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Abstract
Background—Pharmacological rescue of behavioral, cognitive and synaptic abnormalities in
the animal models of fragile X syndrome (FXS) has prompted the initiation of clinical trials of
targeted treatments in humans with this condition. Objective, well-validated outcome measures
that are reflective of FXS deficits and can be modeled similarly in animal and human studies are
urgently needed.

Methods—A protocol measuring prepulse inhibition (PPI) of the startle reflex, including
measures of test-retest stability, was evaluated in 61 individuals with the fragile X full mutation
(40 males and 21 females; 19.18 ± 7.18 years) and 63 age-matched normal controls (35 males and
28 females; 20.83 ± 6.96 years) across two laboratory sites with identical equipment and
protocols.

Results—Relative to controls, the fragile X group had PPI impairment of 26%, 22%, and 28%
for 60 ms, 120 ms, and 240 ms prepulse interval trial types, respectively, p = 0.000002. PPI test-
retest reliability in 29 of the participants was excellent for the 120 ms prepulse interval trials
(intraclass correlations: FXS, 0.85; controls, 0.88, 0.89 overall).
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Conclusions—This study demonstrates the feasibility and reliability of PPI measurement in a
developmentally disabled population and highlights its potential as an outcome measure to test the
efficacy of targeted neurotherapeutic agents.
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INTRODUCTION
Fragile X syndrome (FXS), caused by a mutation in FMR1 at Xq27.3, is the most common
inherited cause of mental impairment and the leading known single gene cause of autism.
This mutation results from the presence of more than 200 CGG repeats within the promoter
region of the FMR1 gene, which prevents normal transcription, and leads to subsequent
reduction or absence of the FMR1 protein (FMRP) (Devys and others 1993; Tamanini and
others 1997) and abnormal brain development, including aberrant dendritic arborization and
synaptic plasticity (Comery and others 1997; Galvez and Greenough 2005; Irwin and others
2000; Irwin and others 2002; Irwin and others 2001). The behavioral phenotype is
characterized by deficits in attention and inhibitory control, autistic symptoms, social
anxiety and withdrawal, hyperarousal, and gaze aversion (Reiss and Dant 2003).

There are currently no empirically validated behavioral or pharmacological treatments
available for individuals with FXS. However, new leads to potential targeted treatments
have come from recent advances in the neurobiology of FXS. For example, the “mGluR
theory” suggests that phenotypic features of the disorder arise from enhanced activity of the
metabotropic glutamate receptor 5 pathway (mGluR5) (Bear 2005; Bear and others 2004).
Flies lacking dfmr1, the homologue of FMR1 in humans, show altered courtship behavior,
decreased memory, and dendritic abnormalities that are rescued when raised with food
containing the mGluR5 antagonist MPEP (2-methyl-6-phenylethynylpyridine) (McBride and
others 2005). These and additional studies demonstrating rescue of behavioral, cognitive and
epilepsy phenotypes in the fmr1 knockout mouse with genetic or pharmacological down
regulation of mGluR5 activity have set the stage for targeted neurotherapeutic trials in
humans with FXS (Dolen and Bear 2008).

There is an urgent need to develop objective and reliable outcome measures that are
reflective of FXS deficits and can be modeled similarly in animal and human studies. An
excellent candidate is prepulse inhibition (PPI), a measure of sensorimotor gating. PPI is
regulated by many neurotransmitter systems, including the glutamatergic receptor pathways
such as the mGluR (Brody and Geyer 2004; Pietraszek and others 2005; Zou and others
2007), GABA (Arai and others 2008; Bortolato and others 2007; Fendt 1999; Kodsi and
Swerdlow 1995; Sayin and others 2001), and NMDAR receptor systems (Wolf and others
2007). In addition, disruption of the GABA and mGluR systems has been documented in the
fmr1 knockout mouse (Centonze and others 2007; Chang and others 2008; D'Antuono and
others 2003; D'Hulst and Kooy 2007; Dolen and Bear 2008; Selby and others 2007).

