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Behavioral and synaptic alterations relevant to obsessive-
compulsive disorder in mice with increased EAAT3 expression
Claudia Delgado-Acevedo1,2,3, Sebastián F. Estay 2,3,4, Anna K. Radke5,6, Ayesha Sengupta 5, Angélica P. Escobar1,3,
Francisca Henríquez-Belmar1,2, Cristopher A. Reyes1,2, Valentina Haro-Acuña1,2, Elías Utreras7,8, Ramón Sotomayor-Zárate1,9,
Andrew Cho7, Jens R. Wendland 10,11, Ashok B. Kulkarni7, Andrew Holmes5, Dennis L. Murphy10, Andrés E. Chávez 2,3,4 and
Pablo R. Moya1,2,3,10

Obsessive-compulsive disorder (OCD) is a severe, chronic neuropsychiatric disorder with a strong genetic component. The SLC1A1
gene encoding the neuronal glutamate transporter EAAT3 has been proposed as a candidate gene for this disorder. Gene variants
affecting SLC1A1 expression in human brain tissue have been associated with OCD. Several mouse models fully or partially lacking
EAAT3 have shown no alterations in baseline anxiety-like or repetitive behaviors. We generated a transgenic mouse model
(EAAT3glo) to achieve conditional, Cre-dependent EAAT3 overexpression and evaluated the overall impact of increased EAAT3
expression at behavioral and synaptic levels. Mice with EAAT3 overexpression driven by CaMKIIα-promoter (EAAT3glo/CMKII)
displayed increased anxiety-like and repetitive behaviors that were both restored by chronic, but not acute, treatment with
fluoxetine or clomipramine. EAAT3glo/CMKII mice also displayed greater spontaneous recovery of conditioned fear.
Electrophysiological and biochemical analyses at corticostriatal synapses of EAAT3glo/CMKII mice revealed changes in NMDA
receptor subunit composition and altered NMDA-dependent synaptic plasticity. By recapitulating relevant behavioral,
neurophysiological, and psychopharmacological aspects, our results provide support for the glutamatergic hypothesis of OCD,
particularly for the increased EAAT3 function, and provide a valuable animal model that may open novel therapeutic approaches to
treat this devastating disorder.

Neuropsychopharmacology (2019) 44:1163–1173; https://doi.org/10.1038/s41386-018-0302-7

INTRODUCTION
Obsessive-compulsive disorder (OCD) is a neuropsychiatric dis-
order characterized by intrusive thoughts (obsessions), repetitive
ritualistic behaviors (compulsions), and anxiety, with a worldwide
prevalence of 2–3% [1]. The only approved pharmacotherapy for
OCD is (selective) serotonin reuptake inhibitors; however, 40–50%
of affected individuals fail to respond to medication [2, 3]. Thus,
there is a critical need to understand the neurobiological
underpinnings of OCD.
The glutamatergic hypothesis of OCD has accumulated support

over the last decades [4, 5]. Neuroimaging studies indicate
alterations in the cortical–striatal–thalamic–cortical (CSTC) circui-
try, which includes glutamatergic corticostriatal projections
synapsing onto striatal spiny projection neurons and/or inter-
neurons [4, 6–10]. Altered glutamate levels from cerebrospinal
fluid studies have been reported in OCD [11, 12]. Beneficial effects

of anti-glutamatergic agents including memantine, N-acetylcys-
teine, riluzole, ketamine, and rapastinel have been reported in
treatment-resistant OCD individuals [5, 13–17]. In addition,
some genetic animal models with altered glutamatergic neuro-
transmission at the CSTC circuitry exhibit OCD relevant behaviors
[10, 18–20].
Family-based linkage and case-control association studies have

suggested SLC1A1 (Solute Carrier, Family 1, member 1) as a
candidate gene in OCD [21–28], although no variants within the
SCL1A1 locus have reached significance in genome-wide associa-
tion studies [29, 30], likely due to limited statistical power. SLC1A1
encodes for the neuronal excitatory amino acid transporter EAAT3,
highly expressed in brain regions proposed to be affected in OCD
[31]. EAAT3 is located postsynaptically, with roles on regulating
glutamate spillover, NMDAR function and synaptic plasticity [32–
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34], and on GABA synthesis when expressed in GABAergic neurons
[35–38].
Several animal models fully or partially lacking EAAT3 have

shown no alterations in baseline behaviors relevant to OCD [39, 40,
41]. Interestingly, the rs301430C allele, a SLC1A1 polymorphism
highly replicated in OCD studies is associated with increased
transcript levels in human brain tissue [27], suggesting that
overexpression could contribute to OCD susceptibility [4]. There-
fore, to evaluate the consequences of increased EAAT3 expression,
we generated a transgenic mouse with conditional EAAT3 over-
expression, and show here that mice with elevated EAAT3
expression in forebrain display increased anxiety-like and repetitive
behaviors as well as greater spontaneous recovery of fear.
Electrophysiological and molecular analyses at corticostriatal
synapses indicated alterations in NMDA receptor composition/
function and impaired synaptic plasticity, highlighting the impact
of EAAT3 on regulating these synapses and suggesting they may
contribute to the observed behavioral alterations.

METHODS AND MATERIALS
Cloning of PLCE-EAAT3 vector
The pCLE vector [42] contains a constitutive promoter driving the
expression of a floxed EGFP, and a downstream polylinker where
mouse EAAT3 cDNA (1541 bp) was directionally subcloned
(Fig. 1a). The pCLE-EAAT3 vector was transformed into DH5α-
competent Escherichia coli cells; positive clones were screened by
PCR and confirmed by DNA sequencing.

Transfection, recombination analysis, and glutamate uptake assays
Neuroblastoma 2A cells (ATCC #CCL-131) were transfected with
pCLE-EAAT3 and pCMV-Cre using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) for 24 h to evaluate Cre-dependent expression
by western blot and functionality by [3H]-glutamate uptake.

Western blots. Proteins were extracted from N2A transfected cells
or brain tissue in ice-cold RIPA buffer (Thermo Scientific, Rockford,
IL, USA) with Complete Mini protease inhibitor (Roche Diagnostic,
Indianapolis, IN, USA), separated in SDS-PAGE gels and transferred
to nitrocellulose membranes (Invitrogen). Membranes were soaked
in blocking buffer (5% nonfat dry milk in PBS with 0.05% Tween-
20), and incubated overnight at 4 °C with EAAT3 primary antibody
(rabbit 1:1000, Abcam, Cambridge, MA, USA); anti-NR2A, anti-NR2B,
anti-PSD95 (rabbit, 1:1000; Merck-Millipore, Watford, UK), anti-
GluR1, anti-GluR2 (rabbit, 1:1000; Cell Signaling Technology,
Danvers, MA, USA). Anti-tubulin (sheep,1:5000; Cytoskeleton Inc.,
Denver, CO, USA) was used to normalize EAAT3 protein levels; all
other proteins were normalized with β-actin (rabbit, 1:5000;
Abcam, Cambridge, England). Detection was performed using the
appropriate secondary antibody and detected using the Pierce ECL
Chemiluminescent substrate (Thermo Scientific). The density of the
bands was quantified using ImageJ software (NIH, Bethesda, MD).

Glutamate uptake assays. The protocol was modified from [43].
Briefly, cells were incubated with 1 µM [3H]-glutamate (specific
activity: 30.7 Ci/mmol, Perkin-Elmer, Shelton, CT, USA) for 15 min
and washed three times with cold assay buffer. Liquid scintillation
cocktail (Perkin-Elmer) was added, the plate was shaken for 1 h
and samples were counted in a TopCount scintillation counter
(Perkin-Elmer). For each condition, four independent experiments
in duplicate were performed.

Reduced glutathione (GSH) measurements
We determined GSH using the monochlorobimane method
modified from [44]. Brain regions were homogenized by sonica-
tion in 0.1% ascorbic acid. 100 µL were used from each sample in
duplicate to measure GSH with the MCB Glutathione Detection Kit

(Biotium, Hayward, CA, USA) in a Victor X2 Plate Reader (Perkin-
Elmer), Ex/Em= 394/490 nm.

Generation of EAAT3glo mice
We injected the pCLE-EAAT3 vector into zygotes of FVB/N mice as
described [45]. EAAT3glo founder lines were identified through
GFP visualization using the Macro Imaging System (Light Tools
Research, Encinitas, CA, USA). All experimental studies and
procedures were approved by the Animal Care and Use
Committee of the National Institutes of Health.

Genotyping of EAAT3glo mice and generation of EAAT3
overexpressing (EAAT3glo/CMKII) mice
Founder lines were genotyped by Southern blot as described [46],
and by PCR with primers for promoter-to-GFP region (PROM-For:5′-
CTCTAGAGCCTCTGCTAACC-3′; EGFP-Rev: 5′-TGATGCCGTTCTTCTGC
TTGTC-3′, 346 bp amplicon). PCR conditions were 0.4 µM primer
and cycle: 95 °C 5min; [94 °C 30 s, 60 °C 60 s, 72 °C 60 s] × 35 cycles;
72 °C 10min. EAAT3glo female mice were bred with CaMKIIα-Cre
male mice (JAX 005359, Jackson Laboratories, Bar Harbor, ME, USA)
to generate EAAT3glo/CMKII mice that overexpress EAAT3 in
forebrain principal neurons. We developed a triplex PCR assay for
GFP, CRE, and MAO-B as internal control (IC). CRE primers were
CRE-for:5′-GCATACCTGGAAAATGCTTCTGT-3′; CRE-rev:5′-GGCCCA
AATGTTGCTGGATAGTT-3′, amplicon 164 bp. IC primers were IC-for:
5′-CTACAAAGCAGATTGCCACGC-3′; IC-rev:5′-TACCTGACATCAACTG
GTCCC-3′, amplicon 292 bp. Triplex PCR used 0.4 µM primer and
cycle: 94 °C 10min; [94 °C 30 s, 62 °C 30 s, 72 °C 30 s] × 30 cycles; 72
°C 10min. Amplicons were run on 2% agarose electrophoresis in
TAE buffer (pH 8.4).

Behavior
Mice were housed in groups of 3–5 per cage on standard
conditions (12-h light:dark cycle (lights on at 07:00), food and
water ad libitum, temperature and humidity controlled).
3–5 months old male littermates were used in all experiments,
excepting for visual discrimination and fear extinction tasks, where
both genders were used. Animals were transferred to the
behavioral room in their home cages, acclimated for at least 1 h
and tested between 10:00 and 15:00 h. Equipment was cleaned
after each mouse with ethanol (10%) to eliminate odor cues. All
tests and analyses were done blind to the genotype/treatment of
animals. To avoid confounding results due to multiple exposures
to the tests, pharmacological assessments were done in separate
cohorts of mice. Mice were administered with oral fluoxetine (30
mg/kg) (Sigma-Aldrich, St. Louis, MO, USA) or clomipramine (80
mg/kg) (Sigma-Aldrich) for 1 day (acute), or 21 days (chronic) and
then evaluated 24 h after the last treatment.
On the day of behavioral screening, mice were sequentially

evaluated in the tests described above, in a fixed manner.
Between tests, mice were allowed to rest for 60min in their home
cages.
(1) Open field test: Mice were placed in the center of the

apparatus (40 × 40 × 35 cm high); behavior was recorded for 60
min under dim light (~50 lux). Locomotor activity, velocity, and
turn angle were analyzed using Ethovision XT software (Noldus
Information Technology, Leesburg, VA, USA). For anxiety-related
measurements, time and entries to the center of arena (20 × 20
cm) were analyzed from the first 5 min.
(2) Light–dark exploration test: After adaptation to dim light

(~50 lux), mice were placed in the dark compartment of the box
(dark side: 15 × 40 × 25 cm high fully opaque Plexiglass; light side
25 × 40 × 35 cm high clear Plexiglass, brightly illuminated at ~800
lux; door 7.5 × 7.5 cm) and the door immediately opened allowing
mice to freely explore during 5min. Latency to emerge and time
spent in the light chamber were analyzed using Ethovision TX
Software (Noldus).
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(3) Marble burying test: Mice were placed in a cage containing
5 cm of bedding material with light set at ~300 lux. Twenty-four
dark glass marbles (1.5 cm diameter) were evenly placed across
the surface. After 30 min, mice were removed and the number of
buried marbles (at least 2/3 of its surface) was recorded.
(4) Grooming analysis: Mice were placed in a clear Plexiglas

cylinder (20 cm diameter, 30 cm high), where number and
duration of grooming events were recorded during 60min with
light set at ~300 lux.

Touchscreen-based visual discrimination task and reversal learning.
Mice were reduced to 85% of their free-feeding body weight and
maintained at that level throughout the experiment. Training took
place in a chamber with a touch-sensitive screen at one end
(Lafayette Instruments, Lafayette, IN, USA) as previously described
[47–49] (see full details in Supplementary Methods).

Fear conditioning and extinction task. Fear conditioning was
conducted in a 30 × 25 × 25-cm chamber with metal walls, a metal
rod floor, and an olfactory cue (vanilla) (context A). Mice received
three pairings (180 s acclimation, 60–90 s ITI) of a 30 s, 80 dB white
noise cue (conditioned stimulus, CS) and a co-terminating, 2 s, 0.6
mA scrambled footshock (unconditioned stimulus, US). Fear
extinction training was conducted on the next day in a different
room, in a 30 × 25 × 25-cm chamber with a curved, white wall, a
white floor, and an olfactory cue (acetic acid) (context B). 50 × 30 s
CS presentations (180 s acclimation, 5 s ITI) were delivered. The
next day, extinction retrieval was tested in context B with 5 × 30 s
CS presentations (180 s acclimation, 5 s ITI). Two weeks later,
spontaneous recovery was tested in the same manner as
extinction retrieval. Stimulus presentations were controlled and
freezing detected by the Med Associates VideoFreeze system
(Med Associates, Burlington, VT, USA). The amount of time scored
as freezing was converted to a percentage ([amount of time
freezing/total time of baseline or CS] × 100) for analysis.

Electrophysiological recordings of corticostriatal synapses
Coronal brain slices (350 μm thick) were prepared from naive control
and EAAT3glo/CMKII mice (postnatal days 70–90) according to NIH
Guidelines and approved by the University of Valparaiso Bioethics
Committee. Whole-cell voltage-clamp recordings were obtained
from visually identified medium spiny neurons (MSNs) in the dorsal
striatum using a Multiclamp 700A amplifier (Molecular Devices,
Sunnyvale, CA, USA) and patch-type pipette electrodes (~3.0–5.0
MΩ) filled with intracellular solution containing (in mM): 131 Cs-
gluconate, 8 NaCl, 1 CaCl2, 10 EGTA, 10 glucose, 10 HEPES, 5 MgATP,
and 0.4 Na3GTP, pH 7.2 (285mmol/kg). All experiments were
performed at 28 ± 1 °C in a submersion-type recording chamber
perfused at ~2mL/min with ACSF supplemented with the GABAA
receptor antagonist picrotoxin (100 μM). AMPAR-mediated EPSCs
were elicited at −60mV, whereas NMDAR-mediated EPSCs were
elicited at +40mV in the continuous presence of 10 µM NBQX by
stimulating the limit between striatum and cortex. Miniature
excitatory currents (mEPSCs) were recorded at 30 ± 1 °C in ACSF
supplemented with 1 μM tetrodotoxin (TTX), whereas long-term
depression (LTD) was induced after 10min of stable baseline by
either high-frequency stimulation (1 s of 100 Hz) repeated four times
at 10-s intervals or by transient (10min) bath application of 50 µM
(S)-3,5-dihydroxyphenylglycine, a group I mGluR agonist. All data
acquisition and analysis were performed with custom-made soft-
ware written in Igor Pro 6.3A (Wavemetrics, Inc., Lake Oswego, OR,
USA) (full details in Supplementary Methods).

Statistical analysis. Data were analyzed using one or two-way
analyses of variance or t-tests. Significant main effects (one-way
ANOVAs) or interactions (two-way ANOVAs) were followed by
post-hoc comparisons between genotypes or between drug

conditions using Tukey HSD pairwise comparisons. Since there
was a visible difference between genotypes when graphing the
data for spontaneous recovery, Sidak’s pairwise comparisons
between genotypes were made for spontaneous recovery even
though the tone × genotype interaction was not significant.
However, this means that the pairwise differences must be
interpreted with caution. Significance was set at P < 0.05. Data are
presented as mean ± SEM.

RESULTS
Generation of EAAT3glo mice
The pCLE-EAAT3 vector was engineered to achieve Cre-dependent
EAAT3 expression as described in Methods and materials (Fig. 1a).
Cotransfection experiments in neuroblastoma N2A cells with
pCLE-EAAT3 alone or with pCMV-Cre vector showed that EAAT3
expression increased only in the presence of Cre (Fig. 1b).
Increased glutamate uptake activity was found only when pCLE-
EAAT3 was co-transfected with pCMV-Cre (Fig. 1c), strongly
indicating that pCLE-EAAT3 vector drives Cre-dependent and
functional EAAT3 expression.
Then, we injected a linearized pCLE-EAAT3 vector into FVB/N

zygotes to generate EAAT3glo mice. Ten pups were obtained
from 4 recipient females that were transplanted with the
injected zygotes. Founder lines were identified upon GFP
visualization (Fig. 1d) and confirmed by PCR (Fig. 1f). Three
founder lines were established and confirmed for integration of
the pCLE-EAAT3 vector using Southern blot (Fig. 1e). Then, the
C6 founder line was expanded by cross-breeding with wild-type
mice. EAAT3glo mice were born healthy, viable, and fertile, with
no gross neurological alterations or any signs of adverse effects
of transgene integration (Table S1). At least seven crosses with
wild-type C57BL/6J mice were performed prior to molecular and
behavioral analyses.

Overexpression of EAAT3 by CaMKIIα-Cre
We then crossed EAAT3glo mice with CaMKIIα-Cre mice to
overexpress EAAT3 in forebrain neurons. CaMKIIα × EAAT3glo

(EAAT3glo/CMKII) mice were born healthy, without any gross
phenotype or neurological impairment as evaluated by a
standardized set of reflexes analysis, suggesting no observable
deleterious effects due to higher expression of EAAT3 in forebrain
neurons (Table S1).
Increased Slc1a1 (EAAT3) mRNA levels were found in EAAT3glo/

CMKII mice vs control (EAAT3glo) littermates in frontal cortex (P=
0.038), hippocampus (P < 0.0001), and striatum (P < 0.0001; Fig. 1h);
increased EAAT3 expression was also confirmed by immunohis-
tochemistry and Western blot (Fig. 1g and Figure S1). We also
performed immunofluorescence to determine EAAT3 increased
expression in striatum (Supplementary Figure 2). Since pCLE-EAAT3
construct has a floxed eGFP, the recombination should both
increase EAAT3 and decrease eGFP signal. As shown in Figure S2,
EAAT3 (red) signal intensity is significantly increased in striatum of
EAAT3glo/CMKII mice vs control littermates (P= 0.0331, Fig. S2D),
along with the evident decrease in eGFP signal. Arrowheads (Fig.
S2A.1) indicate striatal streaks in control EAAT3glo mice, where
reduction in eGFP fluorescence is clearly lost.
EAAT3 does not impact global glutamate uptake in striatal

synaptosomal preparations [40] since its expression is lower
compared to other glutamate transporters [50]. Therefore, to test
EAAT3 functionality, we measured glutathione levels in brain
tissue, since cysteine (required for glutathione synthesis) is largely
incorporated into neurons via EAAT3 [51]. EAAT3glo/CMKII mice
had increased GSH levels in the frontal cortex (P= 0.0242),
striatum (P= 0.0085), and hippocampus (P= 0.032) compared to
control littermates (Fig. 1i), indicating increased EAAT3-mediated
cysteine uptake.
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EAAT3glo/CMKII mice display increased anxiety and repetitive
behaviors
We evaluated locomotion in EAAT3glo/CMKII mice over a 60 min
observation period and found no changes in total distance, turn
angle, or velocity compared to control EAAT3glo, WT and CaMKII-
Cre littermates (Figure S3). In the open field test, EAAT3glo/CMKII
mice spent less time ([F(7,109)= 7.409, P < 0.0001], Tukey's P=
0.0003) (Fig. 2a) and made fewer visits to the center ([F(7,107)=
11.36, P < 0.0001], Tukey's P < 0.0001) compared to EAAT3glo mice
(Fig. 2b); total distance was unaffected (Fig. 2c). No differences
were found among WT, CaMKII-Cre, and EAAT3glo control groups
(Figure S4). Behavior was alleviated treating EAAT3glo/CMKII mice
with chronic (21 days) oral clomipramine (80 mg/kg) or fluoxetine
(30 mg/kg) and did not impair locomotion. In contrast, when given
only 1 day, neither drug affected the increased anxiety-like
behavior (Fig. 2a–c).
In the light–dark box test, EAAT3glo/CMKII mice showed longer

latency to emerge to the lit chamber ([F(7,95)= 6.724; P < 0.0001],
Tukey's P= 0.0017) (Fig. 2d) and spent less time in it ([F(7,91)=
9.325, P < 0.0001], Tukey's P= 0.0004) compared to EAAT3glo mice
(Fig. 2e). There were no differences among WT, CaMKII-Cre, and
EAAT3glo control groups (Figure S4). Chronic fluoxetine alleviated
both behavioral parameters, while clomipramine significantly
restored time in light chamber and showed a trend towards
significance in latency (P= 0.056); acute treatment was ineffective
for both drugs.
In the marble burying test, we found that EAAT3glo/CMKII mice

buried more marbles compared to EAAT3glo mice ([F(7,70)= 7.813;
P < 0.0001], Tukey's P= 0.0009). No differences among WT,
CaMKII-Cre, and EAAT3glo control groups were found (Figure S4).
Behavior was also restored upon chronic, but not acute, oral
fluoxetine or clomipramine administration.
We then evaluated grooming behavior and found that

EAAT3glo/CMKII mice had increased grooming time compared to
EAAT3glo littermates ([F(3,43)= 8.086; P= 0.0002], Tukey's P=
0.0011), which was alleviated by chronic, but not acute fluoxetine
or clomipramine administration (Fig. 2g). Collectively, these results
indicate that overexpression of EAAT3 in forebrain increases
anxiety-like and repetitive behaviors and that both can be
alleviated by chronic (S)SRI treatments.

EAAT3glo/CMKII mice display greater spontaneous recovery of fear
We then evaluated a naive cohort of EAAT3glo/CMKII mice in fear
learning and extinction paradigms. No significant differences
between EAAT3glo/CMKII mice and control EAAT3glo littermates
were evident during fear conditioning and extinction training
(Fig. 3a, b). Extinction retrieval evaluated the day after the
extinction protocol showed that EAAT3glo/CMKII mice had a trend
towards increased baseline freezing compared to controls,

although freezing during CS presentation was normal (Fig. 3c).
However, when spontaneous recovery was assessed 2 weeks later,
EAAT3glo/CMKII mice showed an increase in freezing ([F(5, 90)=
25.702, P < 0.001]; Tone 1 P= 0.045, Fig. 3d), indicating greater
spontaneous recovery.

No alterations in visual discrimination and reversal learning task in
EAAT3glo/CMKII mice
As deficits in cognitive flexibility have been reported in OCD
individuals [52, 53], we next assessed performance in a touchscreen-
based visual discrimination task and reversal learning task. EAAT3glo/
CMKII mice did not differ from controls on any measure during
discrimination or reversal training (Figures S5 and S6).

Altered corticostriatal synapses in EAAT3glo/CMKII mice
Increasing evidence suggests impairments in corticostriatal
circuitry in OCD [9, 19, 20, 54–56]. To evaluate the impact of
EAAT3 overexpression on excitatory synaptic transmission, we first
monitored both spontaneous and evoked excitatory postsynaptic
currents (EPSCs) from MSNs held at −60mV in the presence of
PTX, and found no differences in the amplitude or frequency of
AMPAR-mediated sEPSCs and mEPSCs (Fig. 4a). Furthermore, no
differences in the paired-pulse ratio (Fig. 4b) or short-term
depression of evoked EPSCs were observed (Fig. 4c), suggesting
that EAAT3glo/CMKII mice have unaltered basal and AMPAR-
mediated synaptic transmission at corticostriatal synapses.
Since EAAT3 can regulate NMDAR function [32–34], we next

characterized NMDAR-mediated synaptic transmission by analyz-
ing NMDAR/AMPAR ratios and pharmacologically isolated
NMDAR-EPSCs. While NMDAR/AMPAR ratios were indistinguish-
able between genotypes (Fig. 5a top), NMDAR-EPSCs showed
slower decay kinetics in EAAT3glo/CMKII mice compared with
controls (Fig. 5a bottom), which could reflect a change in synaptic
NMDAR subunit composition [57]. To test this, we used Ro25-6981
(500 nM) to selectively block GluN2B-containing NMDARs and
found that NMDAR-EPSCs in EAAT3glo/CMKII mice were more
sensitive to Ro25-6981 than control EAAT3glo mice (Fig. 5b),
suggesting increased abundance of GluN2B-containing NMDARs
and/or decreased abundance of GluN2A-containing NMDARs.
Western blot determinations showed that striatal GluN2A subunit
levels were significantly reduced (P= 0.0213) in EAAT3glo/CMKII
mice; no differences were found in GluN2B, AMPA GluR1 and
Glur2 subunits or PSD-95 levels (Fig. 5c and Supplementary
Figure 7). Similar alterations on glutamate receptor subunit
protein levels were also found in prefrontal cortex and hippo-
campus of EAAT3glo/CMKII mice (Supplementary Figures 8 and 9).
Collectively, these results indicate that EAAT3glo/CMKII mice have
a higher contribution of GluN2B-containing NMDARs, an alteration
that might affect the induction of NMDAR-dependent plasticity

Fig. 1 Generation of EAAT3glo/CMKII mice. a The pCLE-EAAT3 vector was generated by subcloning mouse EAAT3 cDNA in pCLE vector. The
pCLE vector contains a ubiquitously active promoter upstream to a floxed EGFP gene sequence. Upon Cre recombination, the EGFP gene is
released and EAAT3 is expressed. b Representative immunoblots for GFP, EAAT3, and beta-actin expression from N2A cells transfected with
pCLE-EAAT3, pCLE-EAAT3, and pCMV-Cre during 24 h. c [3H]-Glutamate uptake determinations in N2A cells transfected with pCLE-EAAT3,
pCLE-EAAT3, and pCMV-Cre during 24 h. Measurements expressed as a percentage of radioactivity counts for control (untransfected cells).
Data expressed as mean ± SEM; four independent experiments counted in duplicate were performed (pCLE-EAAT3: 87.56 ± 11.83 vs pCLE-
EAAT3+ pCRE: 272 ± 6.52, P < 0.0001). d Generation of EAAT3-Tg mice. d Representative image of two mice at age P5; the EAAT3glo mouse has
endogenous GFP fluorescence (green), while the control mouse does not, by using a Macro Imaging System. e Southern blot analysis of
genomic DNA of EAAT3glo mouse founder (C6) and control (CTRL) mice. f PCR genotyping of EAAT3glo/CMKII mice (CaMKIIa—Cre x EAAT3glo

breeding) and control mice using GFP, CRE, and IC (internal control, MAO-B gene) primers. g Upper: immunohistochemistry of EAAT3glo/CMKII
and control EAAT3glo mice. Higher levels of antibody staining were found in cortex, hippocampus, and striatum. Bottom: representative
Western blot determinations of EAAT3 in protein extracts of EAAT3glo/CMKII and control EAAT3glo mice; b-actin was used as normalizer. h
Increased relative Slc1a1 mRNA expression from EAAT3glo/CMKII mice in cortex (P= 0.0038), striatum (P < 0.0001), and hippocampus (P <
0.0001) compared to control EAAT3glo littermates, determined by qRT-PCR using housekeeping Hebp1 mRNA (n= 6 per group). i EAAT3glo/
CMKII mice have increased levels of GSH in cortex (EAAT3glo: 1.625 ± 0.161 vs EAAT3glo/CMKII: 2.308 ± 0.187, P= 0.0242), striatum (EAAT3glo:
2.295 ± 0.180 vs EAAT3glo/CMKII: 3.088 ± 0.207, P= 0.0085), and hippocampus (EAAT3glo: 1.088 ± 0.093 vs EAAT3glo/CMKII: 1.740 ± 0.116, P=
0.032). n= 4 per group, measurements done in duplicate. *P < 0.05, **P < 0.005, ****P < 0.0001. The bars represent mean ± SEM
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[58]. Consistently, we found that NMDA-dependent LTD induced
by high-frequency afferent stimulation (Fig. 5d, top), but not
metabotropic glutamate receptor-dependent LTD induced by
bath application of DHPG (Fig. 5d, bottom), was impaired at
corticostriatal synapses in EAAT3glo/CMKII mice compared to
control littermates. Thus, by impacