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Abstract
FXTAS, a neurodegenerative disorder, affects Fragile X (FMR1) gene premutation carriers in late-
life. Studies have shown cognitive impairments in FXTAS including executive dysfunction,
working memory, and visuospatial deficits. However, less is known about cognition in females
with FXTAS. Thus, we examined semantic processing and verbal memory in female FXTAS
patients with event-related potentials (ERPs) and neuropsychological testing. 61 females (34
FXTAS Mage = 62.7, 27 controls Mage = 60.4) were studied with 32-channel ERPs during a
category judgment task in which semantically congruous (50%) and incongruous items were
repeated ~10–140s later. N400 and P600 amplitude data were submitted to ANCOVA.
Neuropsychological testing demonstrated lower performance in verbal learning and executive
function in females with FXTAS. ERP analyses revealed a significant reduction of the N400
congruity effect (incongruous–congruous) in the FXTAS group. The N400 congruity effect
reduction in females with FXTAS was mainly due to increased N400 amplitude to congruous new
words. No significant abnormalities of the N400 repetition effect or the P600 repetition effect
were found, indicating preserved implicit memory and verbal memory, respectively, in females
with FXTAS. The decreased N400 congruity effect suggests abnormal semantic expectancy and/or
semantic network disorganization in female FXTAS patients. The enhanced N400 amplitude to
congruous new words may reflect decreased cognitive flexibility among FXTAS women, making
access to less typical category exemplar words more difficult.
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Introduction
Approximately 40% of older male and 8–17% of female FMR1 premutation carriers (with
55–200 CGG repeats) develop fragile X-associated tremor/ataxia syndrome (FXTAS), a
neurodegenerative disorder characterized by intention tremor, cerebellar ataxia, peripheral
neuropathy, and cognitive deficits in executive function, attention, memory, and visuospatial
processing (Grigsby et al. 2008; Hagerman et al. 2001; Hagerman & Hagerman, 2013;
Jacquemont et al. 2003).

Female carriers are generally believed to have milder impairments. However, mounting
evidence suggests more variable phenotypes among female carriers, including possibly
gender-specific neuromotor decline (as reviewed by Kraan et al. 2013), and a greater
prevalence of psychiatric and autoimmune disorders than their male counterparts (Coffey et
al. 2008; Hunter et al. 2011; Seritan et al. 2013). Cognitively, female carriers without
FXTAS have demonstrated visuospatial deficits (e.g., Goodrich et al. 2011), attention
problems (Hunter et al. 2008), and language dysfluencies progressing with age (Sterling et
al. 2013). In a study examining older female carriers with and without FXTAS, Yang and
colleagues (2013a) reported neuropsychological and electrophysiological phenotypes of
hypofrontality in both carrier groups, with overall frontal/executive dysfunction more
prominent in the FXTAS group, but more significant working memory decrement among
female carriers without FXTAS. A volumetric MRI study found mild brain atrophy and
white matter disease in women with FXTAS (Adams et al. 2007). Absent cerebellar
inhibition over primary motor cortex, as well as reduced GABA-mediated intracortical and
afferent inhibition, have been revealed in female premutation carriers in a transcranial
magnetic stimulation (TMS) study (Conde et al. 2013). A recent clinic-neuropathological
case series documented dementia in 4 of the 8 autopsied female premutation carriers, and
found FXTAS-characteristic intranuclear inclusions in all of them, including two women
without a FXTAS diagnosis before death (Tassone et al. 2012). Thus, female premutation
carriers display a higher prevalence of clinical involvement than previously thought.
Nonetheless, the nature of these neurodevelopmental and neurodegenerative (mainly
FXTAS) impairments, as well as the distinctions and interactions between them, are not well
understood.

Event-related potentials (ERP) provide an excellent non-invasive tool for measuring the
precise timing of neural events that mediate a variety of cognitive processes, because of its
high temporal resolution (Nunez & Srinivasan, 2006). In the first ERP study in FXTAS,
Olichney and colleagues (2010) demonstrated that male-predominant FXTAS individuals
have a significant reduced N400 word repetition effect –– an electrophysiological index of
semantic processing and implicit memory –– which has also been shown highly sensitive to
early-stage Alzheimer’s disease (AD) (Olichney et al. 2006, 2008). On the other hand,
unlike AD, FXTAS patients had relatively normal verbal memory scores and the associated
P600 word repetition effects (Olichney et al. 2010). In our recent placebo-controlled,
double-blind, randomized clinical trial study of memantine (an uncompetitive antagonist of
N-methyl-D-aspartate (NMDA) glutamate receptor) in FXTAS (Yang et al. 2013b), we
found that improvements in cued memory retrieval were associated with increases in the
N400 repetition effect.

In the present study, neuropsychological testing and the ERP paradigm used in Olichney et
al. (2010) were integrated to characterize semantic and memory processing in older female
premutation carriers with FXTAS.
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Methods
Subjects

Participants were 34 female patients with mild FXTAS symptoms (mean FXTAS clinical
stage = 2.8, range: 2–4) and 27 female normal elderly controls (NC), recruited through the
MIND Institute at the University of California Davis (UCD). All subjects are native English
speakers and provided written informed consent for a study protocol approved by the UCD
Institutional Review Board. FXTAS was diagnosed according to the criteria for probable or
possible FXTAS (Jacquemont et al. 2003). FMR1 allele status was identified in all subjects
by DNA testing using a combination of PCR and southern blot methods as described
elsewhere (Tassone et al. 2008). As expected, FMR1 mRNA levels were significantly
elevated in the patients with FXTAS (t34= 4.0, p < 0.001). There was no significant group
difference in age (t59= 0.98, p = 0.33). The NC group had a slightly higher education level
(t57= 2.85, p = 0.006). CGG data were missing for 8 controls, none of whom had any history
of neurologic diseases or indication of FXS in their family (see Table 1 for demographics
and genetic-molecular data).

Neuropsychological Testing
Each subject underwent extensive neuropsychological evaluations. The Mini-Mental State
Examination (MMSE; Folstein et al. 1978) was used as a measure of global cognitive
abilities. Executive function was evaluated using the Stroop Color and Word Test (Stroop,
1935), Behavioral Dyscontrol Scale 2nd edition (BDS-2; Grigsby & Kaye, 1996) and the
Controlled Oral Word Association Test (COWAT; DesRosiers & Kavanaugh, 1987). The
color-word component of the Stroop Test is a measure of the capacity for cognitive
inhibition. The BDS-2 provides a valid and reliable measure of the capacity for behavioral
self-regulation involving intentional control of voluntary motor behavior. The COWAT is a
measure of verbal fluency, widely considered to be a component of executive function, as it
involves the active generation of information. Verbal learning and memory were assessed
with the California Verbal Learning Test (CVLT) (Delis et al. 1987).

EEG/ERP experiment
Electroencephalogram (EEG) recordings were performed during a semantic category
decision task, in which auditory category statements were followed by semantically
congruous (50%) or incongruous (50%) visual target words.

Procedure—Participants were seated 100 cm in front of a computer monitor. Category
statements were read aloud, each followed approximately one second later by a visually-
presented target word. Target words were presented within a rectangle in the center of the
monitor (visual angle 0.4°). Subjects were instructed to wait three seconds following the
appearance of the target, then say the perceived word aloud, followed by “yes/no” to
indicate whether it was an exemplar of the defined category or not. Three blocks of EEG
data were recorded, each lasting slightly over 20 minutes.

