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Abstract
The astrocytic cystine/glutamate antiporter system xc

− represents an important source of extracellular glutamate in the
central nervous system, with potential impact on excitatory neurotransmission. Yet, its function and importance in brain
physiology remain incompletely understood. Employing slice electrophysiology and mice with a genetic deletion of the
specific subunit of system xc

−, xCT (xCT−/− mice), we uncovered decreased neurotransmission at corticostriatal synapses.
This effect was partly mitigated by replenishing extracellular glutamate levels, indicating a defect linked with decreased
extracellular glutamate availability. We observed no changes in the morphology of striatal medium spiny neurons, the
density of dendritic spines, or the density or ultrastructure of corticostriatal synapses, indicating that the observed functional
defects are not due to morphological or structural abnormalities. By combining electron microscopy with glutamate
immunogold labeling, we identified decreased intracellular glutamate density in presynaptic terminals, presynaptic
mitochondria, and in dendritic spines of xCT−/− mice. A proteomic and kinomic screen of the striatum of xCT−/− mice
revealed decreased expression of presynaptic proteins and abnormal kinase network signaling, that may contribute to the
observed changes in postsynaptic responses. Finally, these corticostriatal deregulations resulted in a behavioral phenotype
suggestive of autism spectrum disorder in the xCT−/− mice; in tests sensitive to corticostriatal functioning we recorded
increased repetitive digging behavior and decreased sociability. To conclude, our findings show that system xc

− plays a
previously unrecognized role in regulating corticostriatal neurotransmission and influences social preference and repetitive
behavior.

Introduction

The astrocytic cystine/glutamate antiporter system xc
−

exports glutamate in exchange for cystine in a 1:1 ratio [1].
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Structurally, system xc
− is a heterodimer composed of two

subunits, xCT (encoded by the gene SLC7A11) and 4F2hc,
linked by a disulfide bridge. The specific subunit xCT
mediates the transport activity of the complex, whereas
4F2hc is shared across various families of amino acid
transporters and anchors xCT at the plasma membrane [1].
With each molecule of cystine imported by system xc

−,
glutamate is released in the extracellular environment. As
such, system xc

− is a source of continuous, non-vesicular
glutamate. In some brain regions, such as the striatum [2]
and hippocampus [3], system xc

− supplies up to 60–70% of
extracellular glutamate levels, revealing an important
contribution to ambient glutamate levels. Given its glial
localization, system xc

− delivers glutamate to the extra-
synaptic compartment, where it can activate ionotropic
and metabotropic glutamate receptors, and modulate exci-
tatory signaling by fine-tuning synaptic transmission [4].
Accordingly, pharmacological and genetic studies have
indicated a role of system xc

− in regulating neuro-
transmission at cortico-accumbens synapses [5], hippo-
campal CA3-CA1 synapses [6], and prefrontal cortex layer
II/III pyramidal neurons [7]. The type of regulation and
mechanism of action show dependency on brain circuit.
System xc

− inhibits excitatory neurotransmission at the
cortico-accumbens pathway via presynaptic mechanisms
linked to group II metabotropic glutamate receptor activa-
tion [5]. In contrast, the inhibitory function of system xc

− at
hippocampal CA3-CA1 synapses was attributed to post-
synaptic mechanisms, as increased amplitude of excitatory
postsynaptic potentials and expression of postsynaptic
AMPA receptors were observed in xCT deficient mice [6].
Interestingly, in layer II/III pyramidal neurons, system xc

−

was found to positively modulate, rather than inhibit,
synaptic transmission, as decreased excitatory postsynaptic
currents were obtained after system xc

− inhibition, possibly
involving both pre- and postsynaptic mechanisms [7].
Supporting the fact that system xc

− participates to neuro-
transmission under physiological conditions, its expression
modulates behavioral phenotypes, including spatial working
memory [3], anxiety- and depressive-like behavior [8].
Despite its expression and robust involvement in main-
taining extracellular glutamate homeostasis at the level
of the striatum [2], little is known regarding the function
of system xc

− in regulating neurotransmission at striatal
synapses.

Psychiatric disorders, including autism spectrum disorder
and obsessive-compulsive disorder (OCD) are correlated to
corticostriatal deficits [9], and recent animal model studies
suggest dysfunction at glutamatergic corticostriatal synap-
ses as a causal factor for behaviors associated with autism
and OCD [10, 11], that may involve neuronal [10–13] as
well as glial [14] mediators. Previous findings propose a
possible genetic association between variation in SLC7A11

and susceptibility to autism [15, 16]. In addition, N-acetyl-
cysteine, a nonspecific system xc

− activator, reverses social
interaction deficits in a rat model of autism [17] and
decreases marble burying behavior in mice [18]. This is
consistent with a possible role of system xc

− in establishing
the excitatory–inhibitory disbalance that may occur in aut-
ism spectrum disorder [19].

In this study, we investigated whether absence of sys-
tem xc

− in mice influences corticostriatal neurotransmis-
sion, the underlying mechanisms involved, and whether it
impacts behavioral outcomes that are sensitive to corti-
costriatal function, such as social interaction and repetitive
behavior.

Materials and methods

Animals

Adult (12–14 weeks old; 8–9 weeks for social behavior)
male xCT knock-out (xCT−/−) mice and wild-type (xCT+/+)
littermates are high-generation descendants of the strain
described previously [20], bred in a heterozygous colony in
the animal facilities of the Vrije Universiteit Brussel. The
xCT−/− mice were generated by targeted disruption of the
START codon in exon 1 of the SLC7A11 gene and were
backcrossed for more than 15 generations on a C57BL/6J
background. Mice were group-housed under standardized
conditions (10/14 h dark/light cycle, not reversed), with free
access to food (SAFE A03, SAFE Diets) and water. Tem-
perature in the vivarium was maintained between 20 and
24°C, and humidity between 45 and 65%. Genotypes were
confirmed on ear punch DNA using the REDExtract-N-
Amp Tissue PCR Kit (Sigma) as described in Supplemen-
tary information (Supplementary Fig. 1). Previous findings
demonstrate that the xCT−/− mice show absence of xCT
mRNA [21], and are protein null across various regions
of the brain [22, 23], including striatum [24, 25].
Studies were performed according to national guidelines
on animal experimentation and approved by the Ethical
Committee for Animal Experimentation of the Vrije
Universiteit Brussel.

Electrophysiology

Electrophysiology was performed as described [26], with
minor modifications. Brains were placed in 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, 10 mM D-glucose) and bubbled with a
mixture of 95% O2 and 5% CO2. A thick section encom-
passing corticostriatal fibers was cut at a 30° angle, from
which 400 µm slices were cut in aCSF [27]. Slices were
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transferred to a recording chamber and allowed to recover
for 1.5 h at interface. Recordings were made in an interface
chamber (Tissue Slice Recording Chamber dual well
21051-00, FST, Canada) at 28 °C, under constant perfusion
with oxygenated aCSF (1 mL/min). A bipolar twisted
nickel–chrome stimulating electrode, 50 μm in diameter,
was placed at the border of the corpus callosum in close
proximity to the recording electrode, located in the dorso-
lateral region of the striatum (Fig. 1a). Extracellular field
excitatory postsynaptic potentials (fEPSPs) were evoked
using biphasic constant-voltage pulses (0.08 ms for each
pulse) and recorded with a low resistance (2–5MΩ) glass
microelectrode filled with aCSF. Baseline input/output (I/O)
curves were determined by varying the stimulus intensity
and determining the amplitude of the fEPSP. Paired-pulse
response ratios were obtained by delivering two stimuli
with an intensity to induce 50% of the maximal response,
at various intervals. Following acquisition of baseline
responses, the perfusion solution was switched to 30 µM
L-glutamate. Stimuli were delivered every minute using a
stimulus intensity to induce 50% of the maximal response,
for a total duration of 2 h. The amplitude of the fEPSP was
measured on the average of four consecutive responses. At
the end of the 2 h incubation, I/O curves were derived as
described above.

