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System xc
- (with xCT as specific subunit) is an astrocytic cystine/glutamate antiporter that constitutes the major source of

extracellular glutamate in the mouse striatum. We previously reported that young-adult mice lacking xCT (xCT-/- mice) display
decreased intracellular glutamate levels in pre- and post-synaptic compartments at corticostriatal synapses as well as impaired
corticostriatal neurotransmission, compared to wildtype (xCT+/+) littermates. These changes were accompanied by increased
repetitive behavior and reduced social interaction, typical behaviors related to autism spectrum disorder (ASD). Although ASD is
reported to be associated with atypical brain aging, we recently showed that xCT-/- mice are protected against age-related
hippocampal decline. Therefore, we here investigated whether the corticostriatal impairments and associated ASD-like behavior
would be maintained in aged (16-months-old) mice. Genetic deletion of xCT does not affect corticostriatal neurotransmission in
aged mice or the morphology of medium-spiny neurons. Except for a slight decrease in synaptic cleft width, the ultrastructure of
corticostriatal synapses and intracellular glutamate levels are unaltered in the absence of xCT in aged mice. Accordingly, repetitive
and social explorative behavior were comparable between aged xCT+/+ and xCT-/- mice, while the latter showed a reduction in
interactions that could be classified as being aggressive or dominant. To conclude, contrary to our previous observations in young-
adult mice, corticostriatal neurotransmission and social behavior are no longer impaired in aged xCT-/- mice, most likely because
intracellular glutamate levels are no longer different. Moreover, the reduced levels of advanced glycation end-products that we
observed in striatal tissue of xCT-/- mice, can protect the xCT-/- brain from age-related pathogenic alterations.
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INTRODUCTION
System xc

- is a cystine/glutamate antiporter that imports cystine in
exchange for glutamate. It consists of the specific subunit xCT
(SLC7A11) that regulates the transport function of the antiporter,
and a 4F2 heavy chain that anchors xCT in the membrane [1].
System xc

- is mainly expressed on the glial cells of the central
nervous system (CNS) and cells of the innate immune system, and
its expression is enhanced by e.g. inflammatory stimuli and
oxidative stress [1]. Although the imported cystine will be reduced
into cysteine that can be used to produce glutathione (GSH) -one
of the most important antioxidants of the body- until now there is
no in vivo evidence for increased oxidative stress or reduced
antioxidant capacity in the CNS of system xc

--deficient mice [2–4].
On the other hand, we previously reported that the exported
glutamate accounts for 60–70% of the extracellular glutamate
levels in striatum and hippocampus [2, 3]. Given this glutamate is
considered to be released into the extrasynaptic space, it cannot
only increase the excitotoxic threshold but also modulate
glutamatergic neurotransmission by acting on extrasynaptic
ionotropic and metabotropic glutamate receptors, respectively
[4–9]. Accordingly, we showed that the absence of xCT protects
mice in several models for neurological disorders [2, 10–12] and
affects glutamate-sensitive behaviors, such as spatial working

memory [4], anxiety-(13) and depressive-like behavior [13, 14]. In
humans, xCT levels are increased in post-mortem tissue of patients
with epilepsy [15], Alzheimer’s disease [16], amyotrophic lateral
sclerosis [17] and multiple sclerosis [18, 19], compared to (age-
matched) healthy controls. In patients with malignant glioma,
tumor xCT expression is associated with seizures and predicts
poor survival [20].
In young-adult mice, however, genetic xCT deletion (xCT-/- mice)

results in corticostriatal deficits. While no differences in the
morphology of striatal medium spiny neurons (MSN) could be
detected, decreased glutamate levels in pre- and post-synaptic
compartments were present as well as impaired corticostriatal
neurotransmission that could be rescued by glutamate supple-
mentation [8]. Psychiatric disorders such as autism spectrum
disorder (ASD) and obsessive-compulsive disorder (OCD) are
linked to corticostriatal deficits [21–23] and glutamatergic
dysregulation has been shown to contribute to the typical
increased repetitive behavioral phenotype that is observed in
mouse models for these disorders [24]. Accordingly, xCT-/- mice
showed increased repetitive behavior and social impairments that
reflect ASD-like behavioral changes, compared to xCT+/+ mice [13].
In a recent study, the analysis of two distinct human gene
expression data sets identified a causal relationship between
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disulfidptosis and ASD, and silencing xCT via stereotactic injection
of anti-Slc7a11 siRNA virus into the mouse cortex improved ASD-
like behavior in the BTBR mouse model for ASD [25].
While research on the aging process of the ASD brain is limited,

it has been suggested that individuals with ASD show signs of
atypical brain aging [26], with higher rates of cognitive disorders
reported in older people with ASD [27]. We, however, recently
reported that the deletion of xCT results in protection against age-
related decline in hippocampal neurotransmission and
hippocampus-dependent spatial memory. These protective effects
were accompanied by changes in the hippocampal metabolome,
with the most important metabolite to separate aged xCT+/+ and
xCT-/- mice being an advanced glycation end product (AGE) [4].
AGEs are formed by the non-enzymatic glycation of proteins,
lipids and nucleic acids. They are known to accumulate with age,
and besides their intrinsic capacity to damage (sub)cellular
structures, the binding of AGEs to the AGE receptor RAGE evokes
an inflammatory response potentially causing further harm to the
surrounding tissue (for review, [28]). Patients with ASD are
reported to have increased plasma and brain protein AGEs
[29, 30].
In the current study, we therefore investigated corticostriatal

neurotransmission, MSN morphology and ultrastructural proper-
ties of the corticostriatal synapses, as well as repetitive behavior
and social interaction in aged mice with a genetic deletion of xCT.
We show that system xc

