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Abstract
Cystinosis is a lysosomal storage disorder characterised by progressive cystine accumulation. The causative gene, CTNS, encodes cystinosin,
the lysosomal cystine transporter. Neurological deterioration is one of the last symptoms to appear and the least well characterised. Visuospatial
memory deficits have been documented in patients. To determine whether the cystinosis mouse model presents similar anomalies, we studied
the learning and memory abilities of young and middle-aged Ctns−/− mice. We did not detect deficits in young Ctns−/− mice. In contrast, spatial
reference and working memory deficits were detected in middle-aged Ctns−/− mice. Elevated cystine levels were detected in the hippocampus,
cerebellum, forebrain and brainstem of all Ctns−/− mice, which increased with age and were consistent with the appearance of impairments.
Our results strongly suggest that the cystinosis-associated CNS anomalies are due to progressive cystine accumulation. Furthermore, the
Ctns−/− mice serve as a model to investigate the evolution of these anomalies and test the efficiency of existing and novel treatments to cross
the blood–brain barrier and reduce lysosomal cystine levels.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction
Cystinosis is a lysosomal storage disorder (LSD), a
group of metabolic disorders characterised by lysosomal
dysfunction and classified according to the molecule that
accumulates (Platt and Walkley, 2004). The lysosome is
the main site of intracellular digestion of macromolecules.
Digestion by-products that exit this organelle are either
夽 This study was a project (#02) of the CompAn behavioural phenotyping
facility (Montpellier, France).
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Mende, 34293 Montpellier, France. Tel.: +33 4 67 61 36 75;
fax: +33 4 67 04 02 31.
E-mail address: vasiliki.kalatzis@igmm.cnrs.fr (V. Kalatzis).

reused intracellularly or exported extracellularly. A defect
in one of these pathways leads to abnormal storage. A lysosomal hydrolase defect, such as defective enzymatic activity,
post-translational processing or trafficking, leads to an accumulation of nonmetabolised macromolecules. In contrast, a
lysosomal transport defect leads to an accumulation of digestion by-products (Winchester et al., 2000). Cystinosis belongs
to this latter group and is characterised by a lysosomal accumulation of cystine due to defective efflux (Gahl et al., 2001).
Like most LSDs, cystinosis is a multi-systemic disorder.
In affected children, the disease generally manifests between
6 and 12 months of age with renal tubular dysfunction (characterised by fluid and electrolyte loss) and severe growth
retardation (Gahl et al., 2001). Corneal anomalies, notably
photophobia, appear from 3 to 4 years (Dufier et al., 1987;
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Gahl et al., 1988) and worsen with age. In the absence of
treatment, end-stage renal disease (ESRD) can occur by 10
years of age. Following successful renal transplantation, continuous widespread cystine accumulation leads to multiple
complications (retinal, endocrinological, hepatic, gastrointestinal, muscular) (Gahl and Kaiser-Kupfer, 1987).
In contrast to most LSDs, the central nervous system
(CNS) was long considered spared in cystinosis. However,
due to the prolonged lifespan of patients evidence has accumulated over the last 20 years that suggests the contrary.
Initial reports of CNS anomalies consisted of cerebral atrophy
(Cochat et al., 1986; Ehrich et al., 1979; Gahl and KaiserKupfer, 1987) and nonabsorptive hydrocephalus (Ross et
al., 1982). Clinically, these anomalies were associated with
seizures. Although cerebral atrophy is a complication of
ESRD (Schnaper et al., 1983), it was found to be more prevalent in cystinosis patients (Cochat et al., 1986). Subsequently,
speech difficulties, pyramidal symptoms, and progressive
impairment of locomotion and intellectual functions were
reported (Broyer et al., 1987; Gahl and Kaiser-Kupfer, 1987;
Trauner et al., 1988).
Trauner et al. documented the first cystinosis-associated
cognitive anomalies, a specific deficit in short-term visual
memory (Trauner et al., 1988). A correlation between the
degree of cerebral atrophy and cognitive function was subsequently suggested (Fink et al., 1989; Nichols et al., 1990).
Cognitive dysfunction was further defined by studies showing that cystinosis children have visual-motor defects due to
errors in visual information processing (Scarvie et al., 1996).
Moreover, the spatial processing functions were significantly
more impaired than the perceptual functions (Ballantyne and
Trauner, 2000). In addition, cystinosis patients show impaired
tactile recognition of common objects likely due to defective
mental imaging ability (Colah and Trauner, 1997). Although
intelligence is normal in patients, they tend to have a lower
IQ than expected when compared to parents and siblings
(Williams et al., 1994). Furthermore, they show academic
difficulties particularly in the areas of arithmetic and spelling
(Ballantyne et al., 1997). The combination of these cognitive impairments results in specific behavioural symptoms,
notably social difficulties and attention problems (Delgado
et al., 2005).
Cystinosis is an autosomal recessive disorder and the
molecular basis is a defect in the gene CTNS (Town et
al., 1998). CTNS encodes cystinosin, the lysosomal cystine
transporter (Kalatzis et al., 2001). Impaired cystine transport
directly results in cystine storage and the level of transport
inhibition tends to correlate with the severity of symptoms
(Kalatzis et al., 2004). Stored free cystine eventually forms
crystals, which are detectable on histological sections. As no
naturally occurring cystinosis animal model has been identified, Ctns knockout (Ctns−/− ) mice were initially generated
in a mixed 129Sv/C57BL/6 background and partially characterised (Cherqui et al., 2002). Numerous tissues showed
elevated cystine levels from birth, which increased with age.
However, the absence of tubular dysfunction or ESRD in

these mice, despite high renal cystine levels, made them a
questionable model for studying disease pathogenesis. To
exclude the influence of mixed background on phenotype,
and to ensure long-term stability and genetic homogeneity of
the Ctns−/− mice, we developed a C57BL/6 congenic strain.
A full characterisation of the ocular anomalies in this strain
showed that they mimic those of cystinosis patients (Kalatzis
et al., 2007), arguing that the congenic Ctns−/− strain is a pertinent model for disease pathogenesis, at least for the ocular
phenotype.
In this study, we determined whether the C57BL/6
Ctns−/− mice could also serve as a model for studying the
cystinosis-associated CNS anomalies. Considering the cognitive anomalies reported in patients, we assayed the behaviour
and learning and memory capacities of the Ctns−/− mice.
In parallel, we measured cystine content and screened for
the histological presence of crystals in different brain structures at various ages. The significance of our results and their
implication for cystinosis patients is discussed.

2. Materials and methods
2.1. Animals
Male Ctns+/− mice from the 129Sv/C57BL/6 mixed line
(Cherqui et al., 2002) were backcrossed with wild-type
C57BL/6 females for at least eight generations at the Centre de Distribution, Typage et Archivage Animal (Orleans,
France). Housing and expansion to 10 generations was continued at the animal house of the Institut de Génétique
Moléculaire de Montpellier (Transgenèse & Techologies
Associées). Beyond 10 generations, Ctns+/+ and Ctns−/−
mice were intrabred to generate pure litters. Control C57BL/6
mice used for backcrosses and for experiments were purchased from Charles River laboratories (Lyon, France). All
mice were maintained in a controlled environment with a
12 h/12 h light/dark cycle, housed in groups of 10 maximum
and allowed food ad libitum. Procedures followed the European Community Council Directive of November 24th 1986
(86-609). Males were tested at 3 or 13 months of age for the
behavioural studies, at 3, 8 or 13 months of age for the cystine assays, and at 9 and 13 months of age for the detection of
cystine crystals. Behavioural data were pooled from at least
three batches of animals examined independently.
2.2. Behavioural tests
2.2.1. Open-field behaviour
General mobility was examined in a circular wooden arena
(Ø75 cm), as previously described (Maurice et al., 1995).
Two concentric circles were drawn on the floor (Ø15 cm and
45 cm, respectively), the outer ring being divided into eight
partitions and the middle ring into four partitions. Open-field
session consisted of placing the mouse in the centre circle
and monitoring its movements for 10 min using a video cam-
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era. The following parameters were evaluated: (1) locomotion
activity, in terms of number of partitions crossed then calculated as distance travelled in meters; (2) immobility duration;
(3) locomotor speed; (4) locomotion activity in the five central
partitions; (5) frequency of rearing; (6) frequency of grooming; and (7) number of defecations. Data were analysed using
a two-way ANOVA (F values), with age and strain as independent factors, and post hoc comparisons were made using
the Newman–Keuls’ test.
2.2.2. Rotarod performance
Animals were placed on a rotating rod (Ø2.5 cm, length
15 cm, rotation speed 20 rpm) and the falling latency was
measured up to 10 min. The mean falling latency was analysed using a non-parametric Kruskal–Wallis ANOVA (KW
values), since an upper cut-off time was set, and post hoc
comparisons were made using the Dunn’s test.
2.2.3. Spontaneous alternation performance in the
Y-maze
The spatial working memory was first examined using
spontaneous alternation behaviour in the Y-maze (Maurice
et al., 1994). The maze was made of black painted wood.
Each arm was 40 cm long, 13 cm high, 3 cm wide at the
bottom and 10 cm wide at the top, and the three arms converged at an equal angle. Each mouse was placed at the end
of one arm and allowed to move freely through the maze
during an 8-min session. The series of arm entries, including possible returns into the same arm, was recorded. An
alternation was defined as entries into all three arms on consecutive occasions. The number of maximum alternations
was therefore the total number of arm entries minus two and
the percentage of alternation was calculated as (actual alternations/maximum alternations) × 100. Data were analysed
using a two-way ANOVA (F values), with age and strain as
independent factors, and post hoc comparisons were made
using the Newman–Keuls’ test.
2.2.4. Step-down type passive avoidance test
Step-down type passive avoidance was used to assess
long-term memory as previously described (Maurice et al.,
1994). The apparatus consisted of a transparent acrylic cage
(30 cm × 30 cm × 40 cm high) with a grid-floor, inserted in
a sound-attenuated outer box (35 cm × 35 cm × 90 cm high).
The cage was illuminated with a 15 W lamp during the experimental period. A wooden platform (4 cm × 4 cm × 4 cm) was
fixed at the centre of the grid-floor. Electric shocks (1 Hz,
500 ms, 43 V DC) were delivered to the grid-floor using an
isolated pulse stimulator (Model 2100, AM Systems, Everett,
WA, USA). The test consisted of two training sessions, at
90-min time intervals, and a retention session carried out
24 h after the first training. During the training sessions,
each mouse was placed on the platform. When it stepped
down and placed its four paws on the grid-floor, shocks were
delivered for 15 s. Step-down latency and the numbers of
vocalisations and flinching reactions were measured. Shock
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sensitivity was evaluated by summing these two numbers.
Animals, which did not step down within 60 s during the
second session, were considered as remembering the task
and taken off, without enduring electric shocks again. The
retention test was performed in a similar manner as training,
except that the shocks were not applied. Each mouse was
placed again on the platform, and the latency was recorded
with an upper cut-off time of 300 s. Two parametric measures of retention were analysed: the latency and the number
of animals reaching the avoidance criterion, defined as correct if the latency measured during the retention session
was greater than threefold the latency shown by the animal during the second training session and at least greater
than 60 s. Latencies were analysed using the Kruskal–Wallis
non-parametric analysis of variance (KW values), since an
upper cut-off time was set, and group comparisons were
made with the Dunn’s non-parametric multiple comparisons
test.