After the EEG recordings were completed, three unanticipated paper and pencil memory
tests (free recall, cued recall, and multiple-choice recognition) were administered in that
order. The free recall task instructed subjects to recall as many target words as possible,
regardless of whether they were congruous or incongruous. In the cued recall task, subjects
were provided with a list of 40 categories (22 of which had preceded congruous target
words, 18 had preceded incongruous words) and subjects were asked to fill in the word that
had been presented during the experiment. The final task, multiple-choice recognition,
consisted of 40 category statements, each followed by six possible target word completions
(four congruous category exemplars and two incongruous nouns).
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Stimuli—The stimuli were 216 category-target pairs (e.g., ‘a type of meat’─‘chicken’).
Categories and targets were selected with the aid of published norms and locally
administered normative questionnaires (Olichney et al. 2000). Half of the target words
(‘congruous’ words) were medium-typicality category exemplars. The other half of the
targets were concrete nouns ‘incongruous’ with their associated category, but matched to the
congruous target words on length and frequency of usage (Francis & Kucera, 1982;
Olichney et al. 2010).

Subjects were randomly assigned to one of three counterbalanced stimulus lists, which
included 36 congruous targets presented once, 36 presented twice, 36 presented three times
and equal numbers of incongruous targets in the same pseudo-randomized repetition
conditions, with a total of 432 trials evenly divided into three blocks. Therefore, half of the
stimuli were congruous and half were incongruous; half were new and half were repeated.
Repeated target words always appeared paired with the same category as on first
presentation. For words repeated once, the lag between first and second presentations was 0–
3 intervening trials (spanning approximately 10–40 s). For doubly repeated words, the lag
for both second and third presentations was 10–13 intervening trials (~110–140 s).

Electrophysiological Recording—Thirty-two (32)-channel EEG was recorded with a
Nicolet-SM-2000 digital amplifier (bandpass =0.016–100 Hz, sampling rate =250 Hz).
Interelectrode impedance was maintained at ≤ 5 kΩ. EEG was recorded from midline (Fz,
Cz, Pz, POz), lateral frontal (F3, F4, F7, F8, FC1, FC2, Fp1, Fp2), temporal (T5, T6),
parietal (P3, P4, CP1, CP2) and occipital sites (O1, O2, PO7, PO8) defined by the
International 10–20 system. Additional lateral sites included approximations of Broca’s area
(Bl), Wernicke’s area (Wl) and their right hemisphere homologues (Br, Wr), and an
electrode pair 33% of the interaural distance lateral to Cz over the superior temporal lobe
(41L, 41R). All scalp electrodes were referenced online to the left mastoid and subsequently
re-referenced offline to the average of the left and right mastoids. Electro-oculogram (EOG)
from vertical and horizontal eye movements was recorded with 4 electrodes, one directly
beneath and one at the outer canthus of each eye.

Data Analysis
EEG trials contaminated by eye blinks or movements, excessive muscle activity, or
amplifier blocking were rejected. By averaging artifact-free epochs (length = 1024 ms, pre-
stimulus baseline = 100 ms) of each condition, separate ERP waveforms were obtained for
new congruous and incongruous target words, as well as for repeated congruous and
incongruous target words. ERP dependent variables included the N400 congruity effect (a
larger negative deflection to incongruous than congruous words in normal subjects because
the N400 is a sensitive index of semantic processing load (Chwilla et al. 1995)), the N400
repetition effect (an index of priming/implicit memory), and the P600 repetition effect (a
larger positive deflection to congruous new than old words in normal subjects, reflecting
verbal memory) (Olichney et al. 2000, 2010).

ERP data from 26 scalp electrodes (excluding Fp1 and Fp2 due to their vulnerability to
muscle activity) were submitted to repeated-measures analyses of covariance (ANCOVA;
SPSS 21, IBM) with years of education controlled for as a covariate. N400 measures were
obtained from 300–550 ms time window. Mean amplitude of the N400 congruity effect
(new congruous versus incongruous words) was analyzed with the between-subjects factor
of Group and two within-subjects factors of Congruity (congruous/incongruous) and
Electrode. Analysis on the N400 word repetition effect mean amplitude (new versus old
incongruous words) had the between-subjects factor of Group and two within-subjects
factors of Repetition (New/Old) and Electrode. The late positive components (LPC/P600)
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word repetition effect mean amplitude (new versus old congruous words) was analyzed with
between-subjects factor of Group and three within-subjects factors: Repetition (New/Old),
Latency (300–550 ms, 550–800 ms) and Electrode. The Greenhouse-Geisser correction was
used whenever the assumption of sphericity was violated.