-- deficiency has no effect on corticostriatal
function or social interaction in aged mice. While reduced
extracellular glutamate levels and attenuated age-related (neuro-
)inflammation can certainly benefit the aging process of the xCT-/-

corticostriatal circuit, the reduced striatal AGE levels that we here
observe could further explain our findings.

MATERIALS & METHODS
Mice
Male aged (16-months-old) xCT+/+ (n= 22) and xCT-/- (n= 23)
mice are high-generation descendants of the strain described
previously [31] and were bred in a heterozygous colony in the
animal facility of the Vrije Universiteit Brussel. Mice were group-
housed under standardized conditions (10/14 h dark/light cycle,
20–24 °C), with unlimited access to food and water.
Genotypes of the mice were confirmed by PCR on ear punch DNA

using the REDExtract-N’Amp Tissue PCR Kit (Sigma-Aldrich), and the
following primers: 5’-GATGCCCTTCAGCTCGATGCGGTTCACCAG-3’
(GFPR3); 5’-CAGAGCAGCCCT AAGGCACTTTCC-3’ (mxCT5flankF6);
and 5’-CCGATGACGCTGCCGATGATGATGG-3’ [mxCT(Dr4)R8].
Studies were performed according to national guidelines on

animal experimentation and approved by the Ethical Committee
for Animal Experimentation of the Vrije Universiteit Brussel.
All analyses were performed by a researcher blinded for

genotype of the mice, and all recordings and images were
analyzed in a random manner.

Slice electrophysiology
Slice electrophysiology was performed as described previously
[8, 32]. Dissected brains were placed in a 4 °C artificial
cerebrospinal fluid (aCSF) solution (124 mM NaCl, 4.4 mM KCl,
26 mM NaHCO3, 1 mM NaH2PO4, 2.5 mM CaCl2, 1.3 mM MgSO4,
10mM D-glucose) and oxygenated with a mixture of 95% O2 and
5% CO2. Brains were blocked and cut at a 30° angle using a
vibratome. Slices with a thickness of 400 µm were collected in
aCSF. Undamaged slices were selected and transferred to a
recording chamber where they could recover for 1.5 h at 28 °C
under constant perfusion with oxygenated aCSF (1 ml/min). To
stimulate the corticostriatal connections, a bipolar twisted nickel-
chrome stimulating electrode (50 µm diameter) was placed at the
border of the corpus callosum, in close proximity to the recording
glass microelectrode (filled with aCSF; resistance 2-5MΩ) that was

located in the dorsolateral region of the striatum. Cortical afferents
were stimulated using biphasic constant-voltage pulses (0.08 ms
for each pulse) at varying stimulus intensities between 5-15 V,
inducing extracellular field excitatory postsynaptic potentials
(fEPSPs) and generating a baseline input/output (I/O) curve.
Paired-pulse response ratios were obtained by delivering two
stimuli with an intensity that induces 50% of the maximal
response, at various intervals (25, 50, 100, 200 and 400ms).

Golgi-Cox staining
Golgi-Cox staining was performed as previously described [8].
Brains were stained using the FD Rapid GolgiStain kit (FD
Neurotechnologies Inc.) and sliced into 80 µm vibratome sections
[33]. For each mouse, 5-6 MSNs were imaged in the dorsolateral
striatum using a bright field microscope (Zeiss Axio Imager Z.1)
connected to an AxioCam MRc5 camera, using Zen2 (Blue edition,
version 2.0.0.0; Carl Zeiss Microscopy GmBH). MSNs were included
for analysis when the entire neuron was stained and the soma was
round or ovoid [34]. Photomicrographs were taken at a 100x
magnification and Z-stacks (0.5 µm/stack) were used to image the
entire neuron throughout the thickness of the section. Neurons
were manually traced on flattened Z-stack images using the
software Neuromantic (V1.6.3) and their morphology (soma area,
soma diameter, total dendritic length, number of primary dendrites
and length of the longest dendrite) was evaluated using ImageJ
(NIH), by an experimenter blinded to genotype. The mean of all
neurons was calculated for each animal and considered as n= 1.
Complexity of the dendritic tree was analyzed by Sholl analysis,
where the number of intersections of the dendritic tree with
concentric circles, placed around the cell body at increasing
diameters in steps of 10 µm, was counted. Spine density was
evaluated on dendritic segments of 12-28 µm in length.

