 for each group would
have at least 80% power to detect a difference in means
of 19, assuming a standard deviation of differences of 19.3,
using a paired t-test with an alpha level of 0.05 (two-sided).
Data were analyzed on an intention-to-treat method, and the
normality of data distribution was assessed with the Shapiro-
Wilk test before applying paired Wilcoxon or paired Student’s
t-test accordingly. Following the assessment of normality with
the Shapiro-Wilk test (significant at alpha 5%), differences in
participants’ baseline information were assessed with Wilcoxon
or t-test for continuous variables, and with Fisher’s exact
test for categorical variables. Similarly, normality was assessed
before applying paired Wilcoxon or paired Student’s t-test
for the differences in the primary (ABC-CFX Global Score)
and all secondary outcomes. To increase sensitivity for the
BRIEF questionnaire, questions 21, 24, 38, and 72 and the
Plan/Organize subdomain were excluded from the analysis due
to too many questions being non-applicable to FXS patients.
For all questionnaires, missing answers were treated according
to the provider’s booklet. If an answer was missing on a
questionnaire for a specific participant, the specific related
question was eliminated in the same way on all the other
questionnaires of the participant. Adverse events were assessed
with descriptive statistics. Due to the exploratory nature of the
trial, we report the uncorrected p-values. Statistical analyses were
performed with R software version 3.3.3 and GraphPad Prism
version 9.2.0.

RESULTS

Participants
One hundred and twenty-four patients were contacted either
directly or by e-mail to participate in the study (Figure 1).
Of these, 77 patients declined to participate and 25 were not
eligible. Recruited participants were randomly allocated to either
lovastatin or minocycline group (11 per group). Only one
participant out of 22 did not complete the trial. The latter was
withdrawn from the study by the caregiver because of increased
agitation while on the combined treatment. No statistically
significant difference was found between baseline demographic
information collected from both groups (Table 1). Of note, one
female who had a deletion in the FMR1 gene instead of the classic
mutation was included in the study. Noticeably, more than half
of our participants were not taking any psychoactive medication
before entering the study.

Compliance, Safety, and Adverse Events
Overall, mean compliance to medication for mono- and
combined therapy was higher than 97% (Table 2). Adverse
events occurring during the trial were of mild or moderate
severity except for one participant who had a severe increase
in ALT (>5.0 upper limit normal (ULN)) during the combined
treatment period (Table 2). For all AE, drug-related causality
ranged from unlikely to probable with none being definite.
More adverse events occurred during the combined treatment
phase than during monotherapy. Intriguingly, headache was
again reported in few participants during lovastatin treatment as
noted previously (15). Regarding biochemical tests, CK elevation
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TABLE 1 | Baseline characteristics of participants.

Baseline characteristic Lovastatin

group

(n = 11)

Minocycline

group

(n = 11)

Age 26 (19.5–26.5) 22 (19.5–25.5)

Gender—no. (%)

Male 10 (90.91%) 9 (81.82%)

Female 1 (9.09%) 2 (18.18%)

Ethnicity—no. (%)

Caucasian 10 (90.91%) 11 (100%)

African 1 (9.09%) 0 (0%)

Mutation type—no. (%)

Full mutation 10 (90.91%) 10 (90.91%)

Male mosaic 1 (9.09%) 0 (0%)

Deletion 0 (0%) 1 (9.09%)

FMRP
†
(pg/106 platelets) 0 (0–8.2) 0 (0–5.5)

Positive ANA‡–no. (%) 1 (0.09%) 4 (36.36%)

FSIQ 45 (41–51.5) 48 (42–56)

SCQ score 14 (11–16.5) 15 (8–16.5)

CGI-S median (range) 4 (4–5) 4 (4–5)

Living Setting—no. (%)

Home with family 11 (100%) 11 (100%)

Number of concomitant psychoactive medication—no. participant (%)

None 7 (63.64%) 6 (54.55%)

One 3 (27.27%) 2 (18.18%)

Two 1 (9.09%) 0 (0%)

Three 0 (0%) 3 (27.27%)

Type of medication—no. (%)

Antidepressant 2 (40%) 4 (36.36%)

Stimulant 2 (40%) 1 (9.09%)

Alpha2-adrenergic agonist 0 (0%) 1 (9.09%)

Antipsychotic 1 (20%) 5 (45.45%)

Data are presented as median (interquartile range) unless otherwise specified. ANA,

anti-nuclear antibodies; FSIQ, full scale intellectual quotient; SCQ, social communication

questionnaire; CGI-S, clinical global impressions scale-severity.
†
Quantified by western blot.

‡Cut-off titer at 1:80.

was the most reported AE after 20 weeks of treatment, a
well-known effect of statins. However, there was no myalgia
reported by the participants. As expected, lovastatin lowered
mean TC, HDL-C, ApoB of the lovastatin but minocycline
groups (Table 3). In order to carefully monitor seroconversion,
ANA titer was determined at baseline and during the course
of the study. Unexpectedly, a few participants had already a
positive (ANA) at baseline (Table 1) but no seroconversion or
significant increase in ANA occurred during the trial (data
not shown).

Efficacy Analyses
We observed a 40% improvement in the ABC-C Global Score,
our primary outcome, after 20 weeks of treatment with both
drugs when all participants of each arm are combined (Table 4).
Several subscales were also improved either in ABC-CFX,
ADAMS, SRS, and BRIEF. There was also improvement in

some VABS scores and in “errors with distractor” task of the
KiTAP (Supplementary Table 1). When each group was taken
separately, much less outcome measures remained statistically
significant, an effect mostly attributable to smaller sample size.
Nevertheless, the lovastatin but not the minocycline group
showed improvement in SRS total score (Table 4), an effect
already significant after 8 weeks of treatment with lovastatin
alone (Supplementary Table 2).

Compared Efficacy Lovastatin/Minocycline
Monotherapy
The distinctive design of our study allowed us to study not only
the effect of the combined treatment but also to measure and
compare the monotherapy effect of lovastatin and minocycline
for 8 weeks. Although improvements were noted in most
scales, they were rarely significant (Supplementary Table 1). The
combination of small sample size (11) and a short duration
of treatment (8 weeks) could explain the latter. Noteworthy,
as mentioned previously, SRS seems clearly more affected by
lovastatin treatment. Improvements in Inappropriate Speech
(ABC-CFX) and ADAMS was observed for minocycline but
not lovastatin.

DISCUSSION

FXS remains a neurodevelopmental condition resulting from
various alterations in absence of FMRP. The use of several
medications with additive effects may be the key to a
successful disease-modifying treatment (37). To our knowledge,
this is the first trial assessing the safety and efficacy of
a combined disease-modifying add on treatment in FXS
individuals. Lovastatin and minocycline target specific pathways
affected by the absence of FMRP and have shown promising
effect in previous clinical trials (15, 23). These were specifically
chosen because they both have a very good long-term safety
profile for either treating hypercholesterolemia or acne vulgaris,
respectively (38).

Security
In fact, as previously reported in monotherapy trials (15, 16,
23, 24), most adverse events following lovastatin or minocycline
administration were mild, self-limited, and poorly related to
treatment with the exception of CK elevation. A high percentage
of participants had an initial positive ANA titer (22.7%), which
is not clinically significant in absence of symptoms. More
importantly, no seroconversion was observed even though half of
participants were exposed to minocycline for 20 weeks. Although
more adverse events occured during the combined therapy
period, the treatment was very well-tolerated with only one
participant not completing the study. Some characteristics of our
trial may have contributed to minimize side effects. For instance,
half of our participants were not taking any psychoactive
medication on a regular basis limiting the bias of unknown drug
interactions. Also, participants were adolescents or adults and
there was less concern regarding permanent teeth discoloration
(38). However, long-term safety of this specific combined therapy
remains to be determined. In fact, the unknown long-term risk
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TABLE 2 | Adverse events (AE).

Adverse events Number of

subjects

(n = 22)

Number

of events

Treatment period Grade of adverse event* Drug-related causality
†

Lovastatin

(n = 11)

Minocycline

(n = 11)

Bitherapy

(n = 22)

Mild Moderate Severe Unlikely Possible Probable

Aggressivity 1 1 ✓ ✓ ✓

Agitation 4 4 ✓ ✓✓✓ ✓✓ ✓✓ ✓ ✓✓ ✓

ALP increase 1 1 ✓ ✓ ✓

ALT increase 2 2 ✓ ✓ ✓ ✓ ✓✓

Anal pruritus 1 1 ✓ ✓ ✓

Anorexia 4 4 ✓ ✓✓✓ ✓✓✓✓ ✓ ✓✓✓

Arthralgia 1 1 ✓ ✓ ✓

Back pain 1 1 ✓ ✓ ✓

Blood bilirubin increase 1 1 ✓ ✓‡ ✓

Cough 1 1 ✓ ✓ ✓

CK increase 5 5 ✓✓✓✓✓ ✓✓✓✓✓ ✓✓✓✓✓

Diarrhea 3 3 ✓ ✓✓ ✓✓✓ ✓ ✓✓

Dizziness 1 1 ✓ ✓ ✓

Dysmenorrhea 1 1 ✓ ✓ ✓

Dyspepsia 1 1 ✓ ✓ ✓

Fatigue 2 3 ✓✓ ✓ ✓✓✓ ✓✓✓

Gastroenteritis 1 1 ✓ ✓ ✓

Headache 4 4 ✓✓✓ ✓ ✓✓✓✓ ✓✓✓ ✓

Hypersomnia 2 2 ✓ ✓ ✓ ✓ ✓✓

Neck pain 1 1 ✓ ✓ ✓

Pain in extremity 1 1 ✓ ✓ ✓

Palpitations 1 1 ✓ ✓ ✓

Panic attack 1 1 ✓ ✓ ✓

Pharyngitis 1 1 ✓ ✓ ✓

URTI 6 6 ✓✓✓ ✓✓✓ ✓✓✓✓✓ ✓✓✓✓✓

Vomiting 2 2 ✓ ✓ ✓ ✓ ✓ ✓

URTI 6 6 ✓✓✓ ✓✓✓ ✓✓✓✓✓ ✓✓✓✓✓

CK increase 5 5 ✓✓✓✓✓ ✓✓✓✓✓ ✓✓✓✓✓

Agitation 4 4 ✓ ✓✓✓ ✓✓ ✓✓ ✓ ✓✓ ✓

Anorexia 4 4 ✓ ✓✓✓ ✓✓✓✓ ✓ ✓✓✓

Headache 4 4 ✓✓✓ ✓ ✓✓✓✓ ✓✓✓ ✓

Diarrhea 3 3 ✓ ✓✓ ✓✓✓ ✓ ✓✓

Fatigue 2 3 ✓✓ ✓ ✓✓✓ ✓✓✓

ALT increase 2 2 ✓ ✓ ✓ ✓ ✓✓

Hypersomnia 2 2 ✓ ✓ ✓ ✓ ✓✓

Vomiting 2 2 ✓ ✓ ✓ ✓ ✓ ✓

Aggressivity 1 1 ✓ ✓ ✓

ALP increase 1 1 ✓ ✓ ✓

Anal pruritus 1 1 ✓ ✓ ✓

Arthralgia 1 1 ✓ ✓ ✓

Back pain 1 1 ✓ ✓ ✓

Blood bilirubin increase 1 1 ✓ ✓‡ ✓

Cough 1 1 ✓ ✓ ✓

Dizziness 1 1 ✓ ✓ ✓

Dysmenorrhea 1 1 ✓ ✓ ✓

Dyspepsia 1 1 ✓ ✓ ✓

Gastroenteritis 1 1 ✓ ✓ ✓

(Continued)
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TABLE 2 | Continued

Adverse events Number of

subjects

(n = 22)

Number

of events

Treatment period Grade of adverse event* Drug-related causality
†

Lovastatin

(n = 11)

Minocycline

(n = 11)

Bitherapy

(n = 22)

Mild Moderate Severe Unlikely Possible Probable

Neck pain 1 1 ✓ ✓ ✓

Pain in extremity 1 1 ✓ ✓ ✓

Palpitations 1 1 ✓ ✓ ✓

Panic attack 1 1 ✓ ✓ ✓

Pharyngitis 1 1 ✓ ✓ ✓

ALP, alkaline phosphatase; ALT, alanine aminotransferase; CK, creatine kinase; URTI, upper respiratory tract infection.

*The Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0 were used to describe AE. Severity ranges from 1 (“Mild”) to 5 (“Death related AE”). ✓ represents

each event. For biochemical values, the following ranges were used: mild (ALP > upper limit of normal (ULN) 2.5xULN, ALT > ULN−3.0xULN, bilirubin > ULN−1.5xULN, CK >

ULN−2.5xULN), moderate (ALP> 2.5xULN−5.0xULN, ALT> 3.0xULN−5.0xULN, bilirubin> 1.5xULN−3.0xULN, CK> 2.5xULN−5.0xULN), and severe (ALP> 5.0xULN−20.0xULN,

ALT > 5.0ULN−20.0xULN, bilirubin > 3.0ULN−10.0xULN, CK > 5.0xULN−10.0xULN). Only participants who increased in categories compared to baseline for the biochemical values

were included as adverse events.
†
Drug-related causality was measured by the Liverpool causality tool.

‡Baseline bilirubin value for this participant was of mild intensity.

TABLE 3 | Biochemical measurements.

Biochemical

variables

Reference

intervals*

Lovastatin group Minocycline group

Baseline

(n =11)

8 weeks

(n = 10)

20 weeks

(n = 11)

Baseline

(n = 11)

8 weeks

(n = 11)

20 weeks

(n = 10)

CK ≤150 IU/L 84.27 ± 27.24 92.5 ± 30.27 105.27 ± 49 64.18 ± 28.91 70.82 ± 26.78 67.90 ± 21.86

Creatinine 37–110 µm/L 65.64 ± 8.97 64.8 ± 10.13 69.55 ± 7.98 58.09 ± 14.85 58.73 ± 15.26 60.20 ± 16.27

Lipid profile

TC 3.2–5.48 mmol/L 3.58 ± 0.74 2.83 ± 0.61
†

2.92 ± 0.55
†

3.71 ± 0.59 3.61 ± 0.82 2.92 ± 0.48
†

HDL-C 0.69–1.81 mmol/L 1.01 ± 0.16 1.06 ± 0.18 1.07 ± 0.22 1.02 ± 0.19 1.04 ± 0.24 1.08 ± 0.31

Non-HDL-C 2.57 ± 0.77 1.77 ± 0.68
†

1.85 ± 0.68
†

2.69 ± 0.69 2.57 ± 0.89 1.85 ± 0.64
†

Apo B 0.6–1.6 g/L 0.77 ± 0.2 0.59 ± 0.17
†

0.63 ± 0.17
†

0.82 ± 0.23 0.78 ± 0.24 0.66 ± 0.19
†

Liver profile

ALP 35–485 IU/L 97.91 ± 74.44 96.9 ± 73.04 97 ± 67.96 119 ± 94 125.6 ± 103.2 127.2 ± 94.9

ALT ≤55 IU/L 26 ± 14.46 28.2 ± 14.53 26.73 ± 11.52 23.91 ± 17.52 31.09 ± 25.35 71.8 ± 125.4
†

Bilirubin 2.8–17 µm/L 12.42 ± 8.59 13.78 ± 7.25 15.2 ± 14.19 8.89 ± 4.92 9.15 ± 5.66 11.65 ± 11.51

Data are presented as mean ± SD. CK, creatine kinase; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol; Apo

B, apolipoprotein B; ALP, alkaline phosphatase; ALT, alanine aminotransferase.

*Reference intervals are in accordance with Roche Diagnostics technical sheets.
†
p ≤ 0.01.

of a sustained low cholesterol level and seroconversion should be
carefully considered.

ABC-C Global Score and ABC-CFX

Subscales
Regarding our primary outcome, we obtained a similar reduction
in the ABC-C global score with the bi-therapy as compared to
our previous open label trial with lovastatin (15). However, no
significant improvement was obtained in ABC-CFX subscales
with lovastatin monotherapy. The absence of improvement
may be related to the combination of fewer participants (11
vs. 15) and a shorter period of treatment (8 vs. 12 weeks).
Similarly, we did not observe a significant reduction in ABC-C
global score with minocycline as reported in another Canadian
center (23). However, our trial was performed with nearly

half participants (11 vs. 20). Altogether, global score and
almost all ABC-CFX subscales (4 of 6) showed statistically
significant improvement making this combined treatment a very
promising one.

Other Outcomes
Several questionnaires were tested as secondary outcomes
during the course of the trial, the majority being greatly
recommended in FXS clinical trial (32). Many of them such as
ADAMS, SRS, and BRIEF were not administered in previous
trials with either minocycline or lovastatin monotherapy,
greatly limiting comparison. Yet, many subscales of these
questionnaires were improved and limited our ability to
identify a better outcome measure than ABC-C global score.
Also, beside SRS who appeared more specific to lovastatin
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TABLE 4 | Outcome measures 0–20 weeks.

Endpoints Lovastatin group (n = 11) Minocycline group (n = 10) Both groups (n = 21)

Baseline 20 weeks p Baseline 20 weeks p Baseline 20 weeks p

ABC-CFX

Global score 48 (35–58) 33 (24–40) 0.054 41 (26–65) 24 (16–53) 0.143 48 (27–62) 29 (16–45) 0.004

Irritability 8 (3–10) 3 (1–9) 0.412 6.5 (1–14) 3 (1–9) 0.617 8 (3–11) 3 (1–10) 0.306

Lethargy 8 (6–14) 7 (3–8) 0.129 10.5 (6–14) 5.5 (1–11) 0.009 10 (5–14) 6 (2–9) 0.005

Stereotypy 6 (4–10) 5 (4–6) 0.191 5 (3–6) 4.5 (2–5) 0.375 5 (3–10) 5 (3–5) 0.111

Hyperactivity 7 (4–9) 3 (2–7) 0.014 5.5 (4–10) 4 (2–7) 0.262 6 (4–9) 3 (2–7) 0.006

Inappropriate speech 5 (4–7) 5 (3–6) 0.176 6.5 (4–8) 3.5 (2–8) 0.103 5 (4–5) 4 (2–4) 0.028

Social avoidance 8 (7–11) 5 (4–8) 0.027 5.5 (4–8) 4.5 (2–8) 0.406 7 (5–10) 5 (4–8) 0.020

ADAMS

Total score 28 (17–40) 23 (16–29) 0.043 30 (14–49) 16 (10–37) 0.082 28 (17–40) 19 (12–29) 0.008

Manic/hyperactive behavior 5 (3–6) 3 (3–6) 0.169 6 (3–9) 4.5 (2–6) 0.152 5 (3–7) 4 (2–6) 0.047

Depressed mood 3 (1–4) 1 (1–4) 0.177 4.5 (1–10) 3.5 (1–6) 0.586 3 (1–6) 2 (1–4) 0.202

Social avoidance 11 (8–15) 8 (6–11) 0.076 8 (6–17) 5.5 (4–11) 0.056 9 (6–15) 7 (5–12) 0.007

General anxiety 5 (3–13) 4 (3–8) 0.063 6.5 (4–10) 3 (0–8) 0.078 6 (3–11) 3 (1–8) 0.008

Obsessive/compulsive behavior 2 (2–3) 2 (1–4) 0.440 4 (1–5) 1 (0–3) 0.172 2 (1–4) 2 (0–3) 0.074

BRIEF

Inhibit 24 (20–28) 21 (19–26) 0.005 22.5 (19–27) 20.5 (17–23) 0.021 23 (20–27) 21 (17–23) <0.001

Shift 23 (20–25) 19 (18–21) 0.010 20 (18–23) 18 (17–21) 0.042 21 (19–24) 19 (17–21) 0.001

Emotion control 17 (15–20) 15 (14–19) 0.018 14.5 (13–18) 13 (12–17) 0.513 16 (14–19) 15 (12–18) 0.043

Monitor 10 (9–12) 10 (9–11) 0.703 10.5 (8–13) 9 (7–12) 0.096 10 (8–12) 9 (8–11) 0.124

Working memory 24 (22–27) 23 (22–24) 0.092 21.5 (20–25) 21 (20–23) 0.181 22 (20–25) 22 (20–23) 0.026

Organize materials 10.5 (8–13) 9.5 (8–12) 0.943 9 (7–11) 9.5 (8–12) 0.052 9 (7–11) 9 (7–12) 0.366

Task completion 21 (18–22) 18 (16–22) 0.205 17.5 (15–19) 15.5 (13–18) 0.290 18 (15–19) 16 (13–18) 0.087

SRS

Total raw score 163

(157–170)

149

(139–159)

<0.001 150

(130–174)

135

(131–149)

0.081 162

(138–171)

146

(133–159)

<0.001

Awareness 19 (18–21) 17 (17–21) 0.632 19 (18–20) 17 (16–19) 0.078 19 (18–21) 17 (16–19) 0.097

Cognition 30 (27–33) 27 (25–32) 0.003 30 (26–33) 26.5 (26–28) 0.305 30 (26–33) 27 (25–29) 0.015

Communication 52 (50–58) 49 (42–56) 0.009 45.5 (44–54) 44.5 (41–49) 0.274 51 (44–57) 47 (41–50) 0.009

Motivation 29 (27–31) 25 (23–29) 0.048 25 (23–29) 23.5 (22–27) 0.144 27 (24–30) 25 (22–28) 0.011

Mannerisms 32 (28–34) 27 (25–30) 0.001 29 (23–35) 24.5 (22–30) 0.130 30 (26–34) 26 (23–30) 0.001

Data are presented as median (interquartile range). P value < 0,05 are in bold. ABC-CFX , aberrant behavior checklist-community adapted for FXS; ADAMS, anxiety, depression and

mood scale; BRIEF-SR, behavior rating inventory of executive function-self-report version; SRS, social responsiveness scale.

treatment, we were unable to determine if lovastatin and
minocycline improve differently, specific traits highlighted in
those questionnaires.

Study Limitations
Our pilot trial had clear limitations. Owing to the intrinsic
design of the trial (open-label), outcome measures are prone
to the placebo effect and observer-expectancy bias. Also, the
distinct contribution of the monotherapy and the dual therapy
period on the overall effect of the 20 week treatment is difficult
to delineate since the contribution of the placebo effect in
each treatment period is undetermined. In fact, caregivers have
clearly showed higher concerns with the addition of the second
drug that could modulate the placebo effect during the dual
therapy period. Nevertheless, additional exposure to lovastatin’s
monotherapy for 8 weeks may explain higher SRS improvement
in the lovastatin group. Alternatively, the minocycline group had

more participants taking 3 or more psychoactive medications
that could lead to lesser SRS improvement. It remains unclear
if starting both medications simultaneously for 12 weeks would
have been as beneficial in terms of efficacy while being as
safe for participants. Our short trial duration and greater age
of participants make it easier to monitor adverse effects but
less likely to obtain significant effects on behavior. Clearly, to
determine the true benefit potential of this combined lovastatin-
minocycline treatment, a placebo-controlled trial is warranted in
younger individuals where the two drugs are taken at the very
beginning of the trial.

This study, clearly showing the security of a combined
treatment would certainly alleviate caregiver apprehension on
adverse effects and facilitate recruitment for future trials using
a combined treatment of lovastatin/minocycline. Our study also
paves the way for future trials using other combined treatment
that would better compensate for the absence of FMRP and

Frontiers in Psychiatry | www.frontiersin.org 8 January 2022 | Volume 12 | Article 762967270

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Champigny et al. Combining Lovastatin Minocycline in FXS

improve the natural evolution of FXS individuals and alleviate
families’ burden.
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Individuals with the fragile X premutation report symptoms of chronic pain from multiple

systems, have increased incidence of comorbid conditions where pain is a prominent

feature, and pathophysiology that supports disrupted pain regulation, inflammation, and

energy imbalance. Less is known about how pain manifests for the subpopulation of

carriers that develop the motor and cognitive changes of fragile X-associated tremor

and ataxia syndrome (FXTAS), and how pain may differ between men and women. We

gathered data collected from 104 males and females with FXTAS related to chronic pain,

comorbid conditions related to pain, and medications used for pain control to further

explore the types of pain experienced and to better characterize how individuals with

the fragile X premutation experience pain sensation across genders. We found that

women experience significantly more pain symptoms than men, particularly allodynia

(20 vs. 2.0%, p = 0.008), peripheral neuropathy pain (43.9 vs. 25.4%, p = 0.0488),

migraine (43.9 vs. 14.5%, p = 0.0008), fibromyalgia (26.8 vs. 0%, p = 0.0071) and back

pain (48.5 vs. 23.4%, p = 0.008). We found onset of peripheral neuropathy predicts the

onset of ataxia (β = 0.63 ± 0.25, p = 0.019) and tremor (β = 0.56 ± 0.17, p = 0.004)

across gender. Women also report significantly more anxiety (82.9 vs. 39.7%, p <

0.001), which has implications for ideal pain treatment. These pain symptoms need to

be recognized in the medical history and treated appropriately, with consideration for

overlapping comorbidities.

Keywords: FXTAS, pain, premutation, FMRP, fibromyalgia, neuropathy, migraine, anxiety

INTRODUCTION

The fragile X premutation is a genetic condition characterized by an increased number of
trinucleotide repeats (55–200 CGG repeats) in the FMR1 gene, which encodes for the fragile
X mental retardation protein (FMRP) central for neuronal development and synaptic plasticity
in the central and peripheral nervous systems. Expansion of over 200 CGG repeats leads to
hypermethylation and gene silencing resulting in the fragile X full mutation and fragile X syndrome
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(FXS). The premutation leads to enhanced levels of FMR1
mRNA from 2 to 8 times normal and the excess mRNA causes
RNA toxicity including the sequestration of proteins important
for neuronal function, oxidative stress, and mitochondrial
dysfunction that eventually can lead to the fragile X-associated
tremor ataxia syndrome (FXTAS) (1).

FXTAS is a late-onset neurodegenerative condition that occurs
in approximately 40% of male and 16% of female carriers.
FXTAS affects cognition and movement in individuals, typically
males > females over age 50, with core features including:
gait ataxia, intention tremor, parkinsonism, executive function
deficits, neuropathy and dysautonomia (2). Females with FXTAS
typically have less severe movement symptoms (3) and cognitive
decline (4), likely because their second X chromosome with
normal FMR1 expression protects the CNS. The percentage of
cells with normal allele present on the active X chromosome
is the activation ratio (AR) and higher AR may be protective
against some manifestations of FXTAS (5). However, females
with FXTAS have higher rates of autoimmune conditions and
psychiatric manifestations (6, 7). Radiological criteria for the
diagnosis of FXTAS include the major findings of white matter
lesions in the middle cerebellar peduncles (MCP sign) or
brainstem, and the following minor signs: white matter disease
in splenium of corpus callosum and/or cerebrum, and moderate-
severe brain atrophy (2). Among females with FXTAS there exists
high radiological variability; fewer females have the MCP sign
(9% in females vs. 60% in males) but have more diffuse cerebral
white matter changes, including at the pons (4).

Of significant interest are the high frequency of pain
complaints, as well as comorbid conditions with chronic pain that
often start prior to FXTAS onset and vary by gender. Peripheral
neuropathy is common in FXTAS (3) and can be a presenting
feature of the syndrome (8). Musculoskeletal pain is common;
back pain (9) and general muscle pain can often lead to the
diagnosis of fibromyalgia (10), especially in women where the
prevalence of fibromyalgia has been found as high as 43% (11).
In the general population, fibromyalgia typically ranges between
2.4 and 6.8% among women (12).

The prevalence of migraine in premutation females has been
found to be 54.2 vs. 26.8% in males (13), whereas the prevalence
among females in US general population is reported to be 20.7 vs.
9.7% in males (14). In addition, there exists a high prevalence of
coexisting conditions related to pain such as psychiatric problems
that present in childhood or adulthood (7, 15, 16), sleep problems
in up to a third of carriers (17, 18), and executive function deficits
(19). These conditions often present prior to the diagnosis of
FXTAS and are common.