Partial correlations between neuropsychological test scores and a composite N400 ERP
measure (derived from the mean of 6 posterior electrodes: Pz, P4, POz, Wr, T6, O2) were
examined with years of education controlled for as a covariate, as were correlations between
the P600 repetition effect amplitude at Pz and neuropsychological test scores. These
electrode sites were chosen to conform with where the largest ERP effects are normally
present. It has been well established that the N400 component has a right hemisphere bias,
and is maximal at the parietal and right posterior channels (Kutas & Federmeier, 2011),
while the P600 component is most prominent in midline parietal channels (Olichney et al.
2000, 2010).

To control for multiple comparisons, only p-values less than 0.01 were considered as
significant in all statistical analyses.

Results
Behavioral Results

Table 2 summarizes the neuropsychological test scores and group comparisons with years of
education controlled. Global abilities, as measured by the MMSE, demonstrated no
significant difference between groups.

The FXTAS group demonstrated executive function deficits, with lower performance on the
BDS-2 and Stroop Test than the NC group. Verbal learning, as measured by the CVLT List
A trials 1–5, was also mildly impaired in FXTAS patients. No group differences were found
for the subsequent memory tests of free recall and multiple-choice recognition. However,
FXTAS patients showed a trend for lower scores on the cued recall task.

ERP Results
Semantic congruity—Figure 1a shows the grand average ERPs elicited by the initial
presentations of congruous and incongruous target words within two groups. The N400
elicited by incongruous words is most prominent in the right posterior channels. The
congruity effect (the difference between the new congruous and new incongruous words)
began around 300 ms after stimulus onset and peaked at about 450 ms (Figure 1b).

ANCOVA revealed a marginally significant main effect of congruity [F(1,56) = 4.95, p =
0.03], with initial incongruous words producing larger negativities (N400s) than congruous
words. There was a significant group × congruity interaction [F(1,56) = 7.97, p = 0.007],
due to reduced N400 congruity effect in the FXTAS group [N400 Congruity Effect: NC
Mean = −2.85 µV, SE = 0.29; FXTAS Mean = −1.65 µV, SE = 0.26]. Further analysis
revealed that the FXTAS group had larger (more negative) N400 amplitude to initial
congruous words [NC Mean = 6.6 µV, SE = 0.66; FXTAS Mean = 4.16 µV, SE = 0.56;
F(1,56) = 7.42, p = 0.009]. There were no group differences on initial incongruous words
[F(1,56) = 1.76, p = 0.19].

Repetition of incongruous words—Figure 2a shows the grand average ERPs elicited
by the initial and repeated presentations of incongruous words.

The ANCOVA did not find a significant main effect for repetition [F(1,56) = 1.71, p = 0.20]
across all electrode sites. There was also not a significant group × repetition interaction
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[F(1,56) = .18, p = 0.67], nor a main effect of group [F(1,56) = 2.24, p = 0.14] or a group ×
repetition × electrode interaction [F= 1.47, p = 0.22] after Greenhouse-Geisser correction.

Repetition of congruous words—Figure 3a shows the P600 repetition effect
(difference between new and old congruous words) with a larger positive voltage to new
than old congruous words. This difference was more pronounced in the NC group. This
effect was most prominent in the midline channels (Fz, Cz, Pz), began around 400 ms,
peaked near 550 ms, and persisted beyond 800 ms post-stimulus onset.

There was a marginally significant main effect for repetition [F(1,56) = 4.22, p = 0.045]
across all electrode sites. There was also a significant group × repetition interaction [F(1,56)
= 8.19, p = 0.006] indicating reduced P600 repetition effect amplitude in the FXTAS group.
There was borderline significance of a group × latency interaction [F(1,56) = 3.66, p =
0.061]. Because of this, we performed further analyses within two time windows separately
(Early: 300–550 ms, Late: 550–800 ms). There was a marginally significant main effect of
repetition [F(1,56) = 4.57, p = 0.037] in the late time window. However, in the early time
window, the repetition effect did not achieve significance [F(1,56) = 3.16, p = 0.081] across
all subjects. Both time windows elicited a significant group × repetition interaction [Early:
F(1,56) = 7.48, p = 0.008; Late: F(1,56) = 7.40, p = 0.009] indicating a reduced P600
repetition effect in the FXTAS group in the 300–800 ms time window across all electrodes
[P600 Repetition Effect: NC Mean = 5.34 µV, SE =0.51; FXTAS Mean = 4.25 µV, SE =
0.43]. Whereas, the group difference in the P600 repetition effect became non-significant
after controlling for the covariate of the CVLT List A Trials 1–5 total score in an ANCOVA
[group × repetition interaction: F(1,50) = 1.95, p = 0.17], suggesting that this intergroup
difference was mainly due to the mildly reduced verbal learning and memory abilities in
FXTAS.

Correlation Results
As expected, FMR1 mRNA levels and number of CGG repeats were significantly correlated
across all subjects (r = 0.71, p < 0.001). Within FXTAS patients, this correlation was
moderately strong and of marginal significance (r = 0.43, p = 0.05). CGG repeat length
correlated with the CVLT long-delay free recall measure (r = −0.50, p < 0.01) among the
FXTAS group, and showed a correlation with the P600 repetition effect amplitude at
channel Pz which narrowly missed significance (r = 0.42, p = 0.03). No significant
correlations with FMR1 mRNA levels were observed.

Partial correlational analyses, with years of education controlled for, were conducted across
all subjects (NC and FXTAS) to test if the main ERP amplitude measures correlated with
neuropsychological test scores (COWAT, BDS-2, and Stroop). The N400 congruity effect in
correlational analysis was defined as the mean voltage for new incongruous minus new
congruous words between 300–550 ms, averaged across 6 posterior sites (Pz, P4, POz, Wr,
T6, O2). This effect, like the N400 repetition effect, normally has a negative polarity/value.
The N400 congruity effect amplitude was significantly associated with the BDS-2 scores (p
< 0.01) and showed a trend of correlation with scores on the COWAT in the FXTAS group,
but did not significantly correlate with any of the three executive function tests in the NC
group (Table 3).

The N400 repetition effect in correlational analysis was defined as the mean voltage
difference between 300–550 ms at the posterior sites (Pz, P4, POz, Wr, T6, O2) for new
minus old incongruous words. The N400 repetition effect amplitude did not display any
significant correlations with any of the memory test scores, neither for the congruous words,
nor for the incongruous words (|r|’s < 0.21, p’s ≥ 0.15; Table 4).
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The P600 repetition effect in correlational analysis was defined as the mean voltage
difference in the 550–800 ms window at Pz for new minus old congruous words. Amplitude
of the P600 repetition effect correlated significantly with free recall (p = 0.006) for
congruous items across all subjects (Table 4). Correlations with the CVLT learning measure
and multiple choice recognition for the experimental stimuli showed marginal significance.

Discussion
The current study examined semantic processing and verbal memory in older female
FXTAS patients by combining an ERP word repetition experiment and neuropsychological
testing. The female FXTAS group displayed reductions in the ERP N400 congruity effect
(reflecting semantic processing) compared to normal controls, with a normal N400
repetition effect (a measure of priming/implicit memory) and a relatively spared P600
repetition effect (indexing verbal memory). The smaller N400 congruity effect among these
female FXTAS patients was associated with poorer performance on executive function tests.