Electron microscopy
Electron microscopy (EM) was performed and images of
corticostriatal synapses were analyzed as previously described
[8]. Slices containing the rostral dorsolateral striatum (1.0 mm
anterior to Bregma) were processed for VGLUT1 pre-embedding
3,3’-diaminobenzidine (DAB) immunolabeling using a rabbit
VGLUT1 antibody (1:1000, Synaptic Systems, cat. #135303) and a
microwave procedure (Pelco BioWave, Ted Pella) as previously
reported [35]. Next, the tissue slice was flat-embedded in epoxy,
the dorsolateral striatum manually dissected and sectioned in thin
slices of 60 nm. Slices were labelled with glutamate immunogold
using a rabbit anti-glutamate antibody (1:250, Sigma-Aldrich, cat.
#G6642) and a goat anti-rabbit IgG tagged with 18 nm gold
particles (1:20, Jackson ImmunoResearch, cat. #111-215-144).
Photomicrographs were taken of labelled terminals at a 40000x
magnification, using a digital camera (AMT, Danvers, MA, USA).
Terminals were selected for analysis if DAB-labelled synaptic
vesicles were present and an asymmetrical synaptic contact with a
dendritic spine or shaft could be detected. The number of
immunogold particles located inside the nerve terminal and the
mitochondria were counted. The glutamate density inside the
presynaptic terminals was determined by subtracting the mito-
chondrial pool from the total nerve terminal pool. Several
ultrastructural parameters (area and diameter of presynaptic
terminal and spine heads, mitochondrial area, width of the
synaptic cleft and area, thickness and length of the postsynaptic
density (PSD)) were quantified using ImageJ software, in a random
manner by an experimenter blind to the experimental conditions,
as described previously [8]. For all parameters, the mean was
calculated for each mouse, and this was considered n= 1.

Western blotting
Striatal tissue of aged xCT+/+ and xCT-/- mice was homogenized in
300 µl extraction buffer (2% SDS, 60 mM Tris base, 100mM DTT,
1% phosphatase inhibitor cocktail 3, 1% protease inhibitor, pH
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7.5). Equal concentrations of protein (12 μg) were loaded onto a
4–12% Bis-Tris gel (Bio-Rad Laboratories), separated under
reducing conditions (SDS-PAGE) and transferred to a PVDF
membrane. Nonspecific binding was blocked with a solution of
5% ECL membrane blocking agent (GE Healthcare) before
overnight incubation at room temperature with goat anti-AGE
(1:3000, Sigma-Aldrich, AB_11213078). The next day, membranes
were incubated with rabbit anti-goat IgG secondary antibody
(1:25000, Dako Agilent, AB_2617138) for 30 min. Immunoreactive
bands were visualized using ECL prime (GE Healthcare) on an
ImageQuant LAS 4000 detector. A total protein stain (ServaPurple,
Serva Electrophoresis GmbH) was performed to allow normal-
ization. Optical densities were measured using the Image Lab
software (Bio-Rad Laboratories), normalized to the total protein
stain and expressed relative to a pool sample. The Western blot
was repeated twice.

Behavioral experiments
Behavioral analysis of the mice was performed between 9:00 am
and 5:00 pm in an alternating manner between xCT+/+ and xCT-/-

mice. Behavioral tests were video-recorded using a webcam, and
analyzed manually by an experimenter blinded for genotype.
We evaluated spontaneous social interaction using the recipro-

cal social interaction test. Two socially naive (i.e. non-littermate)
genotype-matched mice were placed in a clean housing cage and
allowed to interact with each other for 10min. Time spent in nose-
to-nose sniffing, following, pushing past each other, crawling and
mounting was analyzed. A sum of all parameters was made to get
an indication of the total interaction time [36].
The three-chambered assay was performed in a box made of

clear polycarbonate. The test consists of four phases. After 10min
of habituation to the centre chamber while the entrance to the two
outer chambers is closed, the test mouse is allowed to explore the
entire box, including both outer chambers (left-right bias; 10min).
Next, the mice were briefly confined to the centre chamber, while
an inanimate object (inverted metal-wire cup) is placed in one of
the side chambers, and a socially naive mouse is placed under-
neath an identical wire cup in the other side chamber (target
mouse; weight-matched male 129/SvImJ mice that were trained for
three consecutive days to remain calm underneath the metal-wire
cup). The preference of the mouse to interact with the naive
mouse is evaluated during a 10min video-recorded trial (social
preference test). Finally, after a short confinement in the centre
chamber, the inanimate object is replaced by a novel mouse and
the preference to interact with the novel mouse over the familiar
mouse (socially naive mouse during previous phase), is evaluated
(social novelty test). During both tests, the time spent interacting
with the mouse, as well as the time spent and number of entries
into each side chamber are quantified.
Repetitive behavior was evaluated with the marble burying test.

Mice were individually placed in a regular housing cage with 5 cm
of wood-chip bedding material. Fifteen black marbles were placed
on top of this bedding material, in an equally spaced manner.
Mice were videotaped for 15min and analyzed for repetitive
burying behavior. A marble was considered buried when more
than two-thirds of its diameter was covered with bedding [37]. To
avoid bias, motor function was evaluated on the acquired video
files using Ethovision (Noldus).
Self-grooming behavior of the mice was analyzed for 30 min in

an empty housing cage. Videos were analyzed for latency to
grooming, number of grooming bouts and total time spent
grooming. Analysis was performed as described previously [38].