2.2.5. Spatial learning in the water-maze
The water-maze was a circular pool (Ø170 cm, height
40 cm). The water temperature (23 ± 1 ◦ C), light intensity,
external cues in the room, and water opacity (obtained by
suspension of lime carbonate) were rigorously reproduced. A
transparent Plexiglas platform (Ø10 cm) could be immersed
2 cm under the water surface during acquisition trials. Swimming was recorded using the Videotrack® (Version NT)
software (Viewpoint, Champagne-au-Mont-d’Or, France),
trajectories being analysed as latencies and distances. The
software divided the pool in four quadrants. Mice were first
tested to find a visible platform, located in the northwest
quadrant of the pool. Training consisted of three swims per
day during 4 days, with a 15 min intertrial time. Animals
were then tested for their ability to find an invisible platform,
located in the southeast quadrant of the pool, during 5 days.
Start positions, set at each limit between quadrants, were randomly selected for each animal. Each animal was allowed a
90 s swim to find the platform and was left for a further 20 s
on the platform. The median duration of the three swims per
day was calculated for each mouse. The swimming duration for each group was then expressed as mean ± S.E.M.
per training day and analysed over trials using the Friedman
non-parametric repeated measure ANOVA (Fr values), since
an upper cut-off time was set.
One hour after the last swim on day 5 of the invisible platform procedure, a probe test was performed. The platform
was removed and each animal was allowed a free 60 s swim.
The start position for each mouse corresponded to one of two
positions distant from the platform location in counterbalanced order. The platform quadrant was termed the training
(T) quadrant and the remainder were termed right (R), opposite (O) and left (L). The percentage of time spent in each
quadrant was determined. Data were analysed using one-way
ANOVA (F values) and post hoc comparisons were made
using the Newman–Keuls’ test.
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A procedure specifically assessing the working memory
component was then performed during 3 days, with 4 trials
per day (90 s swim and 20 s on platform) at a 2-min intertrial
time. The platform location changed everyday but not among
trials. Start positions, set at each limit between quadrants,
were randomly selected for each animal. Data were calculated
as the mean performance over days for each trial. Swimming
durations were analysed using the Friedman non-parametric
repeated measure ANOVA, since an upper cut-off time was
set, post hoc comparisons being made using the Dunn’s
test.

2.4. Detection of cystine crystals on histological sections
The brain of each animal was fixed in 4% paraformaldehyde (Sigma–Aldrich) and embedded in paraffin (Diawax;
Diapath, Microm Microtech, Francheville, France). Coronal
sections were cut at 2.5 m. Serial sections were either left
unstained for the detection of cystine crystals or stained with
hematoxylin/eosin (Diapath) to facilitate analysis. Slides
were visualised with an Axio Imager.Z1 light microscope
(Zeiss) equipped with a CoolSNAP HQ2 camera (Photometrics).

2.3. Assay of cystine levels in brain tissues
3. Results
Following euthanasia, the brain of each animal was dissected into four tissues (hippocampus, residual forebrain,
cerebellum and brainstem) and homogenised in 0.65 mg/ml
N-ethylmaleimide (Sigma–Aldrich, St. Quentin Fallavier,
France). After sonication (3 × 3 s, 60 W, pulses; VibraCell
72405, Bioblock Scientific), the proteins were precipitated on
ice for 15 min using 3% sulfosalicylic acid (Sigma–Aldrich)
and removed by centrifugation. The protein pellet was
dissolved in 0.1N NaOH (Carlo Erba Reagents, Val de
Reuil, France) and protein levels determined using the BCA
(bicinchoninic acid) protein assay kit (Pierce-Perbio Science, Bezons, France). The protein-depleted supernatant was
assayed for cystine content by radio-competition with 14 Ccystine (Perkin-Elmer Life Sciences, Villebon sur Yvette,
France) for the cystine binding protein (CBP; Riverside
Scientific Enterprises, Bainbridge Island, WA, USA), as previously described (Smith et al., 1987). The cystine–CBP mix
was filtered through 0.45 m nitrocellulose filters (Schleicher
& Schuell Microscience, Mantes La Ville, France) and the
14 C-cystine–CBP complex measured by liquid scintillation
(Formula 989; Perkin-Elmer) using a Beckman LS6000SC
counter. Cystine levels were expressed per mg protein to
allow cross-comparison. Data were analysed using a twoway ANOVA (F values), with age and strain as independent
factors, and post hoc comparisons were made using the
Newman–Keuls’ test.

3.1. Young Ctns−/− mice are hyperactive
We first observed that young (3-month-old) C57BL/6,
Ctns+/+ and Ctns−/− mice presented a similar weight range. In
contrast, middle-aged (13-month-old) C57BL/6 and Ctns+/+
mice showed a significant weight increase with age, as
opposed to Ctns−/− animals (F(2,74) = 48.58, p < 0.0001 for
strain, F(1,74) = 195.3, p < 0.0001 for age, F(2,74) = 31.47,
p < 0.0001 for the strain × age interaction; Table 1).
We next examined the mobility of young and middleaged Ctns−/− mice in an open-field paradigm in comparison
to age-matched C57BL/6 and Ctns+/+ controls (Table 1
and Fig. 1). Using a two-way ANOVA for each parameter, we did not detect a difference in terms of general
locomotion (F(2,74) = 2.65, p > 0.05 for strain, F(1,74) = 2.85,
p > 0.05 for age, F < 1 for the interaction), locomotion in the
centre (F < 1 for strain, F < 1 for age, F < 1 for the interaction) and immobility (F < 1 for strain, F < 1 for age, F < 1
for the interaction; Table 1). However, a tendency towards
increased total locomotion was noted for young Ctns−/−
animals (p = 0.07; Fig. 1A; Table 1). Furthermore, timecourse analysis of the locomotor pattern showed a significant
increase in activity between 4 and 10 min for the young
Ctns−/− mice (Fig. 1B) but not for the middle-aged animals
(Fig. 1C).

Table 1
Behavioural parameters of young and middle-aged C57BL/6, Ctns+/+ and Ctns−/− mice in the open-field test
Parameter

n
Weight (g)
Latency to depart (s)
Locomotion (m)
Loc. in center (%)
Speed (m/min)
Immobility (s)
Rearings
Groomings
Defecations

3-m.o.

13-m.o.