PPI deficits occur in a number of neuropsychiatric conditions including schizophrenia (Braff
and Light 2005), obsessive-compulsive disorder (Hoenig and others 2005), attention deficit
hyperactivity disorder (Hawk and others 2003), Huntington's disease (Swerdlow and others
1995), Tourette's syndrome (Castellanos and others 1996), and autism spectrum disorders
(McAlonan and others 2002; Perry and others 2007). Most of these conditions are
characterized by abnormalities in inhibitory control. Furthermore, review of the animal and
human literature supports the use of PPI as a cross-species measure of sensorimotor gating
and an endophenotypic trait in genetic studies (Braff and others 2001).
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There are several published reports of PPI response to pharmacological treatment in humans.
In a randomized, double blind placebo controlled study of young boys with ADHD (Hawk
and others 2003) methylphenidate improved PPI by approximately 20% over placebo,
bringing patients to levels comparable to controls without ADHD. However the PPI
improvement was found only when participants were asked to attend to the prepulses.
Several studies have shown that PPI is significantly improved in patients with schizophrenia
who are treated with antipsychotic medications (Kumari and Gray 1999; Minassian and
others 2007; Oranje and others 2002; Weike and others 2000). These studies appear to
support the use of PPI protocols to examine the efficacy of psychopharmacological
treatment.

In a study of 10 boys with FXS and 7 age-matched controls, Frankland and colleagues
(Frankland and others 2004) demonstrated significant PPI deficits in FXS that were strongly
associated with a number of clinical measures including IQ, attention, and autistic
symptoms. Surprisingly, within the same paper, it was shown that PPI as measured by whole
body startle response was enhanced in two samples of fmr1 knockout mice. Chen and Toth
(Chen and Toth 2001) also reported enhanced PPI in frm1 knockout mice. However, in the
Frankland paper, the authors noted that the mice also had enhanced performance on learning
tasks and reduced anxiety, which is inconsistent with previous fmr1 knockout studies and
the FXS phenotype. More recently, however, two independent studies have documented
impaired PPI in fmr1 knockout mice (using an eyeblink startle procedure; de Vrij and others
2008) or fmr1 knockout mice in combination with an Fxr2 deficiency (Spencer and others
2006), and in one of these studies the PPI deficit was rescued to wild-type levels by MPEP,
the mGluR5 antagonist (de Vrij and others 2008). The lack of consistent PPI results in fmr1
knockout mice may be related to methodological differences as suggested by de Vrij and
colleagues, or perhaps differences in background strains.

In our view, there is strong theoretical support for using PPI as a physiologic outcome
measure to test the efficacy of targeted pharmacological treatments in patients with FXS.
This is based on (a) the well-established science of PPI in humans and animals, (b) the
involvement of mGluR5 neurobiology in both PPI regulation and fragile X mental
retardation, (c) the prominent sensory processing and inhibitory deficits associated with
FXS, and finally (d) the PPI deficit in patients with FXS reported by Frankland and
colleagues. However, to date these published PPI findings in patients with FXS are based on
a very limited sample size and only included males. Most importantly, although PPI
reliability (e.g. test-retest, internal consistency) is well established in normal control groups
(Abel and others 1998; Cadenhead and others 1999; Flaten 2002; Ludewig and others 2002)
and some clinical populations (Ludewig and others 2002; Swerdlow and others 2007), there
is no information on the reliability of PPI within the FXS population. The sensitivity of PPI
as an outcome measure to gauge efficacy of treatment will depend on its reliability.

In the current study, we sought to expand upon the findings of impaired PPI in FXS by
studying (a) a larger group of participants including females and adults, (b) the reliability of
the PPI measure, and (c) the feasibility of multi-site data collection. Although not a primary
focus, we also examined the association between PPI and cognitive ability in the group with
FXS.

MATERIALS AND METHODS
Participants

Participants were 61 individuals with the fragile X full mutation (40 males and 21 females;
ages 8 - 40, 19.18 ± 7.18 years) and 63 typical controls (35 males and 28 females; ages 8 -
40, 20.83 ± 6.96 years). All participants or their parents provided written consent according
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to a protocol approved by Institutional Review Boards at U.C. Davis and Rush University
Medical Center. Individuals with FXS were recruited through the fragile X research and
clinical programs at U.C. Davis and Rush University. Controls were recruited from
throughout the U.C. Davis and Rush campus communities (adults) and local schools in the
Sacramento and Chicago areas. Controls with prior psychiatric diagnosis or treatment,
learning disability, or CNS involvement were excluded. Any individual with known hearing
loss was also excluded. Fragile X status was confirmed by FMR1 DNA testing using both
PCR and Southern blot analysis as previously described (Saluto and others 2005; Tassone
and others 2004). In the FXS group, the ethnic distribution was 80.0% Caucasian, 3.3%
African American, 3.3% Native American, 11.7% Hispanic, and 1.7% unknown. In the
control group, the distribution was 78.7% Caucasian, 4.9% African American, 6.6% Asian,
and 6.6% Hispanic. Forty-four participants with FXS and 39 typical controls were seen at
U.C. Davis M.I.N.D. Institute and 17 with FXS and 24 typical controls were seen at Rush
Medical Center. In the FXS group, 66.7% of participants were taking psychoactive
medication at the time of the PPI testing session (40.3% SSRI/SNRI; 21% antipsychotic;
19.4% stimulant; 9.7% other antidepressant; 4.8% anticonvulsant; 3.2% sedative; 14.5%
miscellaneous).