Statistics
Data are presented as mean ± SEM. Statistical analyses were
performed using GraphPad Prism 10 software. Normality of the
data was checked using the D’Agostino-Pearson omnibus test and
equality of variances with an F-test. For normally distributed data

with one variable and two groups to compare, an unpaired, two-
tailed t-test was used. In case of unequal variances, the Welch’s
t-test was applied, whereas when data did not show a normal
distribution, the non-parametric Mann-Whitney test was opted.
When comparing the means of more than two groups, based on a
single variable, a one-way ANOVA was used with a correction
factor for multiple comparisons. To analyze the effect of two
variables, a two-way ANOVA was performed and to interpret the
results of the social novelty test, a repeated-measures two-way
ANOVA was used. In case of significant main effects, the two-way
ANOVA was followed by a Sidak’s or Tukey’s post-hoc test.
Some of the data presented in supplementary figures 4 and 5

did not show a normal distribution and were therefore log
transformed before applying the parametric two-way ANOVA.
However, for the ease of interpretation of the data, we show the
graphs with the non-transformed data for all experiments. Outliers
were identified using the Grubb’s outlier test and excluded when
significant (p < 0.05). Sample size estimation is based on our
previous study in young mice [8]. All details regarding the
statistical analyses are mentioned in figure legends.

RESULTS
Corticostriatal neurotransmission is similar in aged xCT+/+

and xCT-/- mice
The fEPSPs that were measured in the dorsolateral striatum after
stimulating the corticostriatal fibers (Fig. 1A), were not different
between aged xCT-/- and xCT+/+ mice, resulting in overlapping I/O
curves (Fig. 1B). Also, no differences in paired-pulse ratios can be
detected for all investigated time intervals, indicating the absence
of changes in short-term plasticity (Fig. 1C).

Decreased synaptic cleft width at corticostriatal synapses of
aged xCT-/- mice, while the morphology of medium spiny
neurons is unaltered
We could not observe any differences in the morphology of MSNs
between aged xCT+/+ and xCT-/- mice (Fig. 1D): soma area and
diameter (Fig. 1E, F), number and length of dendrites (Fig. 1G–I),
spine density (Fig. 1J, K) and the complexity of the dendritic tree
(Fig. 1L) were unaltered.
Ultrastructural analysis of the corticostriatal synapses indicated

the absence of differences in terminal (Fig. 2A, B), spine (Fig. 2C, D)
and mitochondrial size (Fig. 2E) between aged xCT+/+ and xCT-/-

mice. Synaptic cleft width is smaller in aged xCT-/- mice, compared
to xCT+/+mice (Fig. 2F), while PSD area (Fig. 2G), thickness (Fig. 2H)
and length (Fig. 2I) were unaffected by xCT genotype. No changes
were seen in glutamate levels in pre- and postsynaptic compart-
ments or in mitochondria (Fig. 2J–L).

xCT deletion reduces striatal levels of advanced glycation end-
products
According to previous observations in hippocampal samples [4],
striatal AGE protein levels are decreased in aged xCT-/- compared
to aged xCT+/+ mice (Fig. 3A, B).

xCT deletion does not influence repetitive behavior or social
interest in aged mice, while aggressive behavior is attenuated
In the marble burying test, aged xCT-/- mice buried the same
number of marbles (Fig. 4A, E) and spent an equal amount of time
digging (Fig. 4B), compared to aged xCT+/+ mice. Also, the number
of digging bouts (Fig. 4C) and the latency to start digging (Fig. 4D)
were not affected by genotype. Finally, self-grooming behavior
was comparable between aged xCT+/+ and xCT-/- mice, reflected
by similar total grooming time (Fig. 4F), number of grooming
bouts (Fig. 4G) and latency to start grooming (Fig. 4H).
The genotype of the mice did not affect nose-to-nose sniffing

(Fig. 5A), following (Fig. 5B) and pushing past each other in the
reciprocal interaction test (Fig. 5C). Yet, aged xCT-/- mice spent less
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time crawling (Fig. 5D) and mounting (Fig. 5E), compared to xCT+/+

mice, behaviors that are considered being a sign of aggression and/
or dominance [39, 40]. Altogether, this results in equal social interest
(Fig. 5G) and reduced aggressive/dominant behavior (Fig. 5H) in aged
xCT-/- mice compared to their controls, while overall interaction time
is decreased in the absence of xCT (Fig. 5F). Differences in aggressive
behavior could not be linked to altered plasma testosterone levels
between aged xCT+/+ and xCT-/- mice (Suppl. Figure 1).
During the social preference test of the three-chambered assay

both aged xCT+/+ and xCT-/- mice had an increased interest to

interact with the mouse, compared to the object. The time spent
interacting with the mouse, did not differ between both
genotypes (Fig. 5I), indicating that social interest was not affected
by xCT deletion. Also, the time spent (Fig. 5J) or entries (Fig. 5K) in
each chamber did not differ between both genotypes. Next,
during the social novelty test, both aged xCT+/+ and xCT-/- mice
interacted more with the novel mouse compared to the familiar
mouse (Fig. 5L), an effect that is most pronounced in the xCT-/-

mice, while the time spent and number of arm entries in each
chamber was unaffected by genotype (Fig. 5M, N).

Fig. 1 Corticostriatal neurotransmission and morphological analysis of medium spiny neurons (MSN) in aged xCT+/+ and xCT-/- mice.
A Schematic representation (AP 0-0.5 mm relative to Bregma) of a striatal slice and positioning of stimulating and recording electrode (figure
created with Biorender.com). B Input/Output (I/O) curves generated by stimulating corticostriatal fibers are similar between aged xCT+/+ and
xCT-/- mice. Inserts show a representative example of trace fEPSPs obtained at 12 V. C Paired-pulse ratios were similar between aged xCT+/+

and xCT-/- mice, for all investigated time intervals. Inserts show a representative example of trace fEPSPs obtained at 6 V with an interval of
25ms. Data are presented as mean ± standard error of the mean (SEM) and analyzed using a two-tailed Mann-Whitney test for each
stimulation intensity (B) or a one-way ANOVA with correction for repeated testing (C, at 100ms one xCT-/- outlier was excluded). A total
number of 15 slices of n= 8 xCT+/+ mice (one slice was excluded due to technical issues) and 16 slices of n= 8 xCT-/- mice were analyzed.
D Representative tracing of medium spiny neurons (MSNs) of xCT+/+ and xCT-/- mice. E–J No differences in soma area (E, one xCT-/- outlier
excluded) or diameter (F), number of primary dendrites (G), total dendritic length (H), length of longest dendrite (I) or dendritic spine density
(J) between MSNs of aged xCT+/+ and xCT-/- mice. K Representative picture of dendritic spines for both genotypes. L Using Scholl analysis, no
effect on complexity of the dendritic tree was observed in the absence of xCT. 5-6 neurons of n= 4 xCT+/+ and n= 4 xCT-/- mice were traced,
with a total of 22 and 23 neurons respectively. Data are presented as mean ± SEM and analyzed using an unpaired Welch’s t-test (E) or a two-
tailed unpaired t-test (F-L; at every distance from the soma for L).
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Aging levels down most behavioral differences between xCT+/+

and xCT-/- mice
We combined our current data with those we previously obtained
in adult mice [8] and performed a two-way ANOVA, with aging and

genotype as variables (Table 1, figures in supplement), to further
obtain insight into why aged xCT-/- mice do not show the same
impairments as the young-adult mice. While not all analyses could
be compared due to elaborate inter-experiment time intervals (slice
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electrophysiology) or technical differences (size of the gold particles
used to measure glutamate), behavioral analyses as well as Golgi
Cox stainings were performed simultaneously for both age groups.
Overall, both the morphology of the MSN (Suppl. Figure 2) and the
ultrastructural analyses of corticostriatal synapses (Suppl. Figure 3)
show age-related changes, with limited impact of xCT deletion on
most of the parameters. While aging reduces the soma diameter
(Suppl. Figure 2C) and the length of the longest dendrite (Suppl.
Figure 2F) and increases the number of spines (Suppl. Figure 2G), it
has no effect on the complexity of the dendritic tree (Suppl. Figure
2H). Aging also reduces the area (Suppl. Figure 3A) and increases
the diameter of the cortical terminals (Suppl. Figure 3B), while both
the area and diameter of the spines are increased (Suppl. Figure 3C, D).
Interestingly, the width of the synaptic cleft is increased in adult
xCT-/- versus xCT+/+, while aging only induces a decrease in xCT-/-

mice (Suppl. Figure 3E) [4, 8].
While adult xCT-/- mice bury more marbles (Suppl. Figure 4A)

and spend more time digging (Suppl. Figure 4B) than their age-
matched wildtype controls, the number of marbles they bury and
the time they dig significantly decreases with aging, to reach the
same value as the aged wildtype mice (Suppl. Figure 4A,B). The
latency before the mice start digging in the marble burying test
(Suppl. Figure 4C), is overall increased in aged mice, an effect that
is mainly driven by the xCT+/+ mice. Only age-related effects were
observed for the grooming behavior, with an overall decrease in

latency to start grooming (Suppl. Figure 4G) and the number of
grooming bouts (Suppl. Figure 4H), whereas the grooming time
(Suppl. Figure 4I) was increased with aging.
In the reciprocal interaction test, the total time spent in

reciprocal interaction is overall decreased both with aging and by
the genetic deletion of xCT, while the age-related decrease was
most pronounced in the xCT+/+ mice (Suppl. Figure 5A). Moreover,
we observe overall genotype effects in the two behaviors that can
be linked to aggressive and/or dominant behavior -i.e. mounting
(Suppl. Figure 5B) and crawling (Suppl. Figure 5C)- with a strong
decrease in this behavior when xCT is absent. When evaluating the
more exploratory behavior (Suppl. Figure 5D,E,F), it is clear that
these kind of interactions are reduced in adult mice lacking xCT
while showing a stronger age-related decrease in the xCT+/+ and
not in xCT-/- mice, leading to a levelling out of the differences that
were initially observed in young-adult mice.
To compare data of adult and aged mice during the social

interest phase of the three-chamber test, preference indexes were
calculated to rule out any bias induces by reduced mobility of the
aged vs. adult mice. Aged xCT-/- mice had an increased preference
to interact with the socially naive mouse (time spent interacting
with the mouse/total time interacting with mouse and object)
compared to young-adult xCT-/- mice (Suppl. Figure 5G). The aged
mice displayed a similar percentage of interaction with the socially
naive mouse compared to the adult xCT+/+ mice, indicating the

