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Carriers of premutation alleles (55–200 CGG repeats) of the fragile X mental retardation 1 (FMR1) gene are spared the major neurode
pmental symptomatology of fragile X syndrome patients carrying a full mutation (>200 repeats). In a proportion of premutation

he repeat expansion is associated with a specific neurological profile involving intention tremor, ataxia, intellectual decline c
ith dementia syndrome, Parkinsonism and autonomic dysfunction at older age, commonly referred to as fragile-X-associated tre
yndrome (FXTAS). Typical CNS changes include hyperintense signals on T2 weighted magnetic resonance images and the
biquitin-positive intranuclear neuronal inclusions. A knock-in mouse model with a (CGG)98 repeat in the premutation range has been
rated and shown to exhibit elevated Fmr1 mRNA levels and ubiquitin-positive intranuclear neuronal inclusions, suggesting it may
odel for the human disease. Given the specific clinical profile of FXTAS patients, the expanded CGG repeat model was assessed f
ehavioural and neuromotor performance at different ages (20, 52 and 72 weeks). The Morris water maze task exposed age-depe
f visual-spatial memory. Open field recordings revealed decreased exploration of the centre of the arena in the oldest group o
GG repeat mice, potentially reflecting increased anxiety. Neuromotor tasks primarily showed decline of performance on the a

otarod with age in the premutation carriers but not in control littermates. The age-dependent cognitive decline and neuromotor d
ay be related to the progressive cognitive and behavioural difficulties observed in FXTAS patients.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Fragile X syndrome, the most frequent form of hereditary
ental retardation, is mostly caused by an expansion of a
GG repeat in the 5′ untranslated region of theFMR1gene

17]. Whereas, in the normal population, the CGG repeat is
olymorphic with a length ranging from 5 to 55 units, frag-

le X patients display >200 hypermethylated CGG units (i.e.
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full mutation) causing transcriptional silencing of theFMR1
gene and consequently lack the fragile X mental retard
protein (FMRP)[13]. Individuals with the fragile X premu
tation have expanded repeat lengths varying from 55 to
CGG units. While not affected with the fragile X syndrom
females carrying a premutation may transmit the repea
stably and have affected offspring. Dependent on the le
of the premutation, elevated levels ofFMR1RNA and at the
same time slightly decreased levels of protein are syn
sised[9,10,15]. Recently, it appeared that a subgroup of
mutation carriers in their 50s and older are confronted
a variety of neurological symptoms, referred to as frag
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X-associated tremor/ataxia syndrome (FXTAS)[7–9]. Pa-
tients may develop progressive intention tremor and ataxia
often accompanied by gradually increasing cognitive and be-
havioural complications including memory loss, executive
function deficits, dementia, anxiety and reclusive or irritable
behaviour. Additionally, more variable features may include
Parkinsonism, peripheral neuropathy, lower limb proximal
weakness and autonomic dysfunction (impotence, urinary
and bowel incontinence).

Typical FXTAS-related CNS alterations consist of hyper-
intensity on T2 weighted magnetic resonance images in cere-
bellar white matter and middle cerebellar peduncles[2]. Post
mortem neuropathological evaluation revealed ubiquitin-
positive intranuclear inclusions in neurons and astrocytes
throughout cortex and brainstem, with highest density in hip-
pocampus, and Purkinje cell dropout with associated gliosis
(Bergman gliosis)[6].

A premutation CGG repeat knock-in mouse model was
generated, which showed CGG repeat instability[1]. These
mice were consequently employed as a model for FXTAS.
In analogy with human patients, ubiquitin-positive intranu-
clear inclusions were detected in the brains of expanded
CGG repeat mice[19]. The subcellular localization of these
inclusions was comparable with those of human patients,
though dissimilarities in affected brain regions and cell types
were observed. In mice, inclusions were restricted to neurons
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expanded CGG repeat mice and male WT littermates at the ages of
20 (n= 10 for expanded CGG repeat, andn= 5 for WT mice) and
52 weeks (n= 9 for expanded CGG repeat, andn= 6 for WT mice).
The latter group was re-assessed for the non-cognitive tasks and
subjected to two additional neuromotor tasks and recording of cage
activity profiles at the age of 72 weeks. Experimenters were blinded
as to the genetic status of the animals. All experiments were carried
out in compliance to the European Communities Council Directive
(86/609/EEC) and the Animal Ethics Committee of the University
of Antwerp approved all protocols.