C57BL/6

Ctns+/+

Ctns−/−

C57BL/6

Ctns+/+

Ctns−/−

12
24 ± 1
4±1
24.5 ± 2.9
20.5 ± 3.3
3.18 ± 0.23
153 ± 28
21 ± 5
8±1
2 ± 0*

19
26 ± 1
2±1
22.0 ± 1.4
22.1 ± 1.8
2.80 ± 0.13
128 ± 17
26 ± 3
9±1
1±0

19
24 ± 1
5±1
29.0 ± 2.6
25.8 ± 1.8
3.49 ± 0.20**
109 ± 20
35 ± 3*
6±1
1±0

12
31 ± 0##
7 ± 1#
20.0 ± 1.3
21.7 ± 2.3
2.76 ± 0.14
157 ± 19
19 ± 2
3 ± 0##
1±0

7
39 ± 1##
12 ± 2##
21.1 ± 3.6
25.0 ± 2.1
2.71 ± 0.25
137 ± 44
26 ± 4
5 ± 0#
1±0

11
27 ± 1**
6 ± 1**,##
24.2 ± 2.3
22.0 ± 2.3
3.07 ± 0.19
127 ± 25
24 ± 3
5±1
1±0

Results were analysed using a two-way ANOVA with strain and age as independent factors. *p < 0.05, **p < 0.01 vs. the age-matched Ctns+/+ group
(m.o. = month-old). # p < 0.05, ## p < 0.01 vs. the same strain group at 3 months of age; Newman–Keuls’ test.
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Fig. 1. Open-field performance. (A) Total locomotor activity measured during the 10-min session. Time-course activity, measured at 2-min time intervals, for
(B) 3- and (C) 13-month-old (m.o.) animals. (D) Mobility speed and (E) total number of rearings. C57BL/6 (C57), Ctns+/+ (+/+) and Ctns−/− (−/−) animals
were examined in parallel. The number of animals per group is indicated in Table 1. *p < 0.05, **p < 0.01 vs. the age-matched Ctns+/+ group.

The two-way ANOVA showed strain-related differences
for locomotor speed (F(2,74) = 3.60, p < 0.05 for strain,
F(1,74) = 3.59, p > 0.05 for age, F < 1 for the interaction), rearings (F(2,74) = 3.60, p < 0.05 for strain, F(1,74) = 2.27, p > 0.05
for age, F(2,74) = 1.28, p > 0.05 for the interaction) and defecations (F(2,74) = 5.16, p < 0.01 for strain, F < 1 for age,
F(2,74) = 1.30, p > 0.05 for the interaction; Table 1). For the
first two parameters, post hoc analyses revealed a significant
increase in young Ctns−/− animals as compared with Ctns+/+
controls (Fig. 1D and E). The difference in the number of
defecations was due to a slight increase measured for young
C57BL/6 mice (Table 1). Finally, we detected age-related
changes for the latency to depart (F(2,74) = 1.45, p > 0.05
for strain, F(1,74) = 20.46, p < 0.0001 for age, F(2,74) = 6.65,
p < 0.01 for the interaction) and grooming behaviour (F < 1
for strain, F(1,74) = 15.03, p < 0.001 for age, F(2,74) = 2.11,
p > 0.05 for the interaction). The first parameter was increased
in middle-aged animals, but significantly less so in Ctns−/−
mice (Table 1). Grooming was decreased in middle-aged
control animals but remained unchanged in Ctns−/− mice
(Table 1).
In summary, young Ctns−/− mice showed a marked hyperactivity as compared with age-matched controls, which was
significant in terms of locomotor time-course measures but
not in global activity over 10 min, and in terms of walking
speed and number of rearings. As a consequence, immo-

bility duration tended to decrease and grooming behaviour
was significantly lowered (Table 1). This decreased grooming behaviour could not be attributed to a decreased anxiety,
as is often the case, because the percentage of locomotion
in the centre of the open-field did not change regardless of group or age. Middle-aged Ctns−/− mice did not
show hyperactivity as compared with controls (Table 1,
Fig. 1).
Taken together, we observed a hyperlocomotor activity in
the young Ctns−/− mice, which was not seen in the middleaged mice.
3.2. Young and middle-aged Ctns−/− mice perform
poorly in the rotarod test
We did not measure a significant difference in the falling
latencies of young C57BL/6 and Ctns+/+ control mice. In
contrast, we detected significant deficits in the rotarod test
of young Ctns−/− mice as compared to Ctns+/+ controls
(KW = 25.8, p < 0.0001; Table 2). We observed an age-related
decrease in falling latency for both Ctns+/+ and Ctns−/−
mice, which was particularly evident when compared to the
falling latency of middle-aged C57BL/6 mice. As a consequence, the extent of the deficit presented by the middle-aged
Ctns−/− mice in comparison to Ctns+/+ controls was attenuated (p = 0.088 vs. Ctns+/+ animals). Thus, we observed
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Table 2
Behavioural parameters of young and middle-aged C57BL/6, Ctns+/+ and Ctns−/− mice in the rotarod test
Parameter

n
Falling latency (s)

3-m.o.

13-m.o.

C57BL/6

Ctns+/+

Ctns−/−

C57BL/6

Ctns+/+

Ctns−/−

14
216 [97–581]

14
164 [139–214]

14
97 [68–128]*

12
236 [178–356]**

7
108 [59–117]##

11
62 [26–85]

Falling latencies presented as median and interquartile range. *p < 0.05, **p < 0.01 vs. the age-matched Ctns+/+ group. ## p < 0.01 vs. the same strain group at
3 months of age; Dunn’s test. It should be noted that 13-m.o. Ctns−/− showed p values of 0.088 vs. 13-m.o. Ctns+/+ mice and 0.084 vs. 3-m.o. Ctns−/− .