Fig. 2 Ultrastructural analysis of corticostriatal synapses in the dorsolateral striatum of aged xCT+/+ and xCT-/- mice. A-E Neither terminal
(A,B) or spine size (C,D), nor the size of the mitochondria (E) at corticostriatal synapses are different between aged xCT+/+ and xCT-/- mice.
F Synaptic cleft width is decreased in aged xCT-/- mice, compared to the xCT+/+ mice (one xCT-/- outlier excluded). G-I The area, thickness and
length of the post-synaptic density (PSD) are unaffected by xCT deletion. J–L The glutamate (Glu) density in the pre- (J) and post-synapse (K),
and in mitochondria (L) also did not differ between genotypes. Two photomicrographs are depicted representing an example of a VGLUT1-
labelled corticostriatal synapse. The black arrows point towards the PSD (the red dash notes the width of the synaptic cleft, the parentheses at
the synaptic cleft note the length of the PSD), while the white arrowheads indicate the gold-labelled glutamate particles. LT: labelled terminal,
SP: spine. n= 6 mice for both genotypes and 25 ± 3 pictures/mouse were analyzed, with a total of 154 synapses for xCT+/+ and 149 for xCT-/-

mice. Data are presented as mean ± SEM and analyzed using an unpaired two-tailed t-test (A-E,G,H,J–L) or unpaired Welch’s t-test (F,I):
*p < 0.05; **p < 0.01.

Fig. 3 Striatal AGE levels are reduced in aged xCT-/- mice compared to age-matched xCT+/+ controls. A Representative example of AGE-
positive protein bands with the according total protein stain. B Relative optical density (OD) of the immunoreactive bands, normalized to the total
protein stain. Data are presented as mean ± SEM. Analysis was performed using an unpaired two-tailed t-test. n= 6 mice/group. ***p < 0.001.
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absence of loss of interest due to aging (Suppl. Figure 5G). The
preference index for entering the chamber with the mouse (time
spent in chamber with mouse/total time spent in both chambers)
showed that adult xCT-/- mice and aged xCT+/+ mice spent
proportionally less time in the chamber containing the mouse,
compared to adult xCT+/+ mice (Suppl. Figure 5H). The relative
number of entries in the chamber did not differ between age or
genotype (Suppl. Figure 5I).

DISCUSSION
We previously reported on the presence of deficits in cortico-striatal
neurotransmission that were accompanied by ASD-like behavior, in
young-adult xCT-/- mice [8]. In the current study, we evaluated
multiple parameters related to corticostriatal neurotransmission in
aged xCT+/+ and xCT-/- mice, to establish whether the previously
reported deficits are persistent throughout life.
We here show that aged xCT-/- mice no longer present impaired

corticostriatal neurotransmission or decreased intracellular gluta-
mate levels, compared to age-matched xCT+/+ controls. Also,
morphological differences are absent in Golgi-Cox analysis of
MSNs, while ultrastructural analyses of corticostriatal synapses
only revealed differences in synaptic cleft width. Furthermore,
while both the reciprocal interaction test and the three-
chambered test showed intact social interest in aged xCT-/- mice,
compared to their wildtype littermates, reduced aggressive/
dominant behavior was observed in the aged xCT-/- mice,
compared to xCT+/+ mice, similar as in young-adult mice.

While in aged cats and rats, MSNs need higher stimulation
intensities to efficiently induce action potentials -reflecting an
age-related decrease in strength of corticostriatal inputs [41]- in
mice it has been shown that basal corticostriatal neurotransmis-
sion is unaffected by aging [42]. Yet, the changes in corticostriatal
synaptic plasticity that are reported in mice, might result from
changes in receptor-activated signalling cascades linked to
neuroinflammation and a more oxidative environment [42]. Given
the change in electrophysiology set-up between the measure-
ments we performed on slices of young-adult and aged mice, we
cannot make any statement on age-related effects as we cannot
compare the absolute values of our results in the aged mice with
the results we previously reported in young-adult mice. However,
whereas xCT deletion resulted in corticostriatal deficits in adult
mice, this was not the case in aged mice.
We previously showed that the impaired neurotransmission in

young-adult xCT-/- mice, could be restored by adding exogenous
glutamate to the slice, probably compensating for the reduced
intracellular glutamate levels in the pre- and post-synaptic
compartment of their corticostriatal synapses [8]. xCT deletion
did, however, not result in reduced intracellular glutamate levels in
aged mice, possibly explaining why we did not observe deficits in
corticostriatal neurotransmission in aged xCT-/- mice. Moreover,
according to our findings in the hippocampus [4], we observed
reduced AGE levels in the striatum of aged xCT-/- mice, compared to
xCT+/+ controls. AGE production and RAGE expression undergo an
age-related upregulation in the brain [43] and might have a
detrimental effect on the corticostriatal pathway and related