Golgi–Cox

Golgi–Cox staining was performed using the FD Rapid
GolgiStain kit (FD Neurotechnologies Inc., USA) [28].
Neurons with clearly visible Golgi–Cox staining were
selected from the dorsolateral striatum of xCT−/− mice and
xCT+/+ littermate controls. Neurons were imaged 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; all from Carl Zeiss Microscopy GmBH).
The following criteria were utilized for inclusion of striatal
medium spiny neurons (MSNs) based on their typical
somato-dendritic morphology and quality of staining: (1)
neuron stained in its entirety, (2) with a soma that is round
or ovoid with a diameter between 11 and 20 µm, (3) which
contains at least three primary dendrites, and (4) demon-
strates low dendritic spine density on primary branches that
increases from the second and third order branches onward
[29]. Neurons were manually traced on flattened Z-stack
images (0.5 µm/stack) loaded as individual image layers in
GNU Image Manipulation Program (version 2.10.6), and
their morphology evaluated. The following parameters were
derived on the obtained traces in a random manner by an
experimenter blind to the experimental conditions: soma
area, soma diameter, total dendritic length, the number of
primary dendrites, and the length of the longest dendrite.
The complexity of the dendritic tree was determined by

Sholl analysis, counting the number of intersections of the
dendritic tree with concentric circles placed at increasing
diameters in steps of 10 µm. Spine density was evaluated on
dendritic segments between 12 and 28 µm in length, located
at a distance of 60 to 90 µm from the soma. Neurons were
imaged at ×40 magnification for measurement of neuronal
morphology, and at ×100 magnification for dendritic spine
counts. Image analyses were performed using ImageJ soft-
ware (National Institutes of Health, USA).

Electron microscopy

Electron microscopy (EM) was performed as previously
described [30–32]. By using an antibody against VGLUT1
as specific marker of cortical input [33], we investigated the
morphology of corticostriatal synapses after loss of xCT.
Slices containing the rostral dorsolateral striatum (1.0 mm
anterior to bregma), a region that receives a significant input
from the motor cortex [34], were processed for VGLUT1
pre-embedding 3,3′-diaminobenzidine (DAB) immunola-
beling using a rabbit VGLUT1 antibody (1:1000; Synaptic
Systems; cat. #135 303) and a microwave procedure (Pelco
BioWave, Ted Pella). Next, the tissue was flat-embedded in
epoxy, the dorsolateral striatum manually dissected and thin
sectioned (60 nm). Post-embedding glutamate immunogold
labeling was performed using a rabbit glutamate antibody
(1:250; Sigma; cat. #G6642) and a goat anti-rabbit IgG
tagged with 12 nm gold particles (1:50; Jackson Immu-
noResearch; cat. #111-205-144). Incubation of the antibody
with 5 mM glutamate resulted in a near-complete loss of
immunogold labeling, showing the specificity of the gluta-
mate labeling (Supplementary Fig. 2). Photographs of
VGLUT1-labeled terminals were taken at a final magnifi-
cation of ×40.000 using a digital camera (AMT, Danvers,
MA, USA). Terminals were analyzed if they demonstrated
DAB-labeled synaptic vesicles and a clearly defined
asymmetrical synaptic contact with an underlying dendritic
spine (defined by its characteristic shape and absence of
mitochondria) or dendritic shaft. The number of immuno-
gold particles located inside the nerve terminal (vesicular
and cytoplasmic pools are combined in the final analysis;
the cytoplasmic pool accounts for <10% of the entire nerve
terminal pool of glutamate [35, 36]), and those associated
with mitochondria were counted. For calculating the glu-
tamate density in presynaptic terminals, the mitochondrial
pool was subtracted from the total nerve terminal pool.
Background labeling within glial cell processes (ten
immunogold-labeled particles/μm2) was subtracted from the
density of presynaptic and dendritic spine immunogold-
labeled glutamate within the nerve terminals and post-
synaptic labeling within spines [36]. To investigate whether
xCT deletion led to a global change in the number of spines
or glutamatergic synapses, we quantified the total number of
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Fig. 1 Decreased corticostriatal neurotransmission in xCT−/− vs.
xCT+/+ mice. a I/O curves, generated by stimulating corticostriatal
fibers between 5 and 15V, revealed significantly reduced fEPSPs at the
level of the dorsolateral striatum in xCT−/− compared with xCT+/+

mice. b No differences between genotypes were observed in paired-
pulse response ratios, when the two consecutive pulses were delivered
at intervals ranging from 25 to 400 ms. Bath application of 30 µM
L-glutamate for 2 h significantly increased the responses measured
in xCT−/− slices (c), without affecting responses in xCT+/+ slices (d).
e, f Desensitization of glutamate receptors after exposure to high
concentration of L-glutamate. Input/output curves, generated by sti-
mulating corticostriatal fibers between 5 and 15V, revealed sig-
nificantly reduced fEPSPs at the level of the dorsolateral striatum after
bath incubation with 20 mM L-glutamate for 15 min, in both xCT−/−

(e) and xCT+/+ (f) slices. A total number of 15 slices from n= 8

xCT+/+ mice and 16 slices from n= 8 xCT−/− mice were analyzed.
All slices were tested for baseline I/O curves and paired-pulse ratios.
After baseline recordings, half of the slices were incubated with 30 µM
L-glutamate for 2 h followed by 20 mM L-glutamate for 15 min (n=
8–9 slices/genotype). Data are presented as median ± interquartile
range and analyzed using a two-tailed Mann–Whitney t test (a, b) or a
two-tailed Wilcoxon matched-pairs signed rank test (c–f) t test. *p <
0.05, **p < 0.01, ***p < 0.001, vs. xCT−/− (in a) or vs. “before”
at each corresponding voltage (in c–f). Inserts indicate example of
trace fEPSPs obtained at maximum stimulation (15 V) in xCT−/− and
xCT+/+ slices under baseline conditions (a), and after bath application
of 30 µM L-glutamate (c, d) or 20 mM L-glutamate (e, f). Inserts
depicted for the paired-pulse ratios (b) reflect responses obtained using
a 25 ms interval between pulses.
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spines and asymmetric synapses per field of view (14 μm2)
made by VGLUT1-labeled nerve terminals, and averaged
these values over all photographs taken of each mouse.
Other ultrastructural parameters that were quantified inclu-
ded: the percentage of axospinous vs. axodendritic contacts;
the width of the synaptic cleft; the area and diameter of the
presynaptic terminals; the area and diameter of spine heads;
the percentage of terminals containing mitochondria; the
area of mitochondria and the density of mitochondria per
terminal; the percentage of synapses with a perforated
postsynaptic density (PSD; a synapse was considered to
show a perforation if the corresponding PSD was dis-
continued for a distance of at least 50 nm [35]); and mea-
sures of PSD size including length, thickness, maximum
thickness, and area [37, 38]. The width of the synaptic cleft
was calculated from an average of three measures of dis-
tance between pre- and postsynaptic membranes [39].
Nerve terminal and spine diameters were calculated by
measuring the distance between the widest points of
the terminal or spine head parallel to the PSD [40, 41].
Image analyses were performed using ImageJ software in a
random manner by an experimenter blind to experimental
conditions.

Proteomics

Samples were prepared for proteomic analyses as descri-
bed previously [42]. Nano liquid chromatography coupled
to electrospray tandem mass spectrometry was performed
on a 5600+ QTOF mass spectrometer (Sciex, Toronto,
ON, Canada) interfaced to an Eksigent (Dublin, CA,
USA) nanoLC ultra nanoflow system [43]. For additional
details on the method and analyses, see Supplementary
information.

Kinomics

Profiling of the activity of serine–threonine kinases was
performed using the PamStation12 microarray (PamGene
International), as described previously [44–46]. Samples
were run in duplicate using two separate chips, and the
results averaged across the two arrays. The identified
kinases driving the changes in peptide phosphorylation
were integrated in a global network model that includes
kinase interaction pathways. To investigate the role of
extracellular signal-regulated kinase (ERK) in regulating the
kinase network in xCT−/− and xCT+/+ mice, each sample
was evaluated with the kinome array as described above, in
the presence or absence of a specific ERK1/2 inhibitor (FR
180204; Tocris 3706), added at a concentration of 5 µM
[47]. For additional details on the method and analyses, see
Supplementary information.