The current study did not observe a reduced N400 repetition effect as Olichney et al. (2010)
previously demonstrated in a male-predominant group of FXTAS patients (75% males in
both the FXTAS and control groups) using the same ERP word repetition paradigm. The
normal N400 repetition effect indicates more intact implicit verbal memory in our female
FXTAS patients. The current study and Olichney et al. (2010) suggest that verbal memory is
relatively preserved in FXTAS patients regardless of gender, as the group difference on the
P600 repetition effect was not present in our female patients after controlling for the CVLT
performance. Also, except for decreased verbal learning (on the CVLT List A, trials 1–5),
the other intergroup differences on verbal memory scores were only of marginal
significance. There were similar correlations between CGG repeat length and P600
measures in both ERP word repetition studies, but female patients in the present study did
not exhibit associations between FMR1 mRNA and N400 measures, implicating different
FMR1 mRNA mediated mechanisms may underlie gender specific electrophysiological
phenotypes. The spared implicit memory processes in FXTAS females, compared to their
male counterparts, coincide with the general observations of milder clinical involvement and
cognitive impairment in female premutation carriers. Differences in the N400 repetition
effect of males and females with FXTAS might be due to the protection by the expression of
FMR1 from their unaffected X allele and/or estrogen effects (Hagerman, 2004).

The novel finding of a reduced N400 congruity effect (ERPs to incongruous new words
minus congruous new words) in our FXTAS female group appears inconsistent with the
prior ERP word repetition study (Olichney et al. 2010). However, it is important to note that,
these authors actually showed a trend for an intergroup difference on the N400 congruity
effect (p = 0.11), with qualitatively similar results to the present study (see topographic
maps in Figure 1B of Olichney et al. 2010). The uneven and smaller sample sizes (32
FXTAS vs. 16 controls) in that study may have reduced the power to detect a group
difference in the N400 congruity effect.

The N400 congruity effect reduction observed in the current study was due to a larger N400
response to congruous new words in our FXTAS females compared to controls. It has been
well-established that the N400 component is larger to semantic violation or low cloze
probabilities (i.e., relative lower probability of words appearing in a given semantic context
(Kutas & Hillyard, 1984). The larger responses to congruous new words could represent that
the FXTAS female group processed these words in a somewhat similar manner to which
they processed incongruous words, i.e., as a relative violation of their semantic expectancy.
The congruous target words used in the present study are medium-typicality exemplars.
Therefore, following a preceding category statement, if an individual has expectancy and
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semantic activation for only high typicality exemplars (e.g., ‘King’ for ‘A male member of
royalty’), but restricted expectancy/activation for exemplars of medium/low typicality (e.g.
‘Botany’ for ‘A science’), relatively larger N400 would be present for the latter due to extra
activation needed to integrate these less activated target words into the semantic context
(Kutas & Federmeier, 2011).

Interestingly, the N400 congruity effect amplitude was correlated with performance on
executive function tests within the female FXTAS group, but not in controls, suggesting to
some extent, executive function deficits likely affect semantic processing in FXTAS women.
Executive dysfunction has been consistently reported both in FXTAS males (Berry-Kravis et
al. 2007; Grigsby et al. 2008; Yang et al. 2013c) and females (Yang et al. 2013a). Using the
Hayling Sentence Completion test (Burgess & Shallice, 1997), Cornish et al. (2008, 2011)
have discovered impaired executive inhibition to congruous yet inappropriate semantic
responses in male premutation carriers with and without FXTAS. This finding, like the
present study, suggests abnormalities in semantic processing and/or inhibitory processes.
Brega and colleagues (2008) examined the influence of executive dysfunction on other
cognitive symptoms in FXTAS and concluded that executive dysfunction is the primary
deficit mediating the other “secondary” deficits in FXTAS involving cognitive domains such
as learning, memory, and visuospatial processing. The correlation observed between
executive dysfunction and the N400 congruity effect amplitude in the current study supports
this view, suggesting executive dysfunction may cause secondary impairment in language
processing. The N400 has been shown to be significantly modulated by selective attention
(as reviewed in Deacon & Shelley-Tremblay, 2000; Kutas & Federmeier, 2011), a key
component of executive function. Therefore, executive function decrements in FXTAS
could affect semantic processing by decreasing cognitive flexibility and restricting attention
and/or semantic activation. The impact of executive dysfunction on the N400 has also been
observed in a group of non-demented Parkinson disease (PD) patients who showed larger
N400 congruity effects relative to age-matched normal controls (Kutas et al. 2013).
Specifically, PD individuals showed increased N400 to incongruous stimuli in highly-
constrained semantic tasks (e.g., antonym judgment), using different linguistic stimuli than
the present study. The authors suggested that the enhanced N400 amplitude in PD could be
linked to insufficient inhibition of irrelevant semantic information and/or abnormally heavy
reliance on external cues (e.g., the preceding semantic prime). Unlike females with FXTAS,
the PD patients did not have increased N400 activity to semantically congruous words.

The pathophysiological basis of the abnormal N400 congruity effect in FXTAS females
could be the FMR1 mRNA mediated glutamatergic abnormalities found both in fragile X
premutation mouse models (Cao et al. 2012; Hunsaker et al. 2012) and in induced
pluripotent stem cell-derived human neurons harboring the premutation expansion (Liu et al.
2012). Using a picture recognition paradigm, depth recording studies in the anteromedial
temporal lobe found that the N400 amplitude was modulated/reduced by the NMDA
glutamate receptor antagonist ketamine (Grunwald et al. 1999). Also, it is worth noting that
dopamine circuits may modulate the N400 potential, as abnormal N400 amplitude has been
documented in two disorders characterized by abnormal dopaminergic transmission and
frontal executive dysfunction, i.e., PD and schizophrenia patients on psychotropic
medications (e.g., Nestor et al. 1997; Salisbury et al. 2002; Hokama et al. 2003; Kutas et al.
in press). Furthermore, dopamine modulates cortical glutamatergic activity via multiple
mechanisms, including D1 receptors on dendritic spines which modulate excitatory inputs to
temporal association cortex (Smiley et al. 1992, 1994; Erickson et al. 2000; Sesack et al.
2003). Thus, both glutamatergic and/or dopaminergic neural transmission abnormalities may
underlie the altered N400 congruity effect in these women affected by FXTAS. One study
limitation is that levels of the fragile X protein (FMRP) were not obtained in most of these
subjects. Thus, we can not rule out a possible pathogenic role of FMRP, perhaps mediating
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the N400 abnormalities observed. FMRP is thought to act as a master regulator of many
synaptic proteins (e.g., Liu-Yesucevitz et al. 2011), and it is fascinating to note that the
characteristic cognitive deficits in FXTAS include abnormal regulation of behavior and
controlled cognitive processes.

This study represents the first examination of the language and memory phenotypes using
cognitive ERPs and neuropsychological measures in female FXTAS patients. The results
demonstrate relatively preserved memory abilities, but abnormal semantic processing (as
indexed by the N400 congruity effect reduction likely related to decreased cognitive
flexibility), in women with FXTAS. The current study and our prior ERP studies in FXTAS
(Olichney et al. 2010; Yang et al. 2013a,b,c) have demonstrated synaptic dysfunction in this
neurogeneti disorder manifesting fronto-cerebellar grey matter loss and white matter disease
(Hagerman & Hagerman, 2013). These findings may enlighten our choice of interventions
for this disease. For example, targeted treatment trials which aim to improve glutamatergic
and/or dopaminergic transmission appear rational and justified for future efforts to improve
cognition in this neurodegenerative disorder.
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Figure 1.
The N400 Congruity Effect. (A) Grand average ERPs to initial presentations of congruous
(solid line) and incongruous (dotted line) words in normal controls (left) and participants
with FXTAS (right). (B) Topographical maps of the N400 congruity effect (incongruous-
congruous words). FXTAS group showed reduced N400 congruity effect compared to the
normal controls (p = 0.007).
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Figure 2.
The N400 Repetition Effect. (A) Grand average ERPs to initial (dotted line) and repeated
(solid line) presentations of incongruous words, collapsed across repetition lag in normal
controls (left) and participants with FXTAS (right). (B) Topographical maps of the N400
repetition effect (new-old incongruous words).
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Figure 3.
The P600 Repetition Effect. (A) Grand average ERPs to initial (dotted line) and repeated
(solid line) presentations of congruous words, collapsed across repetition lag in normal
controls (left) and participants with FXTAS (right). (B) Topographical maps of the LPC
repetition effect (new-old congruous words). FXTAS group showed reduced P600 repetition
effect compared to the normal controls (p = 0.006).
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Table 1