PPI Testing
Stimuli—The PPI protocol was administered using a stimulus presentation and physiology
recording system (James Long Company; Caroga Lake, NY). Acoustic stimuli were
presented binaurally through Telephonics high-impedance headphones. The startle stimuli
(SS) were 50 ms 105 db SPL white noise pulses (limited to below 4 kHz), with 0 ms rise and
fall times. Acoustic prepulses (PP) were 25 ms 75 db SPL 1 kHz tones with 4 ms rise and
fall times. There were four types of trials: (1) SS presented alone, (2) PP 60 ms prior to the
SS, (3) PP 120 ms prior to the SS, and (4) PP 240 ms prior to the SS. The 4 trial types
constituted a trial block and eight such blocks were presented for a total of 32 trials. The
trial order within block was random. Inter-trial intervals ranged from 25 s to 45 s. Prior to
the first block, there was a series of adaptation trials consisting of 6 startle stimuli only (50
ms white noise), at increasing intensities from 80 dB to 105 dB SPL in 5 dB increments.

Recording—Obicularis oculi electromyogram (EMG) was recorded bipolarly from the
right eye, with Electro-Cap International, Inc. (Eaton, OH) E21-6S 6 mm tin cup electrodes
1.0 cm apart, edge to edge, as close to the margin of the lower lid as possible, and the lateral
electrode 0.6 cm medial to the exterior canthus. A ground electrode was placed behind the
right ear, on the mastoid. EMGs were amplified at a fixed gain (1000, with an A/D input
range of +/− 2.5 V) and with band pass of 10 Hz to 250 Hz. Electrode impedances were
generally maintained below 5 kΩ and were measured prior to and following the procedure.
All data were digitized at 1 kHz.

Procedure—Participants with cognitive, attention, and behavioral control deficits typically
have difficulty complying with the usual conditions imposed upon individuals with typical
development during reflex modulation experiments (i.e., to sit motionless, without head or
eye movements, while fixating one point in their surroundings). We have developed a PPI
protocol designed for these individuals that utilizes two methods for minimizing movement-
related artifact - presenting a silent movie to participants to encourage consistent forward
visual fixation and reduce motor activity (Frankland and others 2004; Ornitz and others
1986; Ornitz and others 1991; Ornitz and others 1999) and offline review of the
synchronized video-recording to mark events that typically produce artifacts.

Prior to the experimental session each subject was familiarized with the laboratory and
electrodes were applied. In addition, many participants with FXS were given electrode
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collars and reviewed a DVD with their parent of a model participant completing the protocol
prior to the session. Participants with FXS and significant anxiety or limited language were
shown a picture schedule of activities to improve understanding and compliance. All
participants were asked to sit quietly and enjoy watching a cartoon movie (clips from “The
Lion King” and “Finding Nemo”, chosen to be visually engaging but not over-stimulating).
Participants were told that from time to time they will hear some sounds. There was no
instruction either to pay attention to or ignore the sounds. A DVD recording of the
participant's head and upper body during acquisition was used off-line for scoring of
movement artifact. The offline coding of motor activity, large eye and head movements, and
various examples of noncompliance was done from the DVD recording using the Video
Coding System (James Long Company).

Test-retest reliability—Participants residing within reasonable driving distance of U.C.
Davis or Rush University were asked to return for PPI retesting. Efforts were made to
conduct the re-test 14 days later; however family schedules often prevented rigid adherence
to the test-retest interval. The initial test and the re-test were identical in all aspects of the
PPI procedure.

Data scrutiny and preparation for analysis—We followed published guidelines for
human startle eye blink studies, including subject preparation, electrode placement,
amplification and filtering, response quantification, and artifact analysis and removal
(Blumenthal and others 2003). All analytic procedures described below were conducted
blinded to participant identifying information. The orbicularis oculi EMG were scrutinized
individually on each trial. Participants with no visual EMG response to more than ∼ 50% of
startle only trials were deemed “non-responders” and were excluded from analysis. Raw
EMG was digitally bandpass filtered at 80 Hz to 240 Hz. The data were analyzed in 75
percent overlapping 8 ms windows, yielding a time resolution of 2 ms. Baseline EMG
activity was sampled 50 ms before stimulus onset to 20 ms after stimulus onset and
aggregated across all trials. This aggregated baseline was used to detect confounding natural
blinks exceeding baseline. Trials with baseline periods in which the threshold was exceeded
(greater than 2 SD above aggregate baseline mean EMG) were rejected from analysis. The
EMG peak magnitude between 20 ms and 200 ms post startle probe onset was analyzed for
each trial. Trials also were rejected if video recording revealed excessive movement at time
of trial, if the participant became excessively sleepy, if electrodes were manipulated or
removed, or if headphones were removed. Percent PPI was calculated as follows: 100 X
[(response magnitude in the startle stimulus alone trials - response magnitude in the prepulse
trials)/response magnitude in the startle stimulus alone trials]. This calculation was done for
the 60 ms, 120 ms, and 240 ms prepulse trials types.

Success of data acquisition—Of the 61 participants with FXS enrolled in the study, 53
(86.9%) completed the session with usable physiological data (4.9% were noncompliant,
4.9% had problematic EMG signal, and for 3.3% there were equipment problems). Of the 63
controls enrolled, 47 (74.6%) completed the session with usable data (3.2% noncompliant,
1.6% with problematic EMG signal, 4.8% with equipment problems, 9.5% were identified
as EMG non-responders, and 6.3% were excluded due to history of psychiatric disorder or
treatment). Startle magnitude data are reported on these individuals with complete, valid
physiological data. Of the remaining participants, 49 with FXS and 42 controls had adequate
EMG startle responses to each trial type (5 of 8 valid trials were required) to produce PPI
results. This consisted of 18 females with FXS (mean age 20.56), 31 males with FXS (mean
age 19.25 years), 18 female controls (mean age 18.21 years), and 24 male controls (mean
age 19.71 years). PPI data are reported on these remaining participants. Percentages of
rejected trials were as follows: EMG physiology artifact, 3.0% in the FXS group vs. 3.6% in
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controls; behavioral noncompliance/movement, 4.9% in FXS vs. 2.7% in controls; both
artifact and noncompliance, 1.0% in FXS vs. 0.6% in controls.

Cross-site protocol replication—The PPI protocol described above was initially
established at the M.I.N.D. Institute at U.C. Davis (PI D. Hessl), and was replicated at Rush
Medical Center in Chicago (PI E. Berry-Kravis). The psychophysiology equipment
(amplifiers, electrodes, headphones), startle stimuli (sound generating equipment, sound
types and levels), video recording, electrode application procedures, and PPI procedures
(trial types and timing, silent videos) were identical.

Cognitive Assessment
Cognitive ability was measured using the Wechsler Scales of Intelligence (Wechsler Adult
Intelligence Scale, Third Edition; Wechsler Intelligence Scale for Children, Fourth Edition;
Wechsler Abbreviated Scale of Intelligence; The Psychological Corporation, San Antonio,
TX) or the Stanford Binet, Fifth Edition (Riverside Publishing, Rolling Meadows, IL). In the
FXS group, 47 of the 61 participants had valid IQ results available (41 with the Wechsler
Scales, 6 with the Stanford Binet V). Males with FXS had a mean IQ of 52.0 (SD = 9.9;
range = 36 - 75) and females with FXS had a mean IQ of 75.3 (SD = 19.4; range = 44 -
116).