Behavioral analyses

Behavioral tests were performed between 9:00 a.m. and
5:00 p.m. with alternate testing of xCT−/− and xCT+/+ mice
to ensure evaluation of both genotypes during the same time
of day. The spontaneous grooming test, marble burying test,
and social interaction tests (reciprocal social interaction and
three-chambered social preference test) were performed on
independent cohorts of mice. For the mice subjected to
social interaction tests, the sequence of behavioral tests was
the reciprocal social interaction first, followed by the three-
chambered social preference test. The behavioral results
were analyzed in a random manner by a researcher blind to
experimental conditions.

Grooming behavior

Analysis of self-grooming was performed as described
previously [48]. Mice were video-taped for 30 min and their
behavior analyzed on the recorded video files.

Marble burying

Fifteen black marbles (15 mm in diameter) were placed on
top of wood chip bedding (3 cm deep) in a 3 × 5 arrange-
ment. Mice were individually placed in the cage and video-
recorded from above for 15 min. A marble was considered
to be buried when more than two-thirds of their diameter
was covered with bedding [49]. Motor function of the mice
was monitored and analyzed on the acquired video files
using ToxTrac [50].

Reciprocal social interaction

Pairs of male, genotype-matched and socially naive (i.e.,
non-littermate) mice were placed in a new clean cage and
allowed to interact in an unrestricted manner for 10 min. At
the end of the trial, various measures of social interaction
are evaluated on the recorded video files, including nose-to-
nose sniffing, nose-to-body sniffing, nose-to-anogenital
sniffing, following, pushing past each other with physical
contact, crawling over and under each other with physical
contact, chasing, mounting, and allogrooming [51].

Three-chambered social preference

The three-chambered social preference test was performed
in a three-chambered box made of clear polycarbonate [52].
The test mice were habituated to the center chamber for 10
min, followed by 10 min with access to all three empty
chambers. Then, the mice were briefly confined to the
center chamber, while a novel inanimate object (an inverted
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wire cup) is placed in one of the side chambers, and a
socially naive novel mouse is placed in an identical wire
cup located in the other side chamber. Next, the test mice
are allowed access to all three chambers for a 10 min trial,
which is video-recorded. The time spent interacting with the
novel mouse, the time spent in each chamber, and the
number of entries performed in each chamber were mea-
sured on the recorded video files. As socially naive novel
mice we employed 8-week old 129/SvImJ adult male mice
that were maintained socially naive to the experimental
group by housing them in a different room, and that were
habituated to the inverted wire cup.

Sample size estimation

Given the context-sensitive and varying role of system xc
−

on regulating synaptic transmission, we did not assume that
neurotransmission at corticostriatal synapses occurs differ-
ently in the xCT−/− mice (and the direction of which it may
occur) or that it would be unchanged. As we are the first to
report the effect of system xc

− on corticostriatal neuro-
transmission, previous reports of expected effect size could
not be used as a guide for sample size estimation. The
sample size we considered fits in the range of comparable
exploratory studies performed using a similar electro-
physiology set-up as employed in the present study [53].
Using the change in fEPSPs as a starting point, and pub-
lished effect sizes in genetic models with corticostriatal
dysfunction [10, 13], we estimated the sample size required
to test for deficits in behavioral tests sensitive to changes in
corticostriatal neurotransmission, using G*Power 3.1.9.2
(difference between two independent means, two-tailed, α
set at 0.05, the desired power 1-β set at 0.8). In case of the
three-chambered test, a sequential stopping rule was applied
[54]. As such, the sample size employed was lower than the
initial estimated sample size due to exposing robust effects,
thereby reducing the number of animals. For all other
analyses, sample sizes were chosen based on typical values
from previous studies using similar techniques. No animals
or samples have been excluded from our analyses.

Statistical analyses

Data are presented as median ± interquartile range for
nonparametric statistical analyses, and mean ± standard
error of the mean for parametric statistical analyses. Non-
parametric statistics were performed for all comparisons in
which at least one group demonstrated non-normal dis-
tribution, as evaluated using the D’Agostino and Pearson
omnibus normality test, or where the groups demonstrated
unequal variance, as evaluated using the Bartlett’s test.
Statistical analyses were performed using GraphPad Prism

6.1 software. Statistical tests are indicated in the respective
figure legend. The α value was set at 0.05.

Results

Decreased corticostriatal neurotransmission in xCT−/−

mice

xCT−/− mice showed significantly decreased fEPSPs start-
ing from 9 V stimulation amplitude, with the two I/O curves
progressively diverging as the stimulation amplitude
increased (Fig. 1a). No difference was observed in the
paired-pulse ratios between genotypes (Fig. 1b), indicating
absence of changes in short-term synaptic plasticity.
Genetic deletion of xCT results in decreased striatal extra-
cellular glutamate levels [2], possibly inducing decreased
fEPSPs. Indeed, bath application of 30 µM glutamate led to
significantly increased corticostriatal responses in xCT−/−

slices, with the two I/O curves diverging as the current
stimulation increased (Fig. 1c). Perfusion with 30 µM glu-
tamate had no significant effect on I/O curves derived from
xCT+/+ slices (Fig. 1d). At the end of the protocol, slices
were exposed to a high L-glutamate concentration (20 mM)
for 15 min to confirm reproducible perfusion of the drugs in
the recording chamber of both genotypes (Fig. 1e, f).

Normal spine and synapse density, and neuronal
morphology in the dorsolateral striatum of xCT−/−

mice

Using Golgi–Cox staining we could not identify changes in
the morphology of MSNs located in the dorsolateral stria-
tum of xCT−/− mice, compared with xCT+/+ controls
(Fig. 2a–e). In addition, no changes were revealed in the
number of intersections of the dendritic tree at different
distances from the cell body (Fig. 2g, i). The density of
dendritic spines measured on segments of branches of MSNs
was unchanged between the genotypes (Fig. 2f, h). EM
confirmed these findings, as the density of corticostriatal
terminals and dendritic spines contacted by VGLUT1+

terminals at the level of the dorsolateral striatum, per field
of view of acquired electron micrographs, was similar in
xCT−/− and xCT+/+ mice (Fig. 3a, b).

Normal synaptic ultrastructure at corticostriatal
synapses in xCT−/− mice

xCT−/− and xCT+/+ mice have a similarly sized PSD at
corticostriatal synapses (Fig. 3c–e). No significant dif-
ferences were detected between xCT−/− and xCT+/+ mice
in the synaptic cleft width (Fig. 3f), VGLUT1+ terminal
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area (Fig. 3g), head diameter (data not shown), dendritic
spine area (Fig. 3i), dendritic spine head diameter (data
not shown), mitochondrial area (Fig. 3k), percentage of

VGLUT1+ terminals containing mitochondria (Fig. 3m),
or percentage of synapses with a perforated PSD (data
not shown).

Fig. 2 Intact dendritic spine density and morphology of MSNs in
the dorsolateral striatum of xCT−/− mice. Genetic deletion of xCT
did not influence the area (a) or diameter (b) of MSN soma. No
differences were observed between xCT−/− and xCT+/+ mice in the
total dendritic length (c), the length of the longest dendrite (d), or the
number of primary dendrites (e). Genetic deletion of xCT did not
affect the density of dendritic spines (f), or the dendritic arborization as
assessed by Sholl analysis (g). High-power magnification photo-
micrographs (×100) of dendritic spines from xCT−/− and xCT+/+ mice
(h). Representative traces of MSNs stained in the dorsolateral
striatum of xCT−/− and xCT+/+ mice (i). Neurons with clearly visible

Golgi–Cox staining were selected from the dorsolateral striatum of
n= 4 xCT−/− mice and n= 4 xCT+/+ littermate controls. Morphological
analyses were obtained from an average of 10.25 ± 0.47 neurons per
mouse (for xCT−/−) and 9.25 ± 1.37 neurons per mouse (for xCT+/+), for
a total of 41 neurons from xCT−/− mice and 37 neurons from xCT+/+

mice. Dendritic spine density was measured on an average of 2.06 ±
0.11 segments per neuron from 35 neurons (for xCT−/−) and 2.43 ±
0.17 segments per neuron from 32 neurons (for xCT+/+), for a total
of 72 segments counted for xCT−/− mice and 80 segments counted for
xCT+/+ mice. Data are presented as median ± interquartile range and
analyzed using a two-tailed Mann–Whitney t test.
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Decreased glutamate density at corticostriatal
synapses in xCT−/− mice

Genetic xCT deletion induced decreased glutamate labeling
across different synaptic compartments, including VGLUT1+

presynaptic terminals (Fig. 3h), dendritic spines contacted by
VGLUT1+ terminals (Fig. 3j), and mitochondria located in
VGLUT1+ presynaptic terminals (Fig. 3l).