Pain is generally classified by pain type- nociceptive
and neuropathic pain, as well as at different levels-central,
spinal cord gating, peripherally (20). Both nociceptive and
neuropathic chronic pain are prevalent in individuals with
FXTAS. Nociceptive pain is caused by mechanical or chemical
damage to a body tissue such as skin, muscles, joints, or
fascia; nociceptors signal the brain of the injury, leading
to pain perception. Examples of nociceptive pain conditions
include arthritis, musculoskeletal disorders, migraine, tension
headache, and fibromyalgia. Neuropathic pain can be caused

by direct damage to peripheral nerves such as in diabetic
neuropathy or at the level of the CNS such as in a stroke,
tumor, or neurodegenerative disease like Parkinson’s disease or
Multiple Sclerosis, which damage areas related to pain. Central
sensitization describes a type of neuropathic pain that occurs
when pain signals to the brain are pathologically amplified,
resulting in a high level of pain stimuli experienced in response
to normally non-painful touch stimuli (allodynia) as well as
increased feeling of pain stimuli (hyperalgesia). In response, the
threshold for sending a signal to the CNS increases resulting
in limited signal (21). To compensate for diminished peripheral
signal, the spinal cord greatly amplifies the signal it does receive
via increasing synaptic efficacy of somatosensory neurons in the
dorsal horn (22).

Previous research suggests that FMRP has a role in the
development of nociceptive pain sensitization and chronic
pain (23, 24), and is studied as a potential target for pain
treatment (25). FMR1 knockout mice that produce no FMRP
show decreased neuropathic pain, protection from nociceptive
sensitization (26–28) or IL-6 induced allodynia (29), and
protection from pain-induced emotional sequelae such as
depression (24). FMRP is hypothesized to mediate translational
control over allodynia and persistent nociceptive sensitization
(29). The primary pathophysiology of FXTAS is thought to
be through increased mRNA production and toxicity. Despite
increased mRNA production, FMRP is paradoxically decreased
as CGG repeats increase, likely secondary to less efficient
translation due to excessive repeats (30, 31). Because individuals
with FXTAS frequently complain of chronic pain we have
surveyed 104 patients with FXTAS to clarify what types of pain
occur in this disorder.

MATERIALS AND METHODS

Participants
This study was conducted at the Fragile X Research and
Treatment Center of the MIND Institute, University of
California, Davis Medical Center, with participants in the
Genotype-Phenotype Relationships in Fragile-X families data set.
Participants with FXTAS were identified through families of
known members affected by fragile X syndrome, referral from
physicians, and via self-referral. All participants gave written
informed consent from the UCD IRB and were categorized by the
stages of FXTAS (32): stage (0) no tremor/ataxia; (1) questionable
tremor and/or ataxia; (2) mild tremor and/or balance problems
with minimal interference in activities of daily living (ADLs);
(3) moderate tremor and/or ataxia with significant interference
in ADLs; (4) severe tremor and/or ataxia requiring a cane or
walker; (5) requiring daily use of wheelchair; (6) bedridden.
We have eight participants who do not meet the diagnostic
criteria for FXTAS (2), although all have premutation and subtle
neurological symptoms apart from one patient who has the
MCP sign without tremor or ataxia, a phenomenon previously
reported in five males (33). These patients likely represent the
most subtle end of the spectrum involving neurological deficits
in the premutation and are included for comparison purposes.
Participants who reported medical conditions such as a history
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of stroke, head injury, or primary language other than English
were excluded from the study.

Clinical Assessment and Molecular
Analysis
Participants underwent medical and neurological evaluation to
assess FXTAS diagnosis, stage, and FMR1 molecular studies for
CGG repeat size and mRNA level. A medical history was taken at
the time of visit to document FXTAS phenotype and symptoms
including tremor and ataxia in addition to age of onset and
severity, current and past medication use, self-reported anxiety
and depression, musculoskeletal and autoimmune problems such
as osteopenia, osteoporosis, osteoarthritis, rheumatoid arthritis,
fibromyalgia, lupus, ANA positivity, and other immunological
diseases. We collected data on restless legs syndrome, severe
cramps, disc/spine problems, and muscle pain. Migraine with
and without aura, age of onset, and frequency was collected
along with symptoms of neuropathy, allodynia, back pain,
and chronic pain in general. Activation ratio was measured
using ratios of signal intensity with Southern blot as previously
described (34). FMR1 CGG repeat allele length was quantified
using a combination of both PCR and Southern blot analysis as
previously described (35).

Medication Grouping
Pain medication categories were separated into non-
overlapping categories of opiate analgesics, non-opiate
analgesics, cannabinoids, anesthetics, antimigraine, nerve
pain, and muscle pain/relaxation. Non-opiate analgesics
included non-steroidal anti-inflammatory drugs (NSAIDs)
and acetaminophen. Anesthetics included lidocaine. The
category of antimigraine medications did not overlap with other
medications categories and contained triptans, topiramate,
and botulinum injections. Nerve pain medications were
based on first line treatments and include tricyclics, serotonin
and norepinephrine reuptake inhibitors (SNRIs), and anti-
epileptic drugs (AEDs) including gabapentin, pregabalin, and
carbamazepine. Muscle pain/relaxation medications included
antispasticity and antispasmodic agents such as baclofen,
tizanidine, and cyclobenzaprine.

Statistical Analysis
Statistical analyses of data were performed with an open-source
R software. Results were expressed as mean± standard deviation
(or error) of mean for continuous variables and proportion
(%) for categorical variables. For quantitative variables, group
differences in means or medians were determined by t-
test, analysis of variance (ANOVA), or Kruskal-Wallis test
as appropriate. For categorical variables, proportions were
compared between groups using t-test for proportions, chi-
squared test, or Fisher’s exact test as appropriate. Linear
regression analysis was performed to assess associations between
two variables with the main effects of the predictor and gender
and their interaction term included in the linear models.
Missing values were excluded from the statistical inference tests.
Two-tailed p < 0.05 were considered statistically significant
as appropriate.

RESULTS

Clinical Characteristics
The participants are 104 individuals (41 female and 63male) with
FXTAS and the premutation confirmed via molecular studies.
No significant gender difference was found for race and ethnicity
(p = 0.513), education level (p = 0.199), age (p = 0.743), CGG
repeat size (p = 0.266), or FXTAS stage (p = 0.404). The mean
(SD) age of females was 68.1 (8.8) years and age of males was
67.5 (8.0) years. Race and ethnicity are primarily white (100%
female vs. 95.7% male). Of the 41 females in the study, 34
(85%) are FXTAS stage >2. Of the 63 males, 57 (90.5%) are
FXTAS stage >2. The mean CGG repeat size for females is 87
(SD = 18), and the mean for males is 90 (SD = 16). Refer to
Table 1. There is a significant difference in FXTAS diagnostic
categories (p= 0.001) with more males diagnosed with “Definite
FXTAS” than females (48.3% male vs. 9.8% female). Females
are more represented in the Probable category (30.0% male vs.
58.5% female).

Age of Symptom Onset
Mean age of onset of migraine is 28.7 years (SD = 17.6), chronic
pain is 51.4 years (SD= 17.3), peripheral neuropathy is 57.4 years
(SD = 11.4), tremor is 58.6 years (SD = 9.2), and ataxia is 60.7
(9.4), and no gender differences were found (see Table 1).

The age of onset of peripheral neuropathy symptoms was
positively associated with the age of onset of ataxia (β = 0.56 ±

0.17, p = 0.004) and tremor (β = 0.56 ± 0.17, p = 0.004). There
were no significant associations between the onset of chronic pain
andmigraine with the onset of ataxia and tremor (seeTable 2 and
Figure 1). In addition, there were no gender differences for any
of those associations.

Pain Prevalence in FXTAS
There were significant gender differences in the prevalence
of several symptoms. Back pain was significantly higher in
females than males (48.5 vs. 23.4%, p = 0.008), as was
migraine (43.9 vs. 14.5%, p = 0.0008), fibromyalgia (26.8 vs.
0%, p = 0.0071), thyroid problems (34.2 vs. 14.5%, p =

0.0182), osteoarthritis (65.9 vs. 43.5%, p = 0.027), allodynia
(20 vs. 2.0%, p = 0.008), peripheral neuropathy pain (43.9 vs.
25.4%, p = 0.0488), and anxiety (82.9 vs. 39.7%, p < 0.001).
No significant gender differences were found in autoimmune
problems, musculoskeletal pain, or depression (see Table 3).

CGG Repeat and Pain
Among participants who experienced pain, there were no
gender differences in CGG repeat length. Among participants
who had experienced autoimmune problems, there was a
significant gender difference in CGG repeat length. Females with
autoimmune had significantly lower CGG repeats than that of
males (76.5± 12.9 female vs. 105.5± 26.5 male, p= 0.032). Refer
to Supplementary Table 4.

Musculoskeletal vs. Neuropathic Pain
Overall, the prevalence of patients with musculoskeletal pain
(severe cramps + muscle pain + arthritis + back pain + disc
or spine problems) was significantly higher than the prevalence
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FIGURE 1 | Associations between ages of onset of symptoms and ataxia and tremor. The age of onset of peripheral neuropathy symptoms was positively associated

with age of onset ataxia (β = 0.56 ± 0.17, p = 0.004) and tremor (β = 0.56 ± 0.17, p = 0.004). There were no significant associations between the onset of chronic

pain and migraines with the onset of ataxia and tremor.

of patients with peripheral neuropathic pain (PNP) (88.4 vs.
33.7%, p < 0.0001). The difference between the proportion with
neuropathic pain and the proportion with musculoskeletal pain

was significant in both males and females, p =< 0.0001 (85.5
vs. 25.5%) and p =< 0.0001 (92.5 vs. 45%), respectively (see
Supplementary Table 5).
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TABLE 1 | Summary statistics [Mean ± SD or N(%)] of patient characteristics and age onset (years) of symptoms.

Total (N = 104) Female (N = 41) Male (N = 63) p-value (gender

difference)

Age of visit (years) 67.8 ± 8.3 68.1 ± 8.8 67.5 ± 8.0 0.7431

FXTAS stage

0/1 12 (11.7%) 6 (15.0%) 6 (9.5%) 0.5305

2 23 (22.3%) 10 (25.0%) 13 (20.6%) 0.6335

3 49 (47.6%) 17 (42.5%) 32 (50.8%) 0.4269

4 13 (12.6%) 4 (10.0%) 9 (14.3%) 0.7619

5 6 (5.8%) 3 (7.5%) 3 (4.8%) 0.6751

CGG repeat size 89 ± 16.4 86.7 ± 17.7 90.4 ± 15.5 0.2802

Age of onset (years)

Tremor 58.61 ± 9.16 58.83 ± 9.36 58.44 ± 9.13 0.8591

Ataxia 60.71 ± 9.44 59.81 ± 11.82 61.33 ± 7.48 0.5011

Chronic pain 51.36 ± 17.3 52.27 ± 19.27 50.15 ± 15 0.7541

Peripheral neuropathy symptoms 57.36 ± 11.36 55.62 ± 12.92 59 ± 9.79 0.4021

Migraines 28.73 ± 17.63 32.62 ± 19.22 21.8 ± 12.49 0.1441

TABLE 2 | Associations between age onset of symptoms and age onset of ataxia and tremor.

Symptom Ataxia Tremor

Main effect Gender difference Main effect Gender difference

β (SE) p-value β (SE) p-value β (SE) p-value β (SE) p-value

Chronic pain 0.3 (0.17) 0.091 −0.29 (0.26) 0.280 0.19 (0.10) 0.061 −0.26 (0.18) 0.178

Peripheral neuropathy symptoms 0.63 (0.25) 0.019 −0.06 (0.34) 0.868 0.56 (0.17) 0.004 0.08 (0.25) 0.761

Migraines 0.24 (0.14) 0.120 −0.21 (0.29) 0.480 0.02 (0.15) 0.908 0.48 (0.81) 0.567

Bold values are p-values that have reached significance (P < 0.05) and are meant to draw the reader to the most important values.

Activation Ratio and Pain
The data does not provide evidence that activation ratio
is significantly associated with either neuropathic pain or
musculoskeletal pain, p = 0.241 and p = 0.770, respectively.
The mean activation ratio for those with neuropathic pain
is 0.52, while the mean activation ratio is 0.60 for those
without neuropathic pain. The mean activation ratio for those
with musculoskeletal pain is 0.57 while the mean activation
ratio is 0.61 for those without musculoskeletal pain (see
Supplementary Table 6).

Prevalence of Pain Medicine Usage
Females with FXTAS are significantly more likely to be taking any
pain medication (58.5% females vs. 36.5% males, p = 0.0271) as
well as nerve pain medication (31.7% females vs. 14.3% males,
p= 0.331). No significant gender differences were found for
other medication types. Refer to Supplementary Table 7.

DISCUSSION

Findings
Both men and women with FXTAS experience chronic
neuropathic and musculoskeletal pain. However, women with
FXTAS experience significantly more chronic pain than men and
take more pain medications. It’s currently unclear why women

with FXTAS experiencemore chronic pain thanmen, particularly
central sensitivity syndromes, neuropathic pain, and back pain.
Possible mechanisms include differences in endocrinology,
autoimmune conditions, connective tissue, inflammation, and
neuropsychiatric differences.

Central Sensitivity
Females with FXTAS were more likely to have conditions
that fit under the umbrella of central sensitivity syndromes,
characterized by altered pain regulation such as fibromyalgia,
allodynia, chronic pain, and chronic headaches (6). We also
found that the defining symptom of central sensitization,
allodynia, is significantly higher in women with FXTAS
(p= 0.008). Sensitization occurs following intense or chronic
peripheral noxious stimuli, tissue injury, or nerve damage that
keeps the peripheral nervous system in a constant state of
activity. Chronic pain conditions commonly known to lead to
hypersensitivity such as back pain, arthritis, and fibromyalgia
are significantly prevalent among women with FXTAS. Central
sensitivity symptoms are heavily influenced by psychological
stressors (21), which are significantly worse for females with
FXTAS in our cohort. Despite the known role of FMRP in
altering sensitization of pain and neuropathy in animal models,
we did not find that these pain phenotypes correlated with CGG
repeat length.
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TABLE 3 | Prevalence [N of Yes (%)] of symptoms (Yes/No).