rotarod impairments for Ctns−/− mice as compared to control
mice that could be considered as unrelated to age.
3.3. Middle-aged Ctns−/− mice have spatial working
memory deficits
We first examined the spatial working memory of
Ctns−/− mice by assaying spontaneous alternation performance in the Y-maze. Two-way ANOVA analysis of the
alternation percentage showed significant differences for
strain (F(2,78) = 27.42, p < 0.0001) and for the interaction
(F(2,78) = 9.79, p < 0.001), but not for age (F(1,78) = 2.17,
p > 0.05). C57BL/6 animals presented an alternation percentage of approximately 70%, as usually measured for

inbred and outbred mouse strains regardless of age (Fig. 2A)
(Maurice et al., 1994). The young Ctns+/+ controls showed,
surprisingly, significant differences with age-matched
C57BL/6 controls, with an alternation percentage of 61%.
Therefore, although the percentage of alternation of the
Ctns−/− mice was also low, in the 60% range, we did
not detect a significant difference when compared to
Ctns+/+ animals. However, middle-aged Ctns−/− mice
showed a significant alternation deficit as compared to
age-matched Ctns+/+ controls (Fig. 2A). We did not
observe a difference in exploratory behaviour of the maze,
evaluated in terms of number of arms entered, regardless
of the group (F < 1 for strain, F(1,78) = 2.87, p > 0.05 for
age, F(2,78) = 2.53, p > 0.05 for strain × age interaction;
Fig. 2B).

Fig. 2. Performance in the spontaneous alternation (A and B) and passive avoidance (C and D) tests. (A) Spontaneous alternation and (B) number of arm entries
in the Y-maze. (C) Step-down latency and (D) percentage of animals to criterion during the passive avoidance retention session. Latencies in (C) are presented
as median (thick bar) and interquartile range. C57BL/6 (C57), Ctns+/+ (+/+) and Ctns−/− (−/−) animals were examined in parallel. The number of animals
used in each test is indicated within the columns in (B) and (D). *p < 0.05, **p < 0.01 vs. the 3-m.o. Ctns+/+ group. ## p < 0.01 vs. the 13-m.o. Ctns+/+ group.
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Table 3
Behavioural parameters of young and middle-aged C57BL/6, Ctns+/+ and Ctns−/− mice in the passive avoidance training sessions
Parameter

3-m.o.

13-m.o.

C57BL/6

Ctns+/+

Ctns−/−

C57BL/6

n

16

24

14

12

Session 1
SDL (s)
SS

4 [3–6]
17 ± 2

5 [3–7]
14 ± 1

6 [3–12]
14 ± 1

5 [4–6]
22 ± 1

3 [3–30]
26 ± 3**

5 [3–9]

60 [3–60]

17 [3–60]

Session 2
SDL (s)

5 [3–60]

8 [4–29]

Ctns+/+
7

Ctns−/−
11
5 [3–9]
24 ± 4*
6 [3–47]

SDL, step-down latency; SS, shock sensitivity. *p < 0.05, **p < 0.01 vs. the same strain group at 3 months of age; Dunn’s test.

Thus, in the Y-maze procedure, the middle-aged Ctns−/−
mice showed spatial working memory deficits.
3.4. Middle-aged Ctns−/− mice have contextual
long-term memory deficits
We evaluated the contextual long-term memory of
Ctns−/− mice using the step-down type passive avoidance
procedure. We did not detect a significant difference in the
step-down latencies of the animal groups during the two
training sessions (KW = 3.42, p > 0.05 for SDL session 1;
KW = 3.97, p > 0.05 for SDL session 2; Table 3). However,
shock-sensitivity increased with age, and this increase was
significant for the Ctns+/+ and Ctns−/− mice (F < 1 for strain,
F(1,79) = 26.99, p < 0.0001 for age, F(2,79) = 1.45, p > 0.05 for
the strain × age interaction; Table 3). We analysed retention performances in terms of step-down latency (Fig. 2C)
and percentage of animals to criterion (Fig. 2D). We did
not find a significant difference, although we did note a
trend towards decreased retention quality for the middle-aged
Ctns−/− mice as compared to age-matched Ctns+/+ controls
or young Ctns−/− mice. This was the case for both the median
latency (KW = 5.12, p > 0.05; Fig. 2C) and percentage of animals to criterion (Fig. 2D).
Thus, the middle-aged Ctns−/− mice show signs of
contextual long-term memory deficits both in terms of
step-down latency and percentage of animals-to-criterion.
3.5. Middle-aged Ctns−/− mice have spatial reference
and working memory deficits
We initially submitted all groups of animals to a visible platform procedure to determine their physical ability
to perform the spatial version of the task. The swimming
duration decreased over training trials in a similar manner
for young (repeated measure ANOVA: Fr = 23.32, p < 0.0001
for C57BL/6, Fr = 27.46, p < 0.0001 for Ctns+/+ , Fr = 76.54,
p < 0.0001 for Ctns−/− mice; Fig. 3A) and middle-aged
(Fr = 21.72, p < 0.0001 for C57BL/6, Fr = 12.63, p < 0.01
for Ctns+/+ , Fr = 24.76, p < 0.0001 for Ctns−/− ; Fig. 3B)
mice regardless of genotype. Therefore, young as well as