Proteome changes in the striatum of xCT−/− mice

Using data-dependent acquisition (DDA) shotgun proteomics,
we identified a small but consistent decrease in a large
number of presynaptic proteins in the striatum of xCT−/−

mice (Fig. 4a). Fewer changes were observed in postsynaptic
proteins, and they tended to follow a more variable pattern
(Fig. 4b). By running proteomics in data-independent acqui-
sition mode, and performing western blot using the same
samples analyzed for proteomics, we identified a similar
decrease in synaptophysin expression in xCT−/− samples, as
observed during DDA (Supplementary Fig. 3 and Supple-
mentary Table 1).

Kinome changes in the striatum of xCT−/− mice

After excluding peptides that were undetectable, did
not increase in signal linearly with exposure time in the

post-wash phase or were nonspecific (Supplementary
Fig. 4), 70 out of 144 substrates on the array were included
in the final analysis. Using a fold change cutoff of ±10%
[45, 55] for peptide selection, we identified 39 peptides that
were changed in degree of phosphorylation in xCT−/− vs.
xCT+/+ striatal samples (Fig. 4c). Using these substrates as
input, we performed kinase random sampling analysis to
identify the upstream kinases that are most likely driving
these effects [44, 45]. This led to the identification of 14
different serine/threonine protein kinase families predicted
to be differentially active in xCT−/− vs. xCT+/+ mice
(Fig. 4d). A kinase network model that would better reflect
kinase network dysregulations characteristic of xCT−/−

mice, was generated by connecting our initial kinase hits
from the kinome array with kinase families to which they
are known to interact with, using the STRING database. In
addition, as kinase networks may be amplified depending
on the number of interactions, we weighted the network by
the number of connections made by each individual kinase
family. The extended kinase network obtained, with the
associated kinase interactions, is depicted in Fig. 4e. This
analysis identified STE7, ERK, protein kinase A, and p38 as
potent nodes of kinase network dysregulation in the stria-
tum of xCT−/− mice.

Based on the profile of the ERK-sensitive peptide curves
on the kinome array (Supplementary Fig. 5A), we predicted
a decrease in ERK activity in xCT−/− mice. Accordingly,
western blot analysis of the same samples submitted for
kinomic analysis, revealed a decrease in both p-ERK1/
ERK1 and p-ERK2/ERK2 ratios in the xCT−/− mice
(Supplementary Fig. 5B). In addition, phosphorylation of
myelin basic protein at residue Thr229 (corresponding to
residue Thr232 in the human sequence), a known phos-
phorylation target of ERK1/2 [56], was decreased by ~44%
in our xCT−/− proteomics samples compared with xCT+/+

controls (data not shown). Consistent with our findings of
ERK as a possible node of kinase dysregulation in xCT−/−

mice, application of FR 180204, a specific ERK1/2 inhibitor
[47], had contrasting effects on the kinase network activity
in xCT−/− and xCT+/+ samples, while in the xCT+/+ mice,
it led to a general increase in phosphorylation, in xCT−/−

mice it reduced global levels of phosphorylation (Fig. 4f–h).

Increased marble burying and social interaction
deficits in xCT−/− mice

Phenotypes observed in OCD and autism, such as repetitive
behavior and deficits in social interaction, can be correlated
to dysregulated corticostriatal transmission [10, 11]. We
therefore tested the xCT−/− mice in the marble burying test
to evaluate digging perseveration and repetitive behavior.
The xCT−/− mice had a higher number of marbles buried at
the end of the trial (Fig. 5a), increased time digging

Fig. 3 Ultrastructure of corticostriatal synapses and glutamate
immunogold labeling in xCT−/− vs. xCT+/+ mice. Genetic deletion
of xCT did not affect the density of VGLUT1+ presynaptic terminals
making an asymmetric synaptic contact (a), or the density of dendritic
spines receiving VGLUT1+ synaptic input (b) per field of view
(14 µm2). The total number of spines and asymmetric synapses per
field of view made by VGLUT1-labeled nerve terminals were quan-
tified and averaged over all photographs taken of each mouse. The
total number of fields of view analyzed was 145 for xCT+/+ mice
(average of 20.71 ± 2.44 fields of view/mouse) and 100 for xCT−/−

mice (average of 20.00 ± 3.62 fields of view/mouse). Genetic deletion
of xCT did not influence the length (c), thickness (d), maximum
thickness (data not shown), or total area (e) of the PSD at VGLUT1+

corticostriatal synapses. Similarly, loss of xCT did not impact the
average synaptic cleft width (f), area of presynaptic terminals (g),
dendritic spines (i), or presynaptic mitochondria (k), and had no effect
on the % of terminals with mitochondria (m). However, absence of
xCT led to a significant depletion of the density of glutamate immu-
nogold labeling from presynaptic terminals (h), dendritic spines (j),
and presynaptic mitochondria (l). A total number of 182 VGLUT1-
labeled terminals from n= 7 xCT+/+ mice (average of 26.00 ± 3.32
terminals/mouse) and 129 VGLUT1-labeled terminals from n= 5
xCT−/− mice (average of 25.80 ± 4.60 terminals/mouse) were ana-
lyzed. Data are presented as median ± interquartile range and analyzed
using a two-tailed Mann–Whitney t test. *p < 0.05, **p < 0.01.
Representative electron micrographs of the glutamate immunogold
labeling at VGLUT1+ axospinous synapses in the dorsolateral striatum
of xCT+/+ and xCT−/− mice (PSD defined by arrows, glutamate
immunogold labeling indicated by arrowhead) (n). LT labeled term-
inal, PSD postsynaptic density, SP spine.
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(Fig. 5b), and total number of digging bouts (Fig. 5c), with
no changes in the latency to digging (Fig. 5d). This was not
a consequence of hyperactivity, as the locomotor function
of xCT−/− mice during the marble burying test was indis-
tinguishable from that of xCT+/+ controls (Fig. 5e, f). No
changes in spontaneous grooming behavior could be
observed in xCT−/− mice (Fig. 5g–j), suggesting that the
stereotypical behavior observed in the marble burying test

does not immediately generalize to other forms of repetitive
behavior.

In the reciprocal social interaction test, xCT−/− mice
demonstrated decreased sociability, with reduced time
spent in reciprocal interaction with age-, sex-, and
genotype-matched socially novel mice, compared with
xCT+/+ littermates (Fig. 5k–p). To confirm this pattern of
decreased sociability in xCT−/− mice, we employed the
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three-chambered social preference test. When presented
with a choice to explore a socially naive mouse or an
inanimate object, xCT+/+ mice demonstrated a preference
for interacting with the mouse, contrary to xCT−/− mice
(Fig. 5q, r). Importantly, the exploratory activity of the
two genotypes was similar (Fig. 5s).

Discussion

Despite its functional contribution to maintaining extra-
cellular glutamate levels in distinct brain regions [2, 3, 57],
the function of system xc

− in regulating synaptic excitatory
neurotransmission has remained incompletely understood.
Here we investigated the role of system xc

− in modulating
neurotransmission at corticostriatal synapses, one of the two
major types of striatal excitatory inputs.