Demographics and genetic-molecular measures (mean ± SD)

NC (N = 27) FXTAS (N = 34)

Age 60.4 ± 6.8 62.7 ± 10.7

Education 16.5 ± 2.6 14.7 ± 2.1*

CGG repeats 31.4 ± 6.7 85.5 ± 18.3*

FMR1 mRNA 1.6 ± 0.3 2.3 ± 0.6*

FXTAS stage – 2.8 ± 0.7

Note.

*
p < 0.01.

NC = normal control.
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Table 2

Neuropsychological test scores (mean ± SD) in normal controls (NC) and female FXTAS patients (with
education controlled for as a covariate).

NC (N = 27) FXTAS (N = 34) F p

Global Abilities

  MMSE 28.2 ± 2.2 27.7 ± 1.6 1.39 0.24

Executive Function

  COWAT 50.0 ± 15.2 41.2 ± 11.9 4.34 0.04#

  BDS-2 21.7 ± 3.6 16.2 ± 3.5 20.85 < 0.0001***

  Stroop 43.2 ± 8.0 32.3 ± 10.0 14.53 < 0.001**

Verbal memory

  CVLT List A, trials 1–5 53.6 ± 8.6 45.1 ± 9.5 7.46 0.009*

  CVLT SD FR 11.2 ± 3.1 9.33 ± 3.4 3.68 0.06#

  CVLT SD CR 12.0 ± 2.6 10.6 ± 2.7 2.19 0.15

  CVLD LD FR 11.1 ± 2.8 9.6 ± 3.6 2.23 0.14

  CVLT LD CR 11.8 ± 2.5 10.7 ± 2.7 1.51 0.23

Subsequent Memory (for ERP Stimuli)

  Free Recall 21.6 ± 9.3 18.9 ± 9.7 1.86 0.18

  Cued Recall 18.7 ± 3.1 17.0 ± 4.1 3.43 0.07#

  MC Recognition 30.0 ± 8.0 30.2 ± 7.1 0.004 0.95

Note.

#
Marginal significance.

COWAT= Controlled Oral Word Association Test; BDS-2= Behavioral Dyscontrol Scale 2nd edition; CVLT= California Verbal Learning Test,
SD FR= Short-delay free recall, SD CR= Short-delay cued recall, LD FR= Long-delay free recall, LD CR= Long-delay cued recall; MC= Multiple-
choice.
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Table 3

Partial correlation coefficients between N400 congruity effect and frontal-executive test scores (with
education controlled for as a covariate).

All Subjects NC FXTAS

COWAT  −0.39# −0.29 −0.39#

BDS-2  −0.28# 0.20 −0.52*

Stroop  −0.24 −0.01 −0.25

Note.

*
p < 0.01;

#
0.01 ≤ p ≤ 0.07.

The N400 Congruity Effect here is a composite score based on the mean amplitude across 6 posterior electrodes (Pz, P4, POz, Wr, T6, O2).

NC = normal control.
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Table 4

Partial correlation coefficients between word repetition effects and memory test scores (across all subjects;
education was controlled for as a covariate).

N400 Repetition Effect P600 Repetition Effect

CVLTlist A, trials 1–5 −0.17 0.32#

Free Recall −0.17 0.36*

Cued Recall 0.05 0.30#

Multiple Choice 0.01 0.21

Note.

*
p = 0.006;

#
0.024 ≤ p ≤ 0.025.

The N400 repetition effect here is a composite score equal to the mean amplitude across 6 posterior electrodes (Pz, P4, POz, Wr, T6, O2). The
P600 repetition effect is the mean amplitude of the posterior midline electrode (Pz). Memory scores (Free Recall, Cued Recall and Multiple
Choice) for incongruous words were tested for correlations with the N400 repetition effect, and memory scores for congruous words were
correlated with the P600 repetition effect amplitude.
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