Symptoms Total (N = 104) Female (N = 41) Male (N = 63) p-value (gender difference)

Back pain 27 (33.8%) 16 (48.5%) 11 (23.4%) 0.008

Migraines 27 (26.2%) 18 (43.9%) 9 (14.5%) 0.0008

Fibromyalgia 11 (10.9%) 11 (26.8%) 0 (0%) 0.0071

Autoimmune 10 (12.3%) 6 (16.7%) 4 (8.9%) 0.2301

Thyroid problems 22 (22%) 13 (34.2%) 9 (14.5%) 0.0182

Osteoarthritis 54 (52.4%) 27 (65.9%) 27 (43.5%) 0.027

Musculoskeletal pain 86 (88.7%) 37 (92.5%) 49 (86%) 0.3077

Peripheral neuropathy pain 33 (33.0%) 18 (43.9%) 15 (25.4%) 0.0488

Allodynia 8 (9.5%) 7 (20.0%) 1 (2.0%) 0.008

Anxiety 59 (56.7%) 34 (82.9%) 25 (39.7%) <0.001

Depression 26 (25.2%) 10 (24.4%) 16 (25.8%) 0.413

Bold values are p-values that have reached significance (P < 0.05) and are meant to draw the reader to the most important values.

Migraine
We found a quarter of participants (26.2%) reported experiencing
migraines, with rates significantly higher among females than
males (43.9% females vs. 14.5% males, p = 0.0008). Age
of migraine onset had no bearing over age of ataxia and
tremor onset. This confirms a previous study on FMR1

premutation carriers and the prevalence of migraines (13).
Author Au hypothesized that migraines in FXTAS are related
to mitochondrial dysfunction leading to increased oxidative
stress, which worsens with age. Several chronic pain syndromes
prevalent in female FMR1 premutation carriers are comorbid
with migraine including fibromyalgia (36), allodynia (37), and
chronic fatigue syndrome (36), suggesting diffuse alterations to
the nociceptive nervous system. Individuals with migraines are
also at an increased risk for anxiety and depression (38).

Psychiatric
We found that women with FXTAS self-reported significantly
more anxiety symptoms (82.9% females vs. 39.7% males,
p= 0.001); depressive symptoms were present in a quarter
of participants (24.4% female vs. 25.8% male). This finding
is consistent with previous studies that found women with
FXTAS have more depression and emotional symptoms (4, 7).
The relationship between pain and psychopathology is multi-
directional; chronic pain is a strong predictor of both onset and
persistence of comorbid psychiatric disorders in general, and
vice versa, psychiatric disorders are also a powerful predictor
of chronic pain persistence (39–41). Emotional states can also
amplify the pain felt from central sensitivity syndromes (21).
Women with FXTAS may report more chronic pain partly
because that pain is viewed through a lens intensified by
symptoms of anxiety, which play a role in pain perception (42).
How significant a role mental health plays in FXTAS across
gender may also be influenced by reporting bias, as men are
less likely to disclose mental health problems than women in
general (43).

Hormonal
Consistent with previous research on bone density in
premutation carriers (44, 45), females were found to have

more skeletal related problems such as osteopenia, osteoporosis,
and osteoarthritis. With respect to pain, women with FXTAS
reported significantly more back pain than men (48.5% of
women vs. 23.4% of men, p = 0.008). Refer to Table 3. Post-
menopausal women in the general population do tend to have
higher incidence of back pain than men (46, 47), but percentages
are similar between men and women in the 65–74 age group
within the US (48). The cause of these gender differences is
likely secondary to hormonal differences in post-menopausal
women. The role estrogen plays in bone density is additionally
important for women with the premutation because the mean
age of natural menopause is reduced by about 5 years, from the
typical age of about 51 to 46. Separate from this overall earlier
menopause, 20% of carriers (49) can develop fragile X-associated
primary ovarian insufficiency (FXPOI) with typically onset at
33 years (50). This directly decreases the lifetime exposure of
estrogen and decreases bone mineral density, as early menopause
is associated with osteoporosis (51). The significantly increased
back pain among women is likely secondary to decreased bone
density-related sequelae, which can have a devastating impact on
women with FXTAS.

Neuropathy
More women report feeling peripheral neuropathic pain than
men (43.9 vs. 25.4%, p = 0.0488). Women were also more
likely to be taking medications that treat nerve pain (31.7
vs. 14.3%, p = 0.0331), however some of these medications
overlap with treatment for anxiety, which was also significant
among women with FXTAS. We did not find CGG repeat
number correlated with nerve pain in men or women. Nerve
conduction studies have shown men and women have similar
sensory nerve fiber abnormalities (52), but men have additional
motor nerve abnormalities in conduction velocity and latency
(53). Pathogenesis of neuropathy is related to RNA toxicity
causing the creation of intracellular inclusion bodies in neurons
and glial cells (54) and peripheral tissues (55, 56) that causes
axonal dysfunction.

Consistent with previous research that neuropathy is a
presenting feature of FXTAS (8), we found the age onset of
peripheral neuropathy was positively associated with the age
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onset of ataxia (β = 0.63 ± 0.25, p = 0.019) and tremor (β =

0.56 ± 0.17, p = 0.004), with no gender difference. This further
supports the recommendation to consider a FXTAS diagnosis
in a patient presenting with neuropathy and a family history
of intellectual disability, premature ovarian failure, autism, or
movement disorder (8).

Connective Tissue
We found that musculoskeletal pain is significantly more
prevalent than peripheral neuropathy pain (88.4 vs. 33.7%, p <

0.0001) in FXTAS. There was no significant gender difference in
musculoskeletal pain (92.5 vs. 85.5%, p = 0.3077). Of interest,
every patient that reported neuropathic pain also reported
musculoskeletal pain, meaning all who experienced neuropathic
pain also reported arthritis, back pain, severe cramping, or
muscle pains. However, 54.7% of those with musculoskeletal
pain did not have neuropathic pain (see Supplementary Table 6).
Clinically, premutation carriers can manifest connective tissue-
related features such as hyperextensible finger joints, large ears,
and connective tissue dysplasia that are more subtle than those
seen in FXS (57). Case report evidence including five females with
premutation and Ehlers Danlos syndrome phenotype suggests
there may be related commonalities in pathogenesis (58).
Possible pathophysiologic mechanisms hypothesized include
FMRP deficiency, mRNA toxicity, and sex effects (58). FMRP is
known to regulate multiple connective tissue pathways including
elastin, actin, and matrix metalloproteinase (MMP9), a class of
enzymes involved in bone development, wound healing, and
pathology such as arthritis and intracerebral hemorrhage (59,
60). Levels of connective tissue involvement correlate with level
of FMRP depletion in FXS and premutation CGG repeats >

120 are more likely to be associated with connective tissue
problems (61). Because the FXTAS population has minimal
alterations to FMRP which result in altered regulation of these
pathways, thismechanism could contribute to generating chronic
musculoskeletal pain in FXTAS.