middle-aged Ctns−/− mice were able to swim and visually
locate the goal thus correctly learning platform location.
Their performance was undistinguishable from that of control
mice.
When the platform was rendered invisible and placed
in a different quadrant, requiring the animals to use visual
cues located outside the pool to learn the new position,
the young mice showed similar acquisition profiles with a
significant decrease in the swimming duration over trials
(Fr = 21.59, p < 0.001 for C57BL/6, Fr = 43.49, p < 0.0001
for Ctns+/+ , Fr = 27.27, p < 0.0001 for Ctns−/− ; Fig. 3C).
Similarly, middle-aged controls correctly learnt platform
location, with a significant duration decrease over trials
(Fr = 25.77, p < 0.0001 for C57BL/6, Fr = 17.59, p < 0.01 for
Ctns+/+ ; Fig. 3D). In contrast, we detected deficits in the
middle-aged Ctns−/− mice, as they did not show a significant decrease in swimming duration over trials (Fr = 2.70,
p > 0.05). Rather we measured a significant increase in swimming duration on day 4 and 5, as compared to Ctns+/+
controls (Fig. 3D). We then evaluated the quality of learning during a 60-s probe trial after removing the platform.
The young mice, regardless of group, showed a correct
retention of platform location, as indicated by a preferential exploration in the training (T) quadrant (F(3,55) = 52.26,
p < 0.0001 for C57BL/6, F(3,115) = 52.81, p < 0.0001 for
Ctns+/+ , F(3,79) = 44.31, p < 0.0001 for Ctns−/− ; Fig. 3E).
Middle-aged control mice presented a similar retention profile (F(3,47) = 36.97, p < 0.0001 for C57BL/6, F(3,27) = 8.39,
p < 0.001 for Ctns+/+ ; Fig. 3F) whereas we did not measure a significant difference among quadrants for Ctns−/−
mice (F < 1; Fig. 3F). Moreover, we observed a significant difference for the time spent in the T quadrant
between Ctns−/− and Ctns+/+ mice. Therefore, middleaged Ctns−/− mice presented marked spatial memory
deficits.
We specifically addressed the working memory component by a daily change of platform position. All young mice
rapidly learnt the new platform position and acquisition profiles significantly decreased over swimming trials (Fr = 28.54,
p < 0.0001 for C57BL/6, Fr = 17.78, p < 0.0001 for Ctns+/+ ,
Fr = 26.99, p < 0.0001 for Ctns−/− ; Fig. 4A). The middleaged control mice also showed a decrease in acquisition
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Fig. 3. Acquisition of platform location in the water-maze test. (A and B) Acquisition of a visible platform location, (C and D) acquisition of a submerged
platform location and (E and F) probe test performances for 3- (A, C, and E) and 13-m.o. (B, D, and F) mice. Training trials consisted of three swims per day,
with a 15 min interval between swims, over 4 or 5 days. Acquisition profiles are shown in terms of median swim latency. One hour after the last swim of the
submerged platform procedure, the platform was removed and animals were submitted to a 60 s swim. The presence in each quadrant was measured: T, training;
R, right; O, opposite; L, left. The number of animals per group was n = 14 for C57BL/6, n = 29 for Ctns+/+ , and n = 20 for Ctns−/− in (A, C, and E), and n = 12
for C57BL/6, n = 7 for Ctns+/+ n = 10 for Ctns−/− in (B, D and F). # p < 0.05 vs. the 13-m.o. Ctns+/+ group; **p < 0.01 vs. the time spent in the T quadrant.

profile (Fr = 14.95, p < 0.01 for C57BL/6, Fr = 8.66, p < 0.05
for Ctns+/+ ; Fig. 4B). In contrast, we did not measure an
improvement for Ctns−/− mice (Fr = 3.67, p > 0.05; Fig. 4B).
This was clearly illustrated in terms of the difference in
swimming duration between trial 1, during which the new
platform position is learnt, and trial 2, which requires work-

ing memory (F(2,87) = 4.48, p < 0.05 for strain, F(1,87) = 1.34,
p > 0.05 for age, F(2,87) = 1.62, p > 0.05 for the interaction;
Fig. 4C).
Taken together, in the water-maze, the middle-aged
Ctns−/− mice showed marked spatial reference and working
memory deficits.
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Fig. 4. Spatial working memory performance measured in the water-maze following a daily change of platform position. Swim duration profiles for the four
trials, averaged over the 3 days, of 3- (A) and 13-m.o. (B) mice. (C) Difference in swim duration between the first and second trial. The number of animals per
group was n = 14 for C57BL/6, n = 29 for Ctns+/+ , and n = 20 for Ctns−/− in (A), and n = 12 for C57BL/6, n = 7 for Ctns+/+ n = 10 for Ctns−/− in (B). # p < 0.05
vs. the 13-m.o. Ctns+/+ group.

3.6. Cystine accumulation in the CNS of Ctns−/− mice
3.6.1. Cystine levels
The age-related spatial and working memory deficits we
detected in the Ctns−/− mice suggested a hippocampal defect.
Thus, we separated the hippocampus from the forebrain
and quantified the age-related accumulation in cystine in
this structure (Fig. 5A). In parallel, we assayed the cystine levels in the remainder of the forebrain (B), cerebellum
(C) and brainstem (D). In the hippocampus, Ctns+/+ and
C57BL/6 controls showed low cystine levels regardless of
age (Fig. 5A). In comparison to controls, the hippocampal cystine levels of Ctns−/− mice were elevated from 3
months and continued to increase with age (F(1,84) = 15.07,
p < 0.0001 for strain, F(1,84) = 123.1, p < 0.0001 for age,
F(3,84) = 81.20, p < 0.0001 for the interaction; Fig. 5A).
We observed similar accumulation profiles for the cerebellum (F(1,84) = 298.6, p < 0.0001 for strain, F(1,84) = 85.58,
p < 0.0001 for age, F(3,84) = 52.11, p < 0.0001 for the interaction; Fig. 5C) and brainstem (F(1,84) = 433.5, p < 0.0001
for strain, F(1,84) = 116.0, p < 0.0001 for age, F(3,84) = 77.51,
p < 0.0001 for the interaction; Fig. 5D). However, in the
forebrain, control Ctns+/+ mice showed high cystine lev-