2.2. Cognitive performance assessment

2.2.1. Hidden-platform Morris water maze test
The experimental set-up for the Morris water maze (MWM) task

consisted of a circular pool (diameter: 150 cm, height: 30 cm) filled
with opacified water kept at 25◦C. A round Perspex platform (di-
ameter 15 cm) was placed 1 cm below water surface at a fixed posi-
tion in one of the quadrants. Acquisition training consisted of eight
trial blocks of four daily trials commencing at four different posi-
tions from the border of the maze in a semi-random order and with
a 15 min intertrial interval. If the platform was not reached within
120 s, the mouse was placed on the platform during 15 s before being
returned to its home cage. Swimming trajectories were recorded us-
ing a computerized video-tracking system (Chromotrack, San Diego
Instruments, USA). Four days after finishing the acquisition phase,
a probe or retention trial was performed; the platform was removed
from the maze, and animals were allowed to swim freely for 100 s.
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nd absent in astrocytes. Inclusions were most abund
pecific brain regions, including colliculus inferior, pont
ucleus, parafascicular thalamic nucleus, 10th cerebella
le and vestibular nucleus, but contrastingly, inclusions
arely detectable in the hippocampus. Inclusions incre

n size and number with ageing of the expanded CGG
eat mice. Cell loss and gliosis, however, were not obse

rrespective of the ages examined.
The premutation animals showed no obvious signs o

ase or abnormal behaviour. To examine whether mice
n expanded CGG repeat showed evidence of neurolo
ysfunction, expanded CGG repeat and wild-type (WT)

mals were subjected to an elaborate cognitive, behavi
nd neuromotor assessment at different ages.

. Materials and methods

.1. Mouse model

The generation of the expanded CGG repeat knock-in mice
escribed previously[1]. Briefly, the endogenous mouse (CGG8

epeat was replaced by a human (CGG)98 repeat, which is in th
remutation range. Repeats were mildly unstable during inte
rational transmission. The mice used for this study were of a m
57BL/6J× FVB/N background, and the repeats were between
nd 123 CGG units in size. Animals were housed in mixed g

ype groups in standard mouse cages under conventional la
ory conditions with food and water available ad libitum, cons
oom temperature and humidity, and a 12/12 h light–dark cycle
avioural testing was performed on separate groups of naı̈ve male
patial accuracy was expressed as the percentage of time s
ach quadrant of the MWM, and the number of crossings thr

he previous platform position.

.2.2. Passive avoidance learning
Passive avoidance learning was assessed in a step-throu

uring the dark phase of the animal’s activity cycle. The step-thr
ox consisted of a first, brightly lit compartment, connected with
econd, dark compartment by means of a sliding door. A mous
ut in the illuminated compartment and after 5 s the sliding doo
pened. Upon complete entry into the dark compartment (four
riterion), the animal received a slight foot shock (0.3 mA, 1 s).
ctly 24 h later, the escape latency to re-enter the dark compar
as timed up to 300 s, and the percentage of animals not rea

his criterion was compared between experimental groups.

.3. Assessment of exploration and activity

.3.1. Open field activity
Open field behaviour was recorded in a brightly lit 50 cm×

0 cm arena during the dark phase of the animal’s activity c
ice always started from the same corner of the arena and we

owed 1 min of adaptation before the 10 min recording period c
enced. A computerized video-tracking system (Chromotrack
iego Instruments, USA) was used to record trajectories and c

ate path length and number of entries in the centre circle (diam
5 cm) or the 7 cm× 7 cm corners of the arena.

.3.2. Cage activity
After 1 h of adaptation in the laboratory room where exp

ents were to be conducted, ambulatory cage activity was
ured in solitary housed animals using standard transparent
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cages (22.5 cm× 16.7 cm× 14 cm; length× width× height). Meth-
ods and interpretation of activity profiles were previously described
by our group[18]. Cages were placed between three infrared sen-
sors (two perpendicular to and one parallel with the length of the
cage) in closed cabinets accommodated with electricity-driven ven-
tilation fans to keep optimum temperature, and lights to imitate the
animals’ 12/12 h light–dark cycle. The number of beam interrup-
tions in a 23 h period was counted using a microprocessor counter
interfaced with a computer. Cage activity recordings were carried
out in the 72-week-old group.

2.4. Neuromotor assessment

2.4.1. Accelerating rotarod
Equilibrium and motor co-ordination were tested on an accel-

erating rotarod apparatus (Ugo Basile, Italy). After two adaptation
trials of a maximum of 2 min each at a constant speed (4 rmp), each
mouse was placed on the rotating rod for four test trials during which
the rotation speed gradually increased from 4 to 40 rpm (intertrial
interval: 1 min). The time an animal could stay on the rod was timed
up to a maximum of 5 min.

2.4.2. Wire suspension test
For the wire suspension test of grip strength and endurance, the

front paws of the mouse were positioned on a horizontal steel wire
(0.6 mm thick) suspended at a height of 46 cm above tabletop. Test
parameters were latency to the first fall and the number of falls
d
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differences between proportions were analysed with a Fisher exact
test. Tukey post hoc multiple comparisons was employed to analyse
age-dependent differences within genotypes for specific parameters.
Statistical analysis was performed with Sigmastat software (SPSS
Inc., Erkrath, Germany) with the level of probability set at 95%.

3. Results

3.1. Cognitive performance assessment

Visual-spatial learning and memory was assessed in the
MWM paradigm, whereas the passive avoidance task was
employed to study primarily non-spatial learning. Mice of
both age groups improved their performance during the
MWM acquisition phase as indicated by significant ef-
fects of trial block on path length and escape latency. At
the age of 20 weeks, factor trial block significantly in-
fluenced path length (two-way RM-ANOVA;F7,84= 9.955,
P< 0.001) and escape latency (F7,84= 7.487, P< 0.001).
Similar results were obtained for the 52-week-old ani-
mals (path length:F7,77= 5.089,P< 0.001; escape latency:
F7,77= 3.003,P= 0.008).

Two-way RM-ANOVA did not show a significant ef-
fect of genotype on path length and escape latency at
the age of 20 weeks (P= 0.612 andP= 0.886, respec-
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.4.3. Stationary beam test
The test setting consisted of a wooden beam (diameter: 25

ength 110 cm) covered with a layer of masking tape to provi
rmer grip. The beam was divided into 11 segments and plac
height of 38 cm above a cushioned floor. A piece of cardb
as inserted at each end to prevent the mice from escaping. T
ommenced by placing an animal in the middle of the beam.
umber of segments crossed (four-paw criterion), the latencie

ore falling, and the number of falls were measured for four t
ith a cut-off period of 1 min per trial and an intertrial interval
0 min. The stationary beam test was performed at the age
eeks.

.4.4. Gait test
Gait characteristics (stride and track width) were analyse

pplying ink to the animals’ hind paws and letting them walk o
trip of paper, down a brightly lit alley (4.5 cm wide, 40 cm lon
owards a dark goal box. The 72-week-old groups were subj
o the gait test.

.5. Statistics

Significance of differences between mean scores of path le
scape latency and swim speed during MWM acquisition, an

encies on the accelerating rotarod, were assessed with tw
nalysis of variance with correction for repeated measures
NOVA). Genotype and trial (block) were considered as sou
f variation. Spatial acuity during probe trial was assessed

wo-way ANOVA. Two-way RM-ANOVA was also used to ass
ge-dependent effects on rotarod performance. Two-tailed Stu

-test (t-test) was used for comparison between pairs of means
ively, data not shown). Although the interaction genotyp×
rial block revealed a significant effect on both va
bles (path length:F7,84= 2.992,P= 0.007; escape latenc
7,84= 2.607,P= 0.017), post hoc comparison was unabl
how significant differences between genotypes on sp
raining days. Swim speed was not affected by genotype
her by the interaction genotype× trial block (P= 0.407 and
= 0.446, respectively; data not shown). A probe trial c
rmed the equivalent learning capacities of 20-week-old
anded CGG repeat and WT mice. The spatial search p

n expanded CGG repeat mice was not different from
T group (two-way ANOVA; effect genotype× quadrant
= 0.981, data not shown). Moreover, the number of en

hrough target was similar in expanded CGG repeat and
ice (t-test;P= 0.829), as was total path length (P= 0.960)

Table 1).
At the age of 52 weeks, the acquisition curves s

ested impairment of visual-spatial learning and mem
bilities in the expanded CGG repeat mice (Fig. 1A and
). When considering escape latency, expanded CGG
eat mice performed significantly worse compared to
T group (F1,77= 5.603, P= 0.037; Fig. 1B). Statistica

nalysis revealed a strong trend towards a significan
ect of genotype on path length (two-way RM-ANOV
1,77= 4.766,P= 0.052;Fig. 1A). These differences were n
ttributable to lower swim speed in the expanded CGG re
roup (P= 0.858; data not shown). The interaction ge

ype× trial affected neither path length (P= 0.784), nor es
ape latency (P= 0.387) or swim speed (P= 0.707). Although
wo-way ANOVA failed to show significant differences
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Table 1
Morris water maze probe trial, passive avoidance learning, open field behaviour and performance on wire suspension test in wild-type (WT) and expanded
CGG repeat (CGG) mice at different ages

20 weeks 52 weeks 72 weeks

WT CGG WT CGG WT CGG

Morris water maze probea

No. of entries through target 3.4± 1.2 3.9± 1.5 4.5± 1.0 0.7± 0.5** N/A N/A
Path length (cm) 1961± 309 1978± 181 1935± 74 1747± 379

Passive avoidanceb

Latency to re-enter (s) 98± 22 87± 17 95± 13 91± 15 N/A N/A
Animals not reaching criterion (%) 20 30 50 33

Open field testc

Total path length (cm) 2133± 364 3223± 396 3923± 172 3394± 367 2897± 192 2116± 336
No. of entries corners 45± 6 64± 6 80± 5 71± 7 57± 2 47± 6
No. of entries centre 28± 4 39± 7 41± 3 30± 5 40± 6 18± 7∗
Path length centre 287± 44 408± 83 428± 31 316± 60 429± 65 192± 77∗
% path length centre 14± 1 12± 1 11± 1 9± 1 15± 2 8± 2∗

Wire suspension testd

Latency to first fall 103± 11 81± 16 34± 18 27± 4 74± 18 77± 17
No. of falls 0.4± 0.2 1.3± 0.4 3.8± 1.1 8.7± 1.1∗ 2.8± 1.0 2.8± 1.2

Data are mean± S.E.M. Statistical significance was determined by two-tailed Student’st-test: N/A = not applicable.
a 20 weeks: WT (n= 5), CGG (n= 9); 52 weeks: WT (n= 6), CGG (n= 7).

b 20 weeks: WT (n= 5), CGG (n= 10); 52 weeks: WT (n= 6), CGG (n= 9).

c 20 weeks: WT (n= 5), CGG (n= 10); 52 weeks: WT (n= 6), CGG (n= 9); 72 weeks: WT (n= 6), CGG (n= 8).

d 20 weeks: WT (n= 5), CGG (n= 10); 52 weeks: WT (n= 6), CGG (n= 9); 72 weeks: WT (n= 6), CGG (n= 9).

∗ P< 0.05.
∗∗ P< 0.01.

the percentage of time spent in the different quadrants of
the MWM (effect genotype× quadrant;P= 0.806), impaired
visual-spatial learning and memory in expanded CGG repeat
mice was equally notable during probe trial. A significantly
lower number of entries through target indicated decreased
spatial accuracy in the expanded CGG repeat group (t-test;
P= 0.005), which could not be ascribed to decreased swim
speed, hence total path length during probe trial (P= 0.661)
(Table 1).