Fig. 4 No changes in repetitive behavior in aged mice lacking xCT. A–D No differences between aged xCT+/+ and xCT-/- mice for the number
of marbles buried (A, one xCT+/+ outlier excluded), time spent digging (B), number of digging bouts (C) and their latency to start digging (D; n= 13
xCT+/+ and n= 12 xCT-/- mice). E Representative picture of a home cage with 15 black marbles after the test trial of 15min. F–H The total grooming
time (F), number of grooming bouts (G) and latency to start grooming (H) are not different between genotypes; n= 8 xCT+/+ mice and n= 10
xCT-/- mice. Data are presented as mean ± SEM and analyzed using a unpaired two-tailed t-test (A–C, F–H) or a two-tailed Mann-Whitney test (D).
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behavioral deficits [44]. Indeed, an accumulation of AGEs has been
found in the brain of ASD patients [30]. The decrease in striatal AGE
levels in aged xCT-/- mice, might thus partly explain the absence of
corticostriatal deficits. Finally, the reduced inflammatory profile that

we previously observed in aged xCT-/- mice [4] could also add to the
anticipated beneficial effects of xCT deletion in the aged brain.
Typical age-related morphological changes in MSNs have been

described -such as e.g. a decrease in the number [45] and/or
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length [46] of neuronal dendrites- whereas the effect on spine
density is dependent on the type of spine [46]. We here show that
most of the changes that were induced in MSNs by the aging
process, were unaffected by the loss of xCT. Also, ultrastructural
changes at the level of the synapse might underlie differences in
corticostriatal neurotransmission. The age-related increase in
terminal diameter as well as spine area and diameter, is
independent of xCT and might correspond to the increase in
total synaptic area that was described in humans as being a
compensatory mechanism of the aged CNS to ensure sufficient
transmission and release probability of neurotransmitters [47].
When synaptic size exceeds a certain limit, the synaptic contact
(i.e. the PSD) can split into several pieces, thereby modifying the
neuronal connectivity [47]. Yet, no difference in number of
synapses associated with a perforated PSD could be detected
between aged xCT+/+ and xCT-/- mice (data not shown).
Interestingly, ultrastructural analysis showed a decrease in the
width of the synaptic cleft of aged xCT-/- mice compared to age-
matched wildtype controls [10], as a result of an age-related
decrease in xCT-/-, but not xCT+/+ mice. While the optimal cleft
width could vary between synapses based upon synaptic
architecture, the width of the synaptic cleft will not only affect
the effective concentration of neurotransmitter that is being
released but can also alter the synaptic current [48]. As such, the
age-related decrease that is observed in xCT-/- mice might be a
compensatory mechanism to restore proper synaptic neurotrans-
mission in the aged mice. Also, the length of the PSD is reduced in
aged xCT-/- mice compared to xCT+/+ mice, and genotype seems
to interact with the age-related changes in PSD length, that could
possibly alter the number of associated glutamate receptors.
Bentea et al. showed decreased social interaction in adult xCT-/-

mice, compared to their wildtype littermates, as evidenced by
reduced nose-to-nose sniffing, following, mounting, crawling and
pushing [8]. Our study shows that aging induces an overall decrease
in interaction time, while aged xCT-/- mice remain less prone to
social interaction compared to the aged xCT+/+ mice. Yet, the
general decrease in social interaction is solely based on decreased
crawling and mounting behavior, while the more exploratory
behavior is unaffected by xCT deletion. Mounting behavior between
male mice is seen as aggressive, threatening behavior to assert
dominance, since they will not allow the presence of unfamiliar
males within their home cage [39, 40]. Therefore, xCT-/- mice seem to
have an overall less aggressive nature, compared to xCT+/+ mice. As
we could not link this to differences in testosterone levels between
both genotypes, further research is required to confirm (or refute)
this hypothesis. Together with the absence of differences between
genotypes in the three-chambered assay, we conclude that aged
xCT-/- mice are no longer socially impaired.
In the three-chambered assay, aging induced an overall

decrease in time spent interacting with both the object and the
mouse. However, when evaluating the preference index, young-
adult xCT-/- mice showed a decreased preference for the mouse
(versus the object), whereas the aged mice of both genotypes
displayed a similar preference for the mouse to what was seen in

adult xCT+/+ mice, indicating that although overall social interac-
tion decreases -due to lack of motivation or movement- the social
interest of these mice is not affected. Age-related effects on social
interaction have been sparsely investigated in mice. Some studies
indicate that age-related decline of cognitive and executive
functions in humans leads to deterioration of social behavior as
well [49, 50]. On the other hand, others believe that social
impairment might arise before the onset of other age-related
impairments [51]. Similar to our study, literature states that aged
mice do still have a preference to interact with mice over objects
[52]. Yet, contrary to our findings on social recognition/novelty,
Shoji et al. reported that 17-months-old C57BL/6 J mice lost their
preference for the novel over the familiar mouse, which might be
a sign of impaired social recognition [53].
In the marble burying assay, the young-adult xCT-/- mice spent an