els regardless of age (F < 1 for strain, F(1,84) = 12.73,
p < 0.001 for age, F(3,84) = 46.71, p < 0.0001 for the interaction; Fig. 5B). Consistently, the young C57BL/6 controls also
showed high cystine levels, although these were significantly
lower (twofold) than those observed in the Ctns+/+ controls
(Fig. 5B). It is particularly noteworthy that the cystine levels
in these two controls groups actually decreased with age to a
level more comparable to the control levels measured in the
other tissues. In contrast, the forebrain cystine levels of the
Ctns−/− mice showed the more characteristic accumulation
profile of significantly increasing with age (Fig. 5B and E).
Due to the aberrant cystine levels measured in the Ctns+/+
animals, the Ctns−/− age-related accumulation appears
significant versus this control group only at 13 months
of age.
3.6.2. Cystine crystals
Due to the elevated hippocampal cystine levels, we
assayed histological sections of Ctns−/− mouse brains for the
presence of cystine crystals in this structure. We were unable
to detect crystals in the hippocampus. In contrast, cystine
crystals were detected within the choroid plexus (Fig. 6A–C)
and were most abundant at its junction with the ventricular
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Fig. 5. Cystine levels vs. age. Cystine levels in the hippocampus (A), forebrain (B), cerebellum (C) and brainstem (D) of all groups. The number of animals
was n = 14 (3-m.o.) or n = 18 (13-m.o.) for the C57BL/6 groups, n = 10 (3-m.o.), n = 14 (8-m.o.) or n = 7 (13-m.o.) for the Ctns+/+ groups, and n = 11 (3-m.o.),
n = 8 (8-m.o.) or n = 10 (13-m.o.) for the Ctns−/− groups. (E) Evolution of cystine accumulation in the Ctns−/− mice; tissues are ordered according to those
showing highest to lowest cystine content. ***p < 0.001 vs. the Ctns+/+ group at the same age; ### p < 0.001 vs. the same group at 3-m.o.; ooo p < 0.001 vs. the
same group at 8-m.o.

wall (Fig. 6D and E). Within the parenchyma, we detected
rare and isolated crystals between the external and internal
pyramidal layers of the neocortex (Fig. 6F–I) and in the
caudate putamen (Fig. 6J–L). In most cases, crystals were
situated adjacent to capillaries.
Taken together, the cystine levels in all brain
structures of the Ctns−/− mice increase with age,
with the hippocampus showing the highest levels,
followed by the cerebellum, forebrain and brainstem. Generally, these levels did not lead to crystal
formation.

4. Discussion
A CTNS defect leading to abnormal or absent cystinosin
results in widespread lysosomal cystine accumulation, which
increases with age. The clinical manifestation of this storage is the LSD cystinosis. In cystinosis patients, the brain
is one of the last organs to be affected by cystine storage. Similarly, cystinosin-deficient (Ctns−/− ) mice show an
age- and tissue-dependent cystine accumulation (Cherqui et
al., 2002) and the brain contains the lowest relative levels (compared to liver, kidney, lung, spleen and muscle).
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Fig. 6. Cystine crystals in the CNS of Ctns−/− mice. Tissue structure can be seen in stained histological sections (A, D, G and J). Cystine crystals can be seen in
unstained sections (B, C, E, F, H, I, K and L). Asterisks in left-hand panels indicate equivalent regions shown in centre panels. Boxes in centre panels indicate
regions shown at a higher magnification in right-hand panels. Cystine crystals are indicated by arrows. (A) Choroid plexus (LV, lateral ventricle); (B and C)
isolated crystals within the choroid plexus; (D) junction of the choroid plexus and the wall of the LV; (E and F) groups of crystals surrounding capillaries at
the junction; (G) layers of the neocortex (M, molecular; E, external granular and pyramidal; I, internal granular and pyramidal; F, fusiform); (H and I) crystal
in the internal pyramidal layer; (J) caudate putamen delineated by a LV and the external capsule (EC; C, cortex); (K and L) isolated crystal within the caudate
putamen.

In this study, we investigated the effect of cystine accumulation in the brain of Ctns−/− mice by comparing the
behaviour and memory capacities of young and middle-aged
mice. We show that specific behavioural alterations exist
in Ctns−/− mice that are observable at any age, but that
significant learning and memory impairments are present
in mid-age, in parallel with increased cystine levels in the
brain.
In terms of general behaviour, young Ctns−/− mice exhibited a significant hyperlocomotor activity as compared with
control mice in the open-field test. However, this hyperactivity, which we observed in a large number of animals,
was transient as middle-aged Ctns−/− mice showed similar
open-field parameters to the controls. Moreover, the hyperactivity measured in the open-field test did not affect their
exploratory behaviour in other tests (Y-maze, water-maze,

passive avoidance training). Therefore, it seems unlikely
that the hyperactivity was directly related to the underlying molecular defect, as we would expect the behavioural
phenotype to become more apparent with age.
In terms of learning and memory, animals were screened
for: (i) spatial working memory, by assaying spontaneous
alternation performance in the Y-maze and place learning in
the water-maze following a daily change of platform position; (ii) spatial reference memory, by assaying learning of a
fixed platform position in the water-maze, and (iii) contextual long-term memory, by assaying step-down type passive
avoidance performance. Young Ctns−/− mice did not show
learning or memory impairments, although the weak alternation performance of the age-matched Ctns+/+ controls in
the Y-maze test may have masked significant differences. In
contrast, the performance of the middle-aged Ctns−/− mice
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in all tests consistently demonstrated the presence of learning
deficits that affected all memory processes.
The spatial short-term (working and reference) memory
impairments that we detected in the Ctns−/− mice parallel the cognitive anomalies of cystinosis patients. Cystinosis
individuals have difficulties with tasks involving visual shortterm memory (Trauner et al., 1988), spatial relations (Trauner
et al., 1988), visual-motor integration (Scarvie et al., 1996)
and tactile perception (Colah and Trauner, 1997). This combination of difficulties evokes a visual processing defect, which
is due to impaired spatial processing functions (Ballantyne
and Trauner, 2000). Spatial processing skills (i.e. the analysis
of spatial relations or location) are required for spatial memory. Furthermore, the ability of cystinosis patients to accomplish various tasks degenerates with increasing age (Scarvie
et al., 1996). This mimics the age-related appearance of memory defects that we observed in Ctns−/− mice. Taken together,
our results strongly suggest that the cystinosis-associated
CNS anomalies are due to the accumulation of cystine over
time.
Although it has not been possible to further dissect the
nature of the cognitive impairments in cystinosis patients,
we could show that the hippocampus of Ctns−/− mice contains the highest cystine levels. Consistent with the memory
impairments we detected, the hippocampus plays a prominent role in spatial and contextual memory encoding (Aimone
et al., 2006; Meissner, 1967). A pertinent example of the
importance of this structure is illustrated by the fact that it
is one of the structures affected early in Alzheimer disease,
resulting in the first clinical symptoms of memory problems
and disorientation. Furthermore, as for cystinosis, Alzheimer
patients show visuospatial processing and short-term memory defects (Alescio-Lautier et al., 2007). Interestingly, Aula
et al. also reported that the developing mouse hippocampus
showed the most predominant levels of sialin, the lysosomal sialic acid transporter (Aula et al., 2004). Defects in
sialin give rise to the neurodegenerative, sialic acid storage disease group for which an animal model has not yet
been generated (Aula and Gahl, 2001). Generally, the neurological impairments associated with this disease group are
more severe than those associated with cystinosis. However, patients affected with the mildest form, Salla disease,
have neurocognitive anomalies similar to those of cystinosis patients, notably impaired visual-motor integration,
spatial reasoning, visual construction and tactile perception
(Alajoki et al., 2004). Thus, further study of the neurological
impairments of the Ctns−/− mice will reveal whether parallels can be drawn between these two lysosomal transport
disorders.
We observed the next highest cystine levels in the cerebellum, followed by the brainstem, which are involved in
motor-skilled memories (Obayashi, 2004; Tanaka, 2006).
Cystine content in all structures was already significantly
increased at 3 months of age. This suggests that behavioural
defects appear once a critical threshold level sufficient
to provoke brain damage is crossed. Along this line, the

nonsignificant rotarod deficits (indicative of cerebellar dysfunction) in the middle-aged Ctns−/− mice may reflect the
elevated cystine levels measured in the hindbrain structures
and these deficits could become significantly more apparent
with age.
The assay of cystine levels in the forebrain led to more
complex results. We observed an age-related accumulation
of cystine in the Ctns−/− mice that was slightly higher than
the brainstem cystine levels for each age. However, we measured higher cystine levels in young Ctns+/+ and C57BL/6
control mice that decreased with age. Because the two control groups were raised from different batches of C57BL/6
mice and the mice within the two groups were from different litters, this observation is likely related to the C57BL/6
background and independent of the Ctns gene. Interestingly, the increase is more or less pronounced depending on
the batch of mice and, considering the significantly lower
Ctns−/− versus Ctns+/+ cystine levels in young mice, cystine content was likely normal in the C57BL/6 batch used
to backcross the Ctns−/− mice. Therefore, the elevated cortical cystine levels seen in the control mice did not have a
direct bearing on the behaviour of the Ctns−/− mice. The origin of the high cystine content in the control mice, albeit
intriguing, is unknown. It is tempting to speculate that it
could be linked to the activity of another cystine transporter
such as the xc − system, which is specifically expressed
in the brain in regions facing the cerebral ventricles (Sato
et al., 2002) and is thought to be involved in maintaining the redox state of the cerebrospinal fluid (Sato et al.,
1999).
The different structures present in the forebrain have a
wide variety of roles including movement, problem solving,
orientation, recognition, memory and, pertinently, visual processing. Therefore the high cystine levels observed in the
middle-aged Ctns−/− mice would likely have contributed to
the observed deficits. Similarly, it cannot be excluded that the
high forebrain cystine levels in the young Ctns+/+ mice may
have contributed to their behaviour. For example, a slightly
altered performance of the control mice in the open-field test
may have exaggerated the hyperactivity of the Ctns−/− mice,
which would account for the significant differences observed
in the young but not in the middle-aged Ctns−/− mice. Along
this line, the high forebrain cystine levels may also account
for the weak performance in the spontaneous alternation test
of the young Ctns+/+ mice.
Stored free cystine eventually forms crystals, which can
be detected on histological sections. Crystals were relatively
rare in the CNS of the Ctns−/− mice compared to the abundance reported in other tissues (Cherqui et al., 2002; Kalatzis
et al., 2007). This was not surprising considering the lower
CNS cystine levels. Cystine crystals were not seen in the hippocampus, cerebellum or brainstem. Groups of crystals could
only be detected in the choroid plexus or surrounding capillaries in the parenchyma, otherwise crystals were rare and
isolated. This distribution is similar to that described in cystinosis patients. Following an autopsy of a 24-year-old patient,
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the choroid plexus was the only tissue to contain cystine crystals (Jonas et al., 1987). Groups of perivascular crystals were
reported in the frontal cortex and substantia nigra (Broyer et
al., 1996; Vogel et al., 1990) as well as in the meninges (Ross
et al., 1982). Isolated crystals have been reported in scattered cortical neurons (Ross et al., 1982) and in unidentified
parenchymal cells presumed to be oligodendrocytes (Broyer
et al., 1996; Vogel et al., 1990).
The pathogenesis of the neurological deterioration in
cystinosis patients remains unknown. It has been postulated
that cystine accumulation in (i) neurons or oligodendrocytes
could result in neurotoxicity (Broyer et al., 1996), (ii) in pericytes could lead to an alteration of the blood–brain barrier
(Vogel et al., 1990) or (iii) in the meninges or choroid plexus
could disrupt the balance between cerebral spinal fluid production and resorption (Ross et al., 1982). Further study of
the Ctns−/− mice, which we have shown present CNS anomalies similar to those of cystinosis patients, may differentiate
between these possibilities.
In conclusion, this study showed that progressive cystine accumulation in the CNS of Ctns−/− mice leads to
a generalized deterioration of memory abilities, which are
reminiscent of those in cystinosis patients. Thus, this animal model could be exploited to further investigate the
evolution of poorly understood cystinosis-associated CNS
anomalies. Furthermore, the Ctns−/− mice could be used to
address the question of whether cysteamine (Thoene et al.,
1976), the drug currently used to successfully reduce systemic cystine levels (Kimonis et al., 1995; Markello et al.,
1993; Sonies et al., 2005), administered orally and at clinical doses can cross the blood–brain barrier to counteract the
CNS anomalies. In addition, the Ctns−/− mice will prove an
invaluable model for investigating novel methods of delivering cystine-depleting therapies to the CNS. Their efficiency
can be examined in vivo by testing the memory abilities of treated animals using the behavioural tests outlined
herein.
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