RESULTS
Group Differences in PPI

A group (FXS vs. controls) by gender by site (UCD vs. Rush) repeated measures ANOVA
with prepulse interval type (60, 120, or 240 ms) as the repeating measure, revealed
significant main effects for interval type, F (2, 78) = 5.16, p = 0.008, ηp

2 = 0.13, group, F (1,
78) = 26.50, p = 0.000002, ηp

2 = 0.27, site, F (1, 78) = 5.34, p = 0.02, ηp
2 = 0.07, and a

group by gender interaction that approached significance, F (1, 78) = 4.07, p = 0.05, ηp
2 =

0.05. Compared to controls, participants with FXS had PPI reductions of 26%, 22%, and
28% for the 60 ms, 120 ms, and 240 ms prepulse interval trial types, respectively (Figure 1).
The main effect of site showed that individuals tested at Rush had lower PPI than those
tested at U.C. Davis, however this was driven by a significant effect for the fragile X group
only; there was no significant main effect of site within the control group. The group by
gender interaction suggested that the difference in PPI between FXS and controls was
greater in females than in males. Within the FXS group, an analogous repeated measures
ANOVA with prepulse interval type as the repeating measure and medication (yes vs. no),
site, and gender as the independent variables yielded no significant main effect for
medication, F (1, 63) = 0.11, p = 0.92. As seen in Table 1, the number of individuals with
FXS taking specific types of medication does not appear to be associated with level of PPI
impairment.

Reliability of Startle and PPI
The internal consistency of startle magnitude was examined for each group using Cronbach's
alpha coefficient. Alphas for startle magnitude were excellent for each group indicating very
consistent startle responses across trials (Table 3). Thirteen participants with FXS (ages
seven to 40 years; five female, eight male; mean IQ = 56.6) and 16 controls (ages eight to 40
years; seven female, nine male) completed PPI retesting. The test-retest interval ranged from
2 to 67 days with a mean interval of 13.1 days. Intraclass correlation coefficients
demonstrated excellent test-retest reliability for the 120 ms prepulse interval for both groups
(Figure 2). Reliability was adequate for the 240 ms prepulse interval in both groups and
relatively weak for the 60 ms interval (Table 3). In addition, paired samples t-tests
demonstrated no significant differences in PPI between session 1 and session 2 for the FXS
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(120 ms mean difference = −5.98, t = −0.65, p = 0.53) and control (120 ms mean difference
= 8.57, t = 1.70, p = 0.11) groups.

One adult male control was tested at the U.C. Davis site and then again at the Rush site 9
months later. The Spearman-Brown coefficient testing the correlation between trial-by-trial
EMG startle amplitudes was 0.61, p < .0001. PPI for this participant was consistent between
sites even with the long test-retest interval (60 ms, 66.4% vs. 68.2%; 120 ms, 83.7% vs.
75.1%; 240 ms, 58.1% vs. 58.8% for U.C. Davis and Rush, respectively).

Group Differences in EMG Startle Magnitude
Due to positively skewed values and outliers that could not be corrected with arithmetic
transformation, group differences in EMG magnitude in response to the startle only trials
were tested using nonparametric Mann-Whitney test. This test showed no FXS vs. control
group differences for males (Z = 0.11, p = 0.91) or females (Z = 0.04, p = 0.97).

Clinical Correlates
Spearman rank correlations were conducted to examine the associations between PPI, startle
magnitude and full scale IQ among the participants with FXS. The PPI measurements were
not significantly correlated with IQ in the overall sample, although the correlation between
PPI at 60 ms and IQ approached significance, ρ = 0.29, p = 0.08 (n = 39). Frankland and
colleagues reported strong correlations between the PPI deficit and clinical measures in the
FXS group. However, there are differences in age and gender distributions between our
sample (children and adults, males and females) and the prior study (all children, males
only). To further investigate this, we conducted post-hoc correlations between PPI and IQ
for children and adults separately. Although PPI at the 240 ms prepulse interval was not as
reliable, we found significant positive correlations between this measure and IQ in children,
especially males (Figure 3; overall, ρ = 0.66, p < 0.001, n = 24; males, ρ = 0.79, p = 0.002, n
= 12; females, ρ = 0.68, p = 0.015, n = 12). The correlation of IQ with PPI at the most
reliable interval, 120 ms, approached significance in this group of children, ρ = 0.42, p =
0.07, n = 20.

DISCUSSION
We have shown that prepulse inhibition (PPI) deficits can be reliably measured in children
and adults with FXS and mental impairment. To our knowledge, this is the first study
demonstrating the test-retest reliability of PPI measurement in a developmentally disabled
population, and replicates an earlier study showing PPI deficits in boys with FXS (Frankland
and others 2004). The lack of FXS group differences in baseline EMG startle magnitude
suggests that the PPI deficits are not simply due to abnormality in the startle response
pathway but are more specifically related to inhibitory control mechanisms.