Neither at the age of 20 weeks, nor at 52 weeks, passive
avoidance learning was affected in the expanded CGG re-
peat model. No significant differences between genotypes in
latency to re-enter the dark compartment (t-test; 20 weeks,
P= 0.696; 52 weeks,P= 0.847) and percentage of animals
not reaching criterion (Fisher exact; 20 weeks,P= 1.000; 52
weeks,P= 0.344) were observed (Table 1).

3.2. Activity and exploration assessment

Exploratory behaviour was registered in an open field
arena, while the comparison of cage activity profiles enabled
us to investigate possible differences in 23 h patterns of hor-
izontal activity. At the age of 20 weeks, as well as in the 52-
week-old mice, open field behaviour did not differ between
expanded CGG repeat and WT mice (Table 1). At the age of
72 weeks, however, expanded CGG repeat mice travelled a
s a
s the
o ters
w tion

level (total path length:P= 0.091) as the percentage of path
length spent in the centre circle was also significantly reduced
in expanded CGG repeat mice (P= 0.016).

Cage activity profiles recorded at the age of 72 weeks,
showed no differences between genotypes (two-way RM-
ANOVA; factor genotype:P= 0.908, factor genotype× time:
P= 0.959;Fig. 2).

3.3. Neuromotor assessment

Neuromotor performance and equilibrium were analysed
initially with an accelerating rotarod apparatus. Compari-
son of rotarod performance revealed no major differences
between expanded CGG repeat and WT mice in any age
group tested. However, considering each genotype sepa-
rately, a significant decrease in performance with age was
eminent in the expanded CGG repeat mice (two-way RM-
ANOVA; F2,75= 7.317,P= 0.003), but not in the WT groups
(P= 0.263). Post hoc comparison indicated significantly re-
duced latency (time spent on rod) in the 52-week and 72-
week-old group compared to the 20-week-old expanded CGG
repeat mice (Tukey;P= 0.002 andP= 0.042, respectively;
Fig. 3).

The wire suspension test, which assesses grip strength and
endurance, showed no differences at the age of 20 weeks.
In 52-week-old animals, latency to the first fall did not dif-
f e fell
s .
H eeks,
p

ignificantly shorter distance (t-test;P= 0.044) and entered
ignificantly lower number of times in the centre circle of
pen field arena (P= 0.045). Reduction of these parame
as not attributable to an overall lower activity/explora
er between genotypes, but expanded CGG repeat mic
ignificantly more compared to WT mice (t-test;P= 0.007)
owever, when these animals were re-tested at age 72 w
erformance did not differ between genotypes (Table 1).
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Fig. 1. Morris water maze performance in expanded CGG repeat (CGG)
mice (closed symbols) and wild-type (WT) mice (open symbols) at age 52
weeks. On learning curves representing (A) path length and (B) escape la-
tency each data point depicts mean (±S.E.M.) summed results of four daily
trials. (C) Mean percentage (±S.E.M.) of time spent in each quadrant of the
Morris water maze during probe trial. Asterisks indicate significance of dif-
ference between CGG repeat and WT values (post hoc two-tailed Student’s
t-test;∗P< 0.05).

Additional neuromotor tasks to evaluate putative ataxia at
the age of 72 weeks consisted of the stationary beam task
and the gait test. Latter was not able to distinguish between
expanded CGG repeat and WT mice (Table 2), whereas the
stationary beam test showed a significantly lower number of
segments crossed by expanded CGG repeat mice (P= 0.045;
Table 2). Other parameters measured during the stationary
beam task did not vary between genotypes (Table 2).

Fig. 2. Cage activity profiles in (A) wild-type (n= 5) and (B) expanded
CGG repeat (CGG) mice (n= 10) at the age of 72 weeks. Bars depict mean
(±S.E.M.) summed number of beam crossings during the preceding 30 min
of recording. Shaded background represents the dark, i.e. active phase of the
animals’ 12/12 h light–dark cycle.