Autoimmune
We did not find a significant gender difference (p = 0.2301)
in rheumatoid arthritis, systemic lupus erythematosus, or
antinuclear antibodies positivity, but the prevalence for these
conditions was quite low. Confirming previous research, we
found FXTAS women are more likely to have fibromyalgia (26.8
vs. 0%, p = 0.0071) and thyroid problems (34.2 vs. 14.5%,
p= 0.0182). Fibromyalgia is generally thought to be immune
mediated (62), but its etiology remains unclear with some
evidence linking it to small nerve fiber neuropathy (63) and
central sensitization (64). Thyroid problems consisted almost
entirely of autoimmune causes, including hypo and hyperthyroid
states. Females with autoimmune conditions had significantly
lower CGG repeats than that of males, likely because women
are more likely to have autoimmune conditions at baseline.
Autoimmune conditions and inflammation have strong links
to pain and the primary pathophysiology of FXTAS involves
RNA toxicity and inflammation. Inflammatory mediators from
damaged cells induce pain and sensitization. Local tissue
inflammation can result in hypersensitivity to pain via secondary

hyperalgesia, where inflammatory mediators diffuse to uninjured
nearby tissues. Females produce a larger proinflammatory
immune response to tissue damage than males (65). Females
with FXTAS may have increased chronic pain because they
develop more inflammation contributing to sensitization and
maintenance of pain.

Pain Treatment
Non-opiate pharmacologic therapies can be selected based on
type of pain (nociceptive, neuropathic, central sensitization, and
combination) or by targeting comorbid conditions.

Psychopharmacologic Overlap
Considering both psychiatric and pain symptoms of a patient is
crucial as psychiatric disorders can exacerbate pain conditions
and impede treatment adherence (66). Treatment of depression
and anxiety in fragile X-associated neuropsychiatric disorders
(FXAND) typically involves SSRIs or SNRIs (15, 67). In addition
to targeting symptoms of depression and anxiety, antidepressants
such as tricyclics (TCAs), SSRIs, SNRIs, and norepinephrine
dopamine reuptake inhibitors (NDRIs) have evidence for use
in chronic pain and are commonly used in the treatment
of patients with FXTAS. Of the antidepressants, evidence
suggests SNRIs and TCAs are the most effective for treating
chronic neuropathic pain (68) as well as centralized pain (21).
There is also strong evidence for the use of anticonvulsants
pregabalin and gabapentin, and with moderate evidence for use
of SSRIs (21).

We recommend avoidance of opiates to treat chronic pain
associated with FXTAS. Opiates are commonly used to treat
pain in the general population and FXTAS population, but
anecdotal evidence suggests those on opioids can have a faster
progression of their FXTAS symptoms (69). Opiates are reported
to trigger white matter changes in chronic users (70, 71). In vitro
evidence suggests premutation neurons are more vulnerable
to environmental toxins than normal neurons (67). Drug and
alcohol use has been reported to be increased in premutation
carriers compared to controls (72, 73), which has resulted in
opiate overdose (74). Long-term opiate use leads to tolerance,
dependence, withdrawal symptoms, and can worsen chronic pain
through development of opiate-induced hyperalgesia (75).

Topical treatments can be recommended for chronic pain
such as diclofenac and ketoprofen formusculoskeletal issues (76).
For osteoarthritis, topical NSAIDs, low-concentration capsaicin,
or topical rubefacients. For neuropathic pain, topical lidocaine or
high-concentration capsaicin can be used.

Emerging Pharmacotherapy
CBD is a compound typically derived from hemp that targets
CB1, CB2 receptors and is an allosteric modulator of µ- and δ-
opioid receptors. Evidence in FMR1 knockout mice suggests CB2
receptor is necessary for protection against neuropathic pain,
raising interest in targeting this receptor for treatment (77). A
controlled trial examined pain in patients with multiple sclerosis,
spinal cord, and other neurological conditions found pain control
improved with CBD (78) in addition to two other studies that
found pain relief (79, 80). CBD is also being explored as an
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intervention in FXS (81) in an open-label trial (82) because
of its benefits on sleep quality, anxiety (83), and cognitive
impairment (84).

Curcumin is a polyphenol with anti-inflammatory properties
extracted from turmeric that has shown promising preclinical
results in treating FXTAS (85) but has not been studied clinically.
Curcumin has a notable anti-inflammatory effect and pain relief
for the treatment of general pain syndrome and osteoarthritis
(86). However, more comprehensive long-term studies are
needed, as many of the controlled trials are of low quality with
industry funding. Sulforaphane is another dietary supplement
with antioxidant/anti-inflammatory properties that was found to
improve markers of oxidative stress and mitochondrial function
in fibroblasts from FXTAS patients (87), but has not been studied
for pain symptoms in FXTAS.

Allopregnanolone, a natural neurosteroid and positive
allosteric modulator at GABA-A, has been studied as a safe
therapy for neuropathic pain (88, 89), treatment for post-
partum depression (90), and has been studied in an open-
label trial for treatment of FXTAS in six patients with limited
benefits on executive function and neuropathy symptoms
(91). Allopregnanolone is a promising candidate for FXTAS
because it improves mitochondrial dysfunction and acts to
prevent reactive oxidative species (ROS) overproduction, a
primary pathological mechanism driving FXTAS phenotype.
ROS produced inmitochondria have been shown to contribute to
central sensitization associated with pain (92). Allopregnanolone
was able to protect neuronal cells against oxidative stress through
improved mitochondrial antioxidant activity (93).

Non-pharmacologic
For a non-pharmacologic approach, counseling and therapy
for chronic pain and psychiatric conditions has been helpful.
The cognitive behavioral therapy approach to pain teaches
patients skills to anticipate pain and divert attention to other
thoughts, helping the patient better cope with pain (94).
We also recommend daily exercise to stimulate neurogenesis,
improve mitochondrial function, and decrease chronic pain
(67). Focusing on maintaining sleep quality can have an impact
on pain (95). We recommend other techniques for reducing
overall stress such as biofeedback for relaxation, which can
lead to improvements in various pain-related outcomes (96).
Mindfulness stress reduction has evidence for reducing chronic
pain and improving quality of life (97). Acupuncture has been
studied in hundreds of controlled trials and appears to be
effective for chronic pain, particularly back pain (98) and
headaches (99).

Study Limitations
The limitations of this study include a sample bias, as the
cohort consisted of participants with higher socioeconomic
status and majority with white ethnicity. Data on anxiety
and depression are self-reported and the symptomatology of
pain is recorded through medical interviews. Future studies
characterizing pain would benefit from measures of intensity.
Furthermore, participants were enrolled through referral from
physicians or family members and thus this cohort might not be

a true representative of individuals with FXTAS, but the more
affected ones. In addition, men are less likely to disclose health
issues, and at more advanced FXTAS stages may not be able to
assess themselves accurately.

CONCLUSION

In conclusion, our results have important clinical implications for
the treatment of female premutation carriers with FXTAS who
have increased back pain, neuropathy, and central sensitization
related pain. Pain is a significant finding in FXTAS and should be
questioned in the medical history for all premutation carriers and
treated appropriately.
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