Our findings revealed that glutamate released by system
xc

− is required for physiological corticostriatal neuro-
transmission. The fEPSPs recorded at the level of the dor-
solateral striatum following stimulation of corticostriatal
fibers were reduced in xCT−/− compared with xCT+/+ mice,
while exogenous application of physiological levels of
glutamate rescued this deficit. We could not detect changes
in the paired-pulse ratios, indicating absence of changes in
short-term synaptic plasticity. These results are in agree-
ment with a recent study indicating that inhibition of system
xc

− leads to reduced evoked excitatory postsynaptic cur-
rents in prefrontal cortex layer II/III pyramidal neurons,
suggesting a functional role of system xc

− in maintaining
excitatory synaptic transmission [7]. Of note, genetic dele-
tion of system xc

− leads to potentiated postsynaptic
responses at hippocampal CA3-CA1 synapses [6], while
activation of system xc

− leads to decreased postsynaptic
responses at cortico-accumbens synapses [5], suggesting
that the function of system xc

− may be circuit-dependent.
To better understand the underlying substrate, we

investigated the presence of structural and morphological
modifications in striatal MSNs of xCT−/− mice. We failed
to identify any noticeable effect on the density of spines and
corticostriatal synapses, indicating that the decrease in
neurotransmission is not due to any significant spine or
synapse loss. In addition, the morphology of striatal MSNs
and the ultrastructure of corticostriatal synapses were
unchanged in xCT−/− mice. Similarly, the synapse density
and synapse morphology is preserved at the level of the
hippocampus of xCT sut/sut mice, another system xc

− loss
of function model [58]. However, by combining EM with
glutamate immunogold labeling, we uncovered a decrease
in glutamate concentrations in various intracellular com-
partments in xCT−/− mice, including presynaptic terminals,
mitochondria, and dendritic spines. Given that xCT−/− mice
have normal glutamate content in striatal homogenates
reflecting intact synthesis [2], the decrease in glutamate
levels may be a result of decreased glutamate in the extra-
cellular environment [2], leading to decreased uptake in
terminals and spines. Recent findings indicate that the
glutamate reuptake transporter GLT-1 is also present and
active in striatal nerve terminals [59], where it could load
glutamate inside the presynaptic terminals, which after
uptake in synaptic vesicles, can act as an alternative route to

Fig. 4 Proteomic and kinomic analysis of xCT−/− vs. xCT+/+ mice.
a, b Altered synaptic proteome in the striatum of xCT−/− vs. xCT+/+

mice. Discovery-based data-dependent acquisition (DDA) shotgun
proteomics revealed changes in expression of presynaptic and post-
synaptic proteins in the striatum of xCT−/− mice (pool of n= 10
biological replicates) compared with xCT+/+ littermates (pool of n= 9
biological replicates). Samples were run in technical triplicate. Rela-
tive quantification of peptide intensity levels indicated overall lower
levels of presynaptic proteins in xCT−/− mice (a), while the pattern of
changes in postsynaptic proteins was more variable (b). The intensity
of each protein was derived based on the geomean of the common set
of peptide fragments identified across the samples analyzed normal-
ized to total protein levels. Plotted are the relative changes in protein
intensity in each of the three technical replicates of the pooled xCT−/−

sample when compared with the average of the three technical repli-
cates of the pooled xCT+/+ sample set as 100%. c–e Kinase network
dysregulation in xCT−/− vs. xCT+/+ mice. Kinome array analysis led
to the identification of serine–threonine kinases predicted to be dif-
ferentially active in striatal tissues of xCT−/− mice (pool of = 10
biological replicates) compared with xCT+/+ mice (pool of n= 9
biological replicates). c Waterfall plot showing changes in degree
of phosphorylation at reporter peptides in the striatum of xCT−/− vs.
xCT+/+ mice. Peptides with increased (FC > 1.10) or decreased
phosphorylation (FC < 0.90) are highlighted in black and red,
respectively. Using the substrates identified in c as input, we per-
formed kinase random sampling analysis to identify the upstream
kinases that are most likely driving these effects. This led to the
identification of 14 different serine/threonine protein kinase families
(d) predicted to be differentially active in xCT−/− vs. xCT+/+ mice.
Based on the kinases identified in the statistical model, a kinase net-
work model (e) was constructed by growing the kinome array hits with
kinase interacting partners as identified using STRING. In this model,
the kinome array hits from d are colored in orange, while indirect hits
obtained after growing the network in STRING are depicted with
white circles. The size of the circles corresponds to the number of
interactions, with larger circles having more interactions. Thick lines
represent interactions with a kinome array direct hit, while dashed lines
represent interactions made between kinome array indirect hits. Kinase
network model generated using Cytoscape ver. 3.6.1. f–h ERK as
a node of kinase network dysregulation in xCT−/− mice. ERK inhi-
bition has contrasting effects on kinase network activity in xCT−/− and
xCT+/+ samples. f Global phosphorylation heatmap, depicting the
relative signal intensity at each reporter peptide for the conditions
indicated. Striatal lysates of xCT−/− and xCT+/+ mice were incubated
either with 5 µM FR 180204, a specific ERK1/2 inhibitor (ERKi), or
with dimethyl sulfoxide (DMSO) as control. For ease of clarity, the
heatmap is normalized per row to highlight relative changes at each
individual peptide between the groups. Orange-red indicates high
levels of phosphorylation and yellow-white indicates low levels of
phosphorylation. Global phosphorylation plots, showing changes in
degree of phosphorylation at each reporter peptide, as well as the
average phosphorylation values (inset), when comparing ERKi to
DMSO in xCT+/+ mice (g), and ERKi to DMSO in xCT−/− mice (h).
Data in g and h are presented as mean ± standard error of the mean and
analyzed using a two-tailed paired t test. ***p < 0.001.
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the glutamate–glutamine cycle to ensure intracellular glu-
tamate stores [59, 60]. It may be tempting to speculate that
the reduced extracellular glutamate levels in the absence of

system xc
− lead to reduced substrate availability for pre-

synaptic glutamate uptake transporters to replenish intra-
cellular glutamate stores during neurotransmission. In turn,

Corticostriatal dysfunction and social interaction deficits in mice lacking the cystine/glutamate. . . 4765



the decrease in the presynaptic glutamate stores in the
xCT−/− mice may lead to decreased synaptic glutamate
release upon stimulation and decreased postsynaptic
responses. Importantly, the expression [2] and activity of
glutamate transporters in striatal homogenates of xCT−/−

mice is preserved (Supplementary Fig. 6), indicating that
the decrease in intracellular glutamate is not related to
dysfunctional glutamate uptake. Further studies are war-
ranted to better understand the contribution of system xc

−-
delivered extracellular glutamate as alternative source for
maintaining proper presynaptic glutamate concentrations
during neurotransmission.

We took the first steps to expand into the possible
molecular mechanisms involved by performing exploratory
proteomic and kinomic analyses. Our proteomic findings
suggest altered striatal expression of pre- and postsynaptic
proteins after loss of xCT. Although small in magnitude, the

aggregation of decreased expression of presynaptic proteins
including synaptophysin, α-synuclein, and members of the
synapsin, septin, and syntaxin families, may contribute to
reduced synaptic glutamate release in xCT−/− mice, by
impacting synaptic vesicle mobilization, trafficking, dock-
ing, and exocytosis. Interference with the presynaptic
machinery is supported by the finding that system xc

−

inhibitors sorafenib and erastin induce deficits in pre-
synaptic function in primary hippocampal cultures by
modulating presynaptic vesicle docking and decreasing the
synaptic vesicle pool size [61]. In addition, kinome array
analysis revealed abnormal striatal kinase signaling, with
ERK emerging as a possible node of kinase network dys-
regulation in xCT−/− mice. ERK signaling has been
implicated in regulating presynaptic glutamate release via
phosphorylation of synapsin-1 [62] and postsynaptic
responses by controlling the insertion of synaptic AMPA
receptors and AMPA receptor neurotransmission [63], as
well as in immediate early gene induction following corti-
costriatal stimulation in vivo [64]. Both changes in ERK
activity [65] and expression of presynaptic proteins such as
synapsin-2 [66] and septin-5 [67], have been linked with
social interaction and autism-like behaviors, providing a
possible pathway connecting system xc

− deficiency with
phenotypes which we observed in vivo.