We provide the first evidence that females with FXS have substantial sensorimotor gating
deficits, despite their typically less severe phenotypic and cognitive involvement. The PPI
measurement may be especially sensitive to inhibition problems that are seen even in high
functioning females. Indeed, of the 9 females with FXS with IQ scores in the average range,
6 had PPI measures one standard deviation or more below the control group. These findings
are surprising, given that females with FXS typically express higher levels of FMRP as a
result of X chromosome inactivation; measures that are deficient in FXS are therefore
typically more abnormal in males. We are conducting studies to correlate FMRP level with
various clinical and physiological measures, including PPI, to better address this question.

While the participants with FXS had substantial PPI deficits, on average ranging from 22%
to 28% below controls, sensorimotor gating problems are not specific to this condition.
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Indeed, FXS is one of many neurodevelopmental and neurodegenerative disorders having
major disruptions in inhibitory control and sensorimotor gating, including schizophrenia,
ADHD, autism spectrum disorder, obsessive compulsive disorder, and Huntington's disease.
The deficit in FXS measured here is not as large as was estimated by the prior smaller study
(47% difference; (Frankland and others 2004), but it does exceed that of schizophrenia
(based on weighted means of 12 studies − 20% difference; (Hamm and others 2001).
Although there is little overlap in the clinical aspects of FXS and schizophrenia, both
conditions appear to have a common deficit in glutamatergic signaling, sensorimotor gating,
and brain systems involved with executive function and inhibition.

Functional MRI studies of both males and females with FXS demonstrate frontostriatal
dysfunction during a Go/NoGo inhibitory control task that is correlated with the degree of
FMRP deficit (Hoeft and others 2007; Menon and others 2004). PPI is clearly modulated by
the GABAergic and glutamatergic frontal-striatal circuits that are implicated in FXS.
Therefore, PPI may offer an alternative, less expensive method for indexing CNS
dysfunction from a broader range of individuals, in age and level of functioning, than is
possible with functional MRI.

The PPI test-retest reliabilities reported here, at least for the 120 ms interval, were excellent
and similar to other studies reporting these data from other populations. For example,
Cadenhead and colleagues (Cadenhead and others 1999) studied PPI across three sessions,
each one month apart, in healthy adult men, and found excellent test-retest and within-
session stability, with intraclass correlations in the 0.90 range. Ludewig and colleagues
(Ludewig and others 2002) conducted a study of PPI reliability, also at three time points
across 3 months, in normal controls as well as patients with schizophrenia and found PPI to
be highly and equally reliable in both groups, especially for the 60 ms and 120 ms prepulse
trial duration, with correlations in the 0.80 range. Given the challenges associated with
physiological testing of patients with FXS who demonstrate significant hyperactivity and
anxiety problems, our data suggest that slight modifications to typical PPI procedures and
analysis techniques, such as allowing participants to view an engaging silent movie, using an
adaptation procedure (a series of startle stimuli of increasing intensities) before the PPI
trials, and carefully excluding trials with movement or other artifact, can lead to reliable
measures even in these challenging participants. Furthermore, the higher reliability obtained
for the 120 ms prepulse interval suggests that use of this trial type may be more sensitive to
changes associated with treatment, and should be more strongly considered in future
intervention studies.

Our results, coupled with prior knowledge regarding inhibitory problems in patients with
FXS (Cornish and others 2001; Scerif and others 2007; Sullivan and others 2007), rescue of
PPI deficits in the fragile X knockout mouse (de Vrij and others 2008), and involvement of
the mGluR5 pathway in FXS (Dolen and Bear 2008; McBride and others 2005) support the
use of PPI measurement in novel treatment outcome studies for this disorder. Although
mGluR antagonists appear to regulate PPI (Campbell and others 2004; Henry and others
2002; Kinney and others 2003; Pietraszek and others 2005) it is important to note that
mutant mice lacking mGluR5 receptors demonstrate impaired PPI (Brody and others 2004),
whereas the mGluR5 theory postulates that this system is up-regulated in FXS.

Frankland and colleagues (Frankland and others 2004) found strong correlations between
PPI and clinical measures in young males with FXS. Within our subgroup children with
FXS, we found a similar positive association between PPI and IQ, but no significant
association in the larger group of patients including adults. These inconsistent results raise a
concern that PPI deficiencies in FXS may not reflect clinical deficits. However, a weakness
of the current study was that IQ scores were derived from several different instruments, and
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were not available for all participants, perhaps leading to more error and less accurate
estimates of these correlations. Studies are needed that compare PPI to consistent and more
sensitive cognitive testing, and more specific neuropsychological constructs associated with
inhibitory control. In addition, it would be informative to compare PPI in FXS and a group
of individuals with another developmental disability in order to separate the impact of the
FMR1 mutation from general developmental effects. Finally, the sensory sensitivity,
anxiety, and hyperarousal problems experienced by individuals with FXS are well-
documented and may be associated with and influenced the PPI deficits observed.

There were several important limitations of the present study. First, we found a significant
effect of laboratory site on PPI, especially within the FXS sample, with somewhat lower
values from participants seen at Rush. However, we subsequently compared baseline startle
magnitude data between the two sites, within each group, and found no significant
differences (data not shown), and we found that one participant had very similar startle and
PPI results when tested at each site. Together, these data suggest that the site effect may be
more related to FXS cohort PPI effects than methodological or equipment differences,
although it is also possible that differences in the testing environment may have influenced
the findings. While previous studies suggest that males have increased PPI relative to
females (Swerdlow and others 1999) we found no significant gender effects within the FXS
or control groups. Third, unfortunately we were unable to examine the effect of specific
medication types on PPI in FXS patients. Given the finding of improved PPI in children
with ADHD treated with methylphenidate (Hawk and others 2003), as well as the reported
success of stimulant medications in patients with FXS (Berry-Kravis and Potanos 2004), a
controlled trial of the effect of stimulant treatment on PPI and ADHD symptoms in FXS
could be fruitful. Fourth, we did not measure hearing threshold in the participants, although
we did screen individuals for hearing loss by history. Recurrent otitis media infections are
common in early childhood but they typically resolve by age 5 in children with FXS so it is
unlikely that this interfered with our study. Frankland and colleagues did obtain normal
audiometric data on their subjects. Future PPI studies in FXS should also check for hearing
loss directly. Finally, in addition to varying the prepulse interval, it may be useful to
evaluate the level of inhibition with different prepulse sound levels, and to demonstrate that
participants do not respond to prepulse sounds alone.

In summary, we show that males and females with FXS have abnormal sensorimotor gating
that can be reliably measured using classic prepulse inhibition methodology. We believe that
PPI is an excellent candidate for an objective treatment outcome measure to be used to test
the efficacy of future novel therapeutic agents such as mGluR5 antagonists aimed at
normalizing brain function and behavior in patients with FXS, and perhaps other
neurodevelopmental disorders characterized by executive and inhibitory dysfunction.
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Figure 1.
Prepulse inhibition (PPI) in males and females with FXS and controls, by prepulse interval
trial type. Repeated measures ANOVA resulted in a significant main effect for group, F (1,
78) = 25.32, p = 0.000004, ηp

2 = 0.26, and a group by gender interaction that approached
significance, F (1, 78) = 4.07, p = 0.05, ηp

2 = 0.05. The interaction indicated that the
difference in PPI between FXS and controls was greater in females than in males. Error bars
show ± S.E.M.
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Figure 2.
Scatterplot showing the association between PPI (120 ms prepulse interval) measured at two
sessions, on average 13 days apart, in participants with FXS and controls.
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Figure 3.
Scatterplot showing the association between PPI (240 ms prepulse interval) and full scale IQ
in boys (ρ = 0.79, p = 0.002, n = 12) and girls (ρ = 0.68, p = 0.015, n = 12) with FXS.
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Table 2

Internal consistency (Cronbach's alpha) of EMG startle magnitude in individuals with FXS and controls

FXS Controls

Trial type

Startle alone 0.96 0.96

60 ms prepulse 0.94 0.86

120 ms prepulse 0.96 0.96

240 ms prepulse 0.95 0.95
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Table 3

Test-retest reliability (intraclass correlation) of PPI in individuals with FXS and controls, by prepulse interval

FXS (n = 13) Controls (n = 16) Total (n = 29)

Prepulse interval

60 ms 0.57 0.35 0.65

120 ms 0.85 0.88 0.89

240 ms 0.68 0.69 0.74
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