increased time digging and buried an increased number of marbles
compared to all other groups. Yet, while no differences could be
detected between aged xCT+/+ and xCT-/- mice, the compulsive
behavior of the adult xCT-/- mice returns to control levels with
aging. Overall locomotor activity and velocity of the mice were
unaffected by genotype (data not shown), excluding a possible bias
of the results. The digging behavior of mice is a measure for their
general well-being as well as motor function. The reasons and
motivation behind increased or excessive digging behavior is still
uncertain but is often seen as anxiety-like or compulsive behavior
[54]. Finally, while we observed a clear age-related increase in time
spent grooming -in accordance with literature [38, 55]- no
genotype-related differences were detected in the aged mice.
We previously identified system xc

- as the major source of
extracellular glutamate in the striatum of adult mice [3]. Moreover,
adult xCT-/- mice appeared to have decreased glutamate concentra-
tions in both pre- and postsynaptic compartments of the
corticostriatal synapses [8]. However, total striatal glutamate levels
were unaffected by xCT deletion [3], thus suggesting a build-up
inside the astrocytes. The importance of the decreased neuronal
glutamate concentrations in adult xCT-/- mice was highlighted by
the fact that adding glutamate to the slice in the electrophysiolo-
gical set-up, rescued corticostriatal neurotransmission in adult xCT-/-

mice [8]. It thus seems that, while in adult mice the reduced
intracellular glutamate levels resulted in hampered corticostriatal
neurotransmission, the reduced extrasynaptic glutamate levels
might exert protective effects in aged mice. Glutamate released
into the extrasynaptic space, can activate extrasynaptic glutamate
receptors to modulate synaptic transmission. Yet, while activation of
synaptic NMDA receptors was shown to activate pro-survival
pathways, excessive activation of extrasynaptic NMDA receptors
induces excitotoxicity [56]. With aging, NMDA receptors were shown
to migrate from the synaptic cleft to the extrasynaptic space [57],
and the reduced extrasynaptic glutamate levels that are seen in the
absence of xCT might thus be particularly protective in the aged
brain or age-related neurological disorders. Memantine, an NMDA
receptor antagonist that blocks preferentially extrasynaptic recep-
tors [58], is used for the treatment of Alzheimer’s disease patients.
Although controversial, memantine has been shown to be a safe

Fig. 5 xCT deletion in mice reduces dominance/aggression without affecting social interest. A-F Nose-to-nose sniffing (A, one xCT-/- outlier
excluded), following (B) and pushing (C) are not affected by genotype, while more aggressive behaviors such as crawling (D, one xCT+/+ and
one xCT-/- outlier excluded) and mounting (E, one xCT-/- outlier excluded) are decreased in xCT-/- mice, compared to xCT+/+ mice (n= 6 xCT+/+

couples and n= 9 xCT-/- couples). This results in a decreased total reciprocal interaction time in xCT-/- mice, compared to xCT+/+ mice (F, one
xCT-/- outlier excluded). G, H Social interest (nose-to-nose, following, pushing) is similar between both genotypes (G), while aggressive
behavior (crawling and mounting) is less pronounced in aged xCT-/- compared to aged xCT+/+ mice (H, one xCT+/+ and one xCT-/- outlier
excluded). I In the three-chamber assay (n= 12 xCT+/+ and n= 13 aged xCT-/- mice), both xCT+/+ and xCT-/- mice prefer interacting with the
mouse compared to the object (one xCT+/+ outlier excluded). J, K No differences in the time spent and number of entries into the chamber
with the mouse or object. L Both xCT+/+ and xCT-/- mice prefer interacting with the novel mouse compared to the familiar mouse. M, N No
differences in time spent (L) and number of entries (M) into the chamber with the novel or familiar mouse. Data are presented as mean ± SEM
and analyzed using a two-tailed Mann-Whitney test (B, F), two-tailed unpaired t-test (A, C, D), an unpaired Welch’s t-test (E, H) or a repeated-
measures two-way ANOVA followed by a Sidak’s post-hoc test (I–N). O: object effect, N: novel mouse effect. *p < 0.05, **p < 0.01, ****p < 0.0001.
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and effective intervention for neuropsychiatric disorders, including
OCD and ASD [59].
To conclude, contrary to what we observed in adult xCT-/- mice,

the deletion of xCT did not result in corticostriatal dysfunction or
altered social or repetitive behavior in aged mice. Whether these
age-related differences are related to a restoration of corticos-
triatal neurotransmission during the aging process in xCT-/- mice
or an age-related decrease in corticostriatal transmission in xCT+/+

-and not xCT-/-- mice, remains elusive and requires additional
experiments. Yet, the absence of corticostriatal impairment in
aged xCT-/- versus xCT+/+ mice, is an important finding on its own
as targeting xCT has been proposed as a potential strategy in the
treatment of age-related neurological disorders [3, 11].

DATA AVAILABILITY
The data that support the findings of this study are available upon reasonable
request (to the corresponding author AM).
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