Indeed, deficits in corticostriatal transmission are asso-
ciated with psychiatric disorders such as autism and OCD
[10, 11]. Typical mouse behavioral phenotypes such as
repetitive behavior and disturbed sociability are linked to
these human pathologies. The marble burying test revealed
increased digging behavior in the absence of system xc

−,
suggesting increased repetitive behavior. Yet, absence of
pathological grooming behavior does not support the pre-
sence of OCD-like behavior. In both paradigms that we
used for evaluating social behavior, xCT−/− mice demon-
strated decreased preference for social contact compared
with their xCT+/+ littermates. These findings are consistent
with observations that hypofunction of system xc

− due to
regulator of G-protein signaling 4 downregulation leads to
decreased synaptic transmission in organotypic slices con-
taining cortex and hippocampus and causes social deficits
in vivo [68]. Although social interaction deficits can be
induced by corticostriatal dysfunction, it should be noted
that dysregulations in glutamatergic neurotransmission in
other regions of the brain may contribute to the observed
phenotype. In particular, system xc

− plays an important role
in maintaining glutamate homeostasis at the level of the
hippocampus [3], and xCT−/− mice demonstrate abnormal
hippocampal neurotransmission [6] that may influence
social behavior [69].

As increased repetitive behavior and decreased socia-
bility are suggestive of autistic-like behavior, further studies
are warranted to investigate a possible implication of system

Fig. 5 Marble burying, grooming, and social behavior in xCT−/−

vs. xCT+/+ mice. Genetic deletion of xCT led to a significant increase
in the number of marbles buried (a), the total time spent digging (b)
and the total number of digging bouts (c) during a 15 min trial, but did
not influence the latency to digging (d). Right panels show repre-
sentative images of the distribution and coverage of marbles at the end
of the test in xCT−/− and xCT+/+ mice. No difference in velocity (e)
or total distance traveled (f) could be detected between genotypes,
indicating similar levels of locomotor activity during the test. n= 9
xCT+/+ mice, n= 10 xCT−/− mice. Absence of xCT did not influence
grooming behavior as evaluated in a 30 min trial, including latency to
grooming (g), total time spent grooming (h), total number of grooming
bouts (i), or duration of the longest grooming bout (j). n= 11 xCT+/+

mice, n= 11 xCT−/− mice. xCT−/− mice tested in reciprocal social
interaction showed overall decreased time engaging in social interac-
tion compared with xCT+/+ littermates (k). This effect was mainly
driven by decreases in time spent in nose-to-nose sniffing (l), fol-
lowing (m), mounting (n), crawling over/under each other (o), and
pushing past each other (p). Other parameters including the time
engaging in nose-to-body sniffing, nose-to-anogenital sniffing, allo-
grooming, chasing, and wrestling/fighting remained unchanged
between genotypes (data not shown). n= 9 xCT+/+ couples, n= 6
xCT−/− couples. Data are presented as median ± interquartile range
and analyzed using a two-tailed Mann–Whitney t test. *p < 0.05,
**p < 0.01, ***p < 0.001. q–s xCT−/− mice demonstrated no pre-
ference to interact with a novel mouse compared with a novel object in
the three-chambered social preference test, whereas xCT+/+ mice
demonstrate intact sociability. The time spent interacting with the
novel mouse vs. the novel object (q) and the time spent in the chamber
containing the novel mouse vs. the novel object (r) were significantly
higher in xCT+/+, but not xCT−/− mice. No differences were observed
in the number of entries in the two chambers between the genotypes
indicating that loss of xCT does not influence the motivation to explore
the assay (s). n= 7 xCT+/+ mice, n= 7 xCT−/− mice. Data are pre-
sented as mean ± standard error of the mean and analyzed using two-
way ANOVA (q: genotype × chamber factor: F(1,24) = 5.46, p < 0.05;
r: genotype × chamber factor: F(1,24) = 10.5, p < 0.01) followed by
Tukey post hoc test for multiple comparisons (**p < 0.01, ***p <
0.001 Tukey post hoc xCT+/+ Novel mouse vs. Novel object, ##p <
0.01 Tukey post hoc xCT+/+ Novel mouse vs. xCT−/− Novel mouse;
(q, r)). Mice were tested at 12–14 weeks of age for marble burying and
spontaneous grooming, and at 8–9 weeks of age for reciprocal social
interaction and three-chambered social preference tests.
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xc
− hypofunction in autism spectrum disorder and whether

stimulating system xc
− might prove beneficial. Previously, a

genome-wide linkage analysis of families with autism
identified a susceptibility locus located on chromosome 4 in
a region containing SLC7A11, the gene encoding xCT [16].
In addition, a rare missense variation in SLC7A11 has been
recently identified in a small family with affected autism
spectrum disorder siblings by whole-exome sequencing
[15]. Further, N-acetyl-cysteine, a nonspecific system xc

−

activator, reverses social interaction deficits and enhanced
presynaptic excitatory neurotransmission at thalamic-
amygdala synapses in a valproic acid-induced rat model
of autism [17], and decreases marble burying behavior in
mice [18].

In conclusion, we provide evidence that system xc
−

regulates corticostriatal neurotransmission in physiological
conditions and has functional effects on behavioral pheno-
types modulated by this brain circuit, including repetitive
behavior and decreased sociability. These changes were not
associated with changes in synapse or spine density at the
level of the dorsolateral striatum but occurred in the pre-
sence of decreased pre- and postsynaptic glutamate con-
centrations, changes in presynaptic protein expression, and
dysregulated kinase signaling. Future studies should help to
clarify the relevance of system xc

− in psychiatric disorders
such as autism.

Acknowledgements We kindly thank Frank Van Der Kelen (Vrije
Universiteit Brussel), Ria Vanlaer (Katholieke Universiteit Leuven),
and Dr Joshua Anderson (University of Alabama Birmingham Kinome
core) for their technical assistance. This work was supported by grants
of the Vrije Universiteit Brussel (SRP49) and the “Wetenschappelijk
Fonds Willy Gepts” of the UZ Brussel to AM, Research Foundation-
Flanders (FWO) #1510218N to EB, Merit Review Grant #1BX
001643 and #1BX 000552 to CKM, from the United States (U.S.)
Department of Veterans Affairs Biomedical Laboratory Research and
Development, and NIMH R21 MH107916 to REM. This work was
also supported with resources and the use of facilities at the VA
Portland Health Care System. The MS data were acquired in the
University of Cincinnati Proteomics Laboratory under the direction of
Ken Greis, PhD on a mass spectrometer funded in part through the
NIH S10 shared instrumentation grant (RR027015 Greis-PI). The
contents do not represent the views of the U.S. Department of Veterans
Affairs or the United States Government.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Massie A, Boillee S, Hewett S, Knackstedt L, Lewerenz J. Main
path and byways: non-vesicular glutamate release by system xc(-)
as an important modifier of glutamatergic neurotransmission.
J Neurochem. 2015;135:1062–79.

2. Massie A, Schallier A, Kim SW, Fernando R, Kobayashi S, Beck
H, et al. Dopaminergic neurons of system x(c)(-)-deficient mice
are highly protected against 6-hydroxydopamine-induced toxicity.
FASEB J. 2011;25:1359–69.

3. De Bundel D, Schallier A, Loyens E, Fernando R, Miyashita H,
Van Liefferinge J, et al. Loss of system x(c)- does not induce
oxidative stress but decreases extracellular glutamate in hippo-
campus and influences spatial working memory and limbic seizure
susceptibility. J Neurosci. 2011;31:5792–803.

4. Bridges R, Lutgen V, Lobner D, Baker DA. Thinking outside the
cleft to understand synaptic activity: contribution of the cystine-
glutamate antiporter (System xc-) to normal and pathological
glutamatergic signaling. Pharm Rev. 2012;64:780–802.

5. Moran MM, McFarland K, Melendez RI, Kalivas PW, Seamans
JK. Cystine/glutamate exchange regulates metabotropic glutamate
receptor presynaptic inhibition of excitatory transmission and
vulnerability to cocaine seeking. J Neurosci. 2005;25:6389–93.

6. Williams LE, Featherstone DE. Regulation of hippocampal
synaptic strength by glial xCT. J Neurosci. 2014;34:16093–102.