Fig. 3. Age-dependent performance on the accelerating rotarod apparatus
during four trials in expanded CGG repeat (CGG, closed symbols) and wild-
type mice (WT, open symbols). Group sizes were: CGG (n= 10), WT (n= 5)
at the age of 20 weeks; CGG (n= 9), WT (n= 6) at the ages of 52 and 72
weeks. Each data point represents mean (±S.E.M.) latency spent on the
accelerating rod during four trials (t1–t4).
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Table 2
Additional neuromotor tasks at the age of 72 weeks in expanded CGG repeat
(CGG) and wild-type (WT) mice

WT CGG

Stationary beam testa

Total no. of segments crossed 25± 12 3 ± 2∗
Total no. of falls 0.5± 0.2 0.9± 0.3
Total latency 213± 12 203± 12

Gait testa

Stride maximum left 8.31± 0.20 8.30± 0.39
Stride maximum right 7.90± 0.22 8.44± 0.42
Stride median left 6.95± 0.34 6.99± 0.35
Stride median right 6.71± 0.26 7.08± 0.31
Track width maximum 2.86± 0.14 2.89± 0.09
Track width median 2.44± 0.11 2.55± 0.07

Data are mean± S.E.M. Statistical significance was determined by two-
tailed Student’st-test with∗P< 0.05.

a WT (n= 6), CGG (n= 9).

4. Discussion

The cognitive and behavioural characteristics of the
knock-in mouse model for FXTAS were evaluated using an
extensively validated test battery, consisting of the MWM and
passive avoidance learning tasks, an open field exploration
test and evaluation of neuromotor performance. Pathologi-
cally, the presence of neuronal intranuclear inclusions has
been described in both FXTAS patients[6], and the CGG re-
peat mice[19]. Whether the formation of inclusions underlies
the clinical symptoms remains to be resolved, and formed the
rationale for the present study.

The MWM test is a widely used laboratory tool to in-
vestigate visual-spatial learning and memory in rodents[5].
Memory acquisition is reflected in learning curves of escape
latency and path length, whereas the probe trial assesses stor
age and retrieval of spatial information. At the age of 20
weeks, expanded CGG repeat mice performed equally well
on this task as WT mice. Expanded CGG repeat mice aged 52
weeks, however, displayed obviously deviant learning curves
and inferior spatial accuracy during probe trial compared to
the control group. A relative consistent pattern of cognitive
impairment, including memory problems and executive func-
tion deficits, in some individuals gradually progressing to
dementia, was reported in FXTAS patients[7,9]. Abnormal-
ities in the MWM, nevertheless, were not a priori expected
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he age of 52 weeks, some differences in wire suspe
erformance were observed, but the same expanded
epeat mice performed indistinguishable from WT when
ested at the age of 72 weeks. It is therefore not fully c
hether wire suspension is affected in the expanded
ice. Besides grip strength and endurance, a major

ational factor is implicated in the performance of this ta
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which might explain these observations. The gait test showed
no ataxic disturbances in the 72-week-old expanded CGG re-
peat mice, whereas the stationary beam task suggested some
neuromotor deficits, though it has to be taken into consider-
ation that the underlying cause of the decreased number of
segments crossed on the stationary beam task might also be
related to the increased anxiety as observed in the open field
test.

These data clearly indicate an age-dependent decline of
visual-spatial learning capacities, a potential increase of anx-
iety levels, and mild neuromotor disturbances in the expanded
CGG repeat mouse model. On average, the first inclusions
appear in mouse brain around the age of 30 weeks, which
might explain why no behavioural alterations were observed
in our youngest age group. With increase of inclusion size
and number, cognitive and behavioural alterations became
evident. The whole of our observations in the mouse model
seem compatible with the progressive character of decline of
cognitive function and the appearance of behavioural prob-
lems in FXTAS patients. The FXTAS mouse model facilitates
molecular studies from onset of symptoms, through disease
progression, until final stage of disease, whereas human post
mortem brain only allows end stage studies. In addition, this
expanded CGG repeat model offers new opportunities in un-
derstanding RNA gain-of-function effect in the pathogenesis
of FXTAS.
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