7. Alcoreza O, Tewari BP, Bouslog A, Savoia A, Sontheimer H,
Campbell SL. Sulfasalazine decreases mouse cortical hyperexcit-
ability. Epilepsia. 2019;60:1365–77.

8. Bentea E, Demuyser T, Van Liefferinge J, Albertini G, Deneyer L,
Nys J, et al. Absence of system xc- in mice decreases anxiety and
depressive-like behavior without affecting sensorimotor function
or spatial vision. Prog Neuropsychopharmacol Biol Psychiatry.
2015;59:49–58.

9. Shepherd GM. Corticostriatal connectivity and its role in disease.
Nat Rev Neurosci. 2013;14:278–91.

10. Peca J, Feliciano C, Ting JT, Wang W, Wells MF, Venkatraman
TN, et al. Shank3 mutant mice display autistic-like behaviours and
striatal dysfunction. Nature. 2011;472:437–42.

11. Welch JM, Lu J, Rodriguiz RM, Trotta NC, Peca J, Ding JD, et al.
Cortico-striatal synaptic defects and OCD-like behaviours in
Sapap3-mutant mice. Nature. 2007;448:894–900.

12. Shmelkov SV, Hormigo A, Jing D, Proenca CC, Bath KG, Milde
T, et al. Slitrk5 deficiency impairs corticostriatal circuitry and
leads to obsessive-compulsive-like behaviors in mice. Nat Med.
2010;16:598–602. 1p following

13. Xu J, Marshall JJ, Fernandes HB, Nomura T, Copits BA, Procissi D,
et al. Complete disruption of the kainate receptor gene family results
in corticostriatal dysfunction in mice. Cell Rep. 2017;18:1848–57.

14. Nagarajan N, Jones BW, West PJ, Marc RE, Capecchi MR.
Corticostriatal circuit defects in Hoxb8 mutant mice. Mol
Psychiatry. 2018;23:1868–77.

15. Egawa J, Watanabe Y, Wang C, Inoue E, Sugimoto A, Sugiyama
T, et al. Novel rare missense variations and risk of autism spec-
trum disorder: whole-exome sequencing in two families with
affected siblings and a two-stage follow-up study in a Japanese
population. PLoS One. 2015;10:e0119413.

Corticostriatal dysfunction and social interaction deficits in mice lacking the cystine/glutamate. . . 4767

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


16. Schellenberg GD, Dawson G, Sung YJ, Estes A, Munson J,
Rosenthal E. et al. Evidence for multiple loci from a genome scan
of autism kindreds. Mol Psychiatry. 2006;11:1049–60. 979.

17. Chen YW, Lin HC, Ng MC, Hsiao YH, Wang CC, Gean PW, et al.
Activation of mGluR2/3 underlies the effects of N-acetylcystein on
amygdala-associated autism-like phenotypes in a valproate-induced
rat model of autism. Front Behav Neurosci. 2014;8:219.

18. Egashira N, Shirakawa A, Abe M, Niki T, Mishima K, Iwasaki K,
et al. N-acetyl-L-cysteine inhibits marble-burying behavior in
mice. J Pharm Sci. 2012;119:97–101.

19. Rubenstein JL, Merzenich MM. Model of autism: increased ratio
of excitation/inhibition in key neural systems. Genes Brain Behav.
2003;2:255–67.

20. Sato H, Shiiya A, Kimata M, Maebara K, Tamba M, Sakakura Y,
et al. Redox imbalance in cystine/glutamate transporter-deficient
mice. J Biol Chem. 2005;280:37423–9.

21. Conrad M, Sato H. The oxidative stress-inducible cystine/gluta-
mate antiporter, system x (c) (-): cystine supplier and beyond.
Amino Acids. 2012;42:231–46.

22. McCullagh EA, Featherstone DE. Behavioral characterization of
system xc- mutant mice. Behav Brain Res. 2014;265:1–11.

23. Ottestad-Hansen S, Hu QX, Follin-Arbelet VV, Bentea E, Sato H,
Massie A, et al. The cystine-glutamate exchanger (xCT, Slc7a11)
is expressed in significant concentrations in a subpopulation of
astrocytes in the mouse brain. Glia. 2018;66:951–70.

24. Bentea E, Sconce MD, Churchill MJ, Van Liefferinge J, Sato H,
Meshul CK, et al. MPTP-induced parkinsonism in mice alters
striatal and nigral xCT expression but is unaffected by the genetic
loss of xCT. Neurosci Lett. 2015;593:1–6.

25. Massie A, Schallier A, Mertens B, Vermoesen K, Bannai S, Sato H,
et al. Time-dependent changes in striatal xCT protein expression in
hemi-Parkinson rats. Neuroreport. 2008;19:1589–92.

26. Villers A, Ris L. Improved preparation and preservation of hip-
pocampal mouse slices for a very stable and reproducible
recording of long-term potentiation. J Vis Exp. 2013;76:e50483.

27. Hernandez A, Tan C, Mettlach G, Pozo K, Plattner F, Bibb JA.
Cdk5 modulates long-term synaptic plasticity and motor learning
in dorsolateral striatum. Sci Rep. 2016;6:29812.

28. Aerts J, Nys J, Moons L, Hu TT, Arckens L. Altered neuronal
architecture and plasticity in the visual cortex of adult MMP-3-
deficient mice. Brain Struct Funct. 2015;220:2675–89.

29. Toy WA, Petzinger GM, Leyshon BJ, Akopian GK, Walsh JP,
Hoffman MV, et al. Treadmill exercise reverses dendritic spine
loss in direct and indirect striatal medium spiny neurons in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse
model of Parkinson’s disease. Neurobiol Dis. 2014;63:201–9.

30. Bentea E, Moore C, Deneyer L, Verbruggen L, Churchill MJ,
Hood RL, et al. Plastic changes at corticostriatal synapses predict
improved motor function in a partial lesion model of Parkinson’s
disease. Brain Res Bull. 2017;130:257–67.

31. Walker RH, Moore C, Davies G, Dirling LB, Koch RJ, Meshul
CK. Effects of subthalamic nucleus lesions and stimulation upon
corticostriatal afferents in the 6-hydroxydopamine-lesioned rat.
PLoS One. 2012;7:e32919.

32. Parievsky A, Moore C, Kamdjou T, Cepeda C, Meshul CK,
Levine MS. Differential electrophysiological and morphological
alterations of thalamostriatal and corticostriatal projections in the
R6/2 mouse model of Huntington’s disease. Neurobiol Dis. 2017;
108:29–44.

33. Raju D, Smith Y. Differential localization of vesicular glutamate
transporters 1 and 2 in the rat striatum. Advances in Behavioral
Biology. Boston, MA: Springer; 2005. p. 601–10.

34. McGeorge AJ, Faull RL. The organization of the projection from
the cerebral cortex to the striatum in the rat. Neuroscience
1989;29:503–37.

35. Meshul CK, Emre N, Nakamura CM, Allen C, Donohue MK,
Buckman JF. Time-dependent changes in striatal glutamate
synapses following a 6-hydroxydopamine lesion. Neuroscience.
1999;88:1–16.

36. Meshul CK, Stallbaumer RK, Taylor B, Janowsky A.
Haloperidol-induced morphological changes in striatum are
associated with glutamate synapses. Brain Res. 1994;648:181–95.

37. Dosemeci A, Tao-Cheng JH, Vinade L, Winters CA, Pozzo-Miller
L, Reese TS. Glutamate-induced transient modification of the
postsynaptic density. Proc Natl Acad Sci USA. 2001;98:10428–32.

38. Martone ME, Jones YZ, Young SJ, Ellisman MH, Zivin JA, Hu
BR. Modification of postsynaptic densities after transient cerebral
ischemia: a quantitative and three-dimensional ultrastructural
study. J Neurosci. 1999;19:1988–97.

39. Upreti C, Otero R, Partida C, Skinner F, Thakker R, Pacheco LF,
et al. Altered neurotransmitter release, vesicle recycling and pre-
synaptic structure in the pilocarpine model of temporal lobe epi-
lepsy. Brain. 2012;135:869–85.

40. Lei W, Jiao Y, Del Mar N, Reiner A. Evidence for differential
cortical input to direct pathway versus indirect pathway striatal
projection neurons in rats. J Neurosci. 2004;24:8289–99.

41. Uppal N, Puri R, Yuk F, Janssen WG, Bozdagi-Gunal O, Harony-
Nicolas H, et al. Ultrastructural analyses in the hippocampus CA1
field in Shank3-deficient mice. Mol Autism. 2015;6:41.

42. Sullivan CR, Mielnik CA, O’Donovan SM, Funk AJ, Bentea E,
DePasquale EA, et al. Connectivity analyses of bioenergetic
changes in schizophrenia: identification of novel treatments. Mol
Neurobiol. 2019;56:4492–517.

43. Chutipongtanate S, Greis KD. Multiplex biomarker screening
assay for urinary extracellular vesicles study: a targeted label-free
proteomic approach. Sci Rep. 2018;8:15039.

44. Bentea E, Depasquale EAK, O’Donovan SM, Sullivan CR,
Simmons M, Meador-Woodruff JH, et al. Kinase network dysre-
gulation in a human induced pluripotent stem cell model of
DISC1 schizophrenia. Mol Omics. 2019;15:173–88.

45. McGuire JL, Depasquale EA, Funk AJ, O’Donnovan SM, Has-
selfeld K, Marwaha S, et al. Abnormalities of signal transduction
networks in chronic schizophrenia. NPJ Schizophr. 2017;3:30.

46. McGuire JL, Hammond JH, Yates SD, Chen D, Haroutunian V,
Meador-Woodruff JH, et al. Altered serine/threonine kinase
activity in schizophrenia. Brain Res. 2014;1568:42–54.

47. Ohori M, Kinoshita T, Okubo M, Sato K, Yamazaki A, Arakawa
H, et al. Identification of a selective ERK inhibitor and structural
determination of the inhibitor-ERK2 complex. Biochem Biophys
Res Commun. 2005;336:357–63.

48. Kalueff AV, Aldridge JW, LaPorte JL, Murphy DL, Tuohimaa P.
Analyzing grooming microstructure in neurobehavioral experi-
ments. Nat Protoc. 2007;2:2538–44.

49. Deacon RM. Digging and marble burying in mice: simple meth-
ods for in vivo identification of biological impacts. Nat Protoc.
2006;1:122–4.

50. Rodriguez A, Zhang H, Klaminder J, Brodin T, Andersson PL,
Andersson M. ToxTrac: a fast and robust software for tracking
organisms. Methods Ecol Evol. 2018;9:460–4.

51. Chang YC, Cole TB, Costa LG. Behavioral phenotyping for
autism spectrum disorders in mice. Curr Protoc Toxicol. 2017;
72:11 22 1–11 22 1.

52. Yang M, Silverman JL, Crawley JN. Automated three-chambered
social approach task for mice. Curr Protoc Neurosci. 2011;56:
8.26.1–16.

53. Jensen CJ, Demol F, Bauwens R, Kooijman R, Massie A, Villers
A, et al. Astrocytic beta2 adrenergic receptor gene deletion affects
memory in aged mice. PLoS One. 2016;11:e0164721.

54. Frick RW. A better stopping rule for conventional statistical tests.
Behav Res Methods, Instrum, Comput. 1998;30:690–7.

4768 E. Bentea et al.



55. Appuhamy JA, Nayananjalie WA, England EM, Gerrard DE,
Akers RM, Hanigan MD. Effects of AMP-activated protein kinase
(AMPK) signaling and essential amino acids on mammalian target
of rapamycin (mTOR) signaling and protein synthesis rates in
mammary cells. J Dairy Sci. 2014;97:419–29.

56. Gonzalez FA, Raden DL, Davis RJ. Identification of substrate
recognition determinants for human ERK1 and ERK2 protein
kinases. J Biol Chem. 1991;266:22159–63.

57. LaCrosse AL, O’Donovan SM, Sepulveda-Orengo MT, McCul-
lumsmith RE, Reissner KJ, Schwendt M, et al. Contrasting the role of
xCT and GLT-1 upregulation in the ability of ceftriaxone to attenuate
the cue-induced reinstatement of cocaine seeking and normalize
AMPA receptor subunit expression. J Neurosci. 2017;37:5809–21.

58. Li Y, Tan Z, Li Z, Sun Z, Duan S, Li W. Impaired long-term
potentiation and long-term memory deficits in xCT-deficient sut
mice. Biosci Rep. 2012;32:315–21.

59. Zhou Y, Hassel B, Eid T, Danbolt NC. Axon-terminals expressing
EAAT2 (GLT-1; Slc1a2) are common in the forebrain and not
limited to the hippocampus. Neurochem Int. 2019;123:101–13.

60. Danbolt NC, Furness DN, Zhou Y. Neuronal vs glial glutamate
uptake: resolving the conundrum. Neurochem Int. 2016;98:29–45.

61. Dahlmanns M, Yakubov E, Chen D, Sehm T, Rauh M, Savaskan
N, et al. Chemotherapeutic xCT inhibitors sorafenib and erastin
unraveled with the synaptic optogenetic function analysis tool.
Cell Death Disco. 2017;3:17030.

62. Kushner SA, Elgersma Y, Murphy GG, Jaarsma D, van Woerden
GM, Hojjati MR, et al. Modulation of presynaptic plasticity and

learning by the H-ras/extracellular signal-regulated kinase/synap-
sin I signaling pathway. J Neurosci. 2005;25:9721–34.

63. Thomas GM, Huganir RL. MAPK cascade signalling and synaptic
plasticity. Nat Rev Neurosci. 2004;5:173–83.

64. Sgambato V, Pages C, Rogard M, Besson MJ, Caboche J.
Extracellular signal-regulated kinase (ERK) controls immediate
early gene induction on corticostriatal stimulation. J Neurosci.
1998;18:8814–25.

65. Vithayathil J, Pucilowska J, Landreth GE. ERK/MAPK signal-
ing and autism spectrum disorders. Prog Brain Res. 2018;241:
63–112.

66. Michetti C, Caruso A, Pagani M, Sabbioni M, Medrihan L, David
G, et al. The knockout of synapsin ii in mice impairs social
behavior and functional connectivity generating an ASD-like
phenotype. Cereb Cortex. 2017;27:5014–23.

67. Harper KM, Hiramoto T, Tanigaki K, Kang G, Suzuki G, Trimble
W, et al. Alterations of social interaction through genetic and
environmental manipulation of the 22q11.2 gene Sept5 in the
mouse brain. Hum Mol Genet. 2012;21:3489–99.

68. Huang MW, Lin YJ, Chang CW, Lei FJ, Ho EP, Liu RS, et al.
RGS4 deficit in prefrontal cortex contributes to the behaviors
related to schizophrenia via system xc(-)-mediated glutamatergic
dysfunction in mice. Theranostics. 2018;8:4781–94.

69. Finlay JM, Dunham GA, Isherwood AM, Newton CJ,
Nguyen TV, Reppar PC, et al. Effects of prefrontal cortex and
hippocampal NMDA NR1-subunit deletion on complex cognitive
and social behaviors. Brain Res. 2015;1600:70–83.

Corticostriatal dysfunction and social interaction deficits in mice lacking the cystine/glutamate. . . 4769


	Corticostriatal dysfunction and social interaction deficits in mice lacking the cystine/glutamate antiporter
	Abstract
	Introduction
	Materials and methods
	Animals
	Electrophysiology
	Golgi–nobreakCox
	Electron microscopy
	Proteomics
	Kinomics
	Behavioral analyses
	Grooming behavior
	Marble burying
	Reciprocal social interaction
	Three-chambered social preference
	Sample size estimation
	Statistical analyses

	Results
	Decreased corticostriatal neurotransmission in xCT−/− mice
	Normal spine and synapse density, and neuronal morphology in the dorsolateral striatum of xCT−/− mice
	Normal synaptic ultrastructure at corticostriatal synapses in xCT−/− mice
	Decreased glutamate density at corticostriatal synapses in xCT−/− mice
	Proteome changes in the striatum of xCT−/− mice
	Kinome changes in the striatum of xCT−/− mice
	Increased marble burying and social interaction deficits in xCT−/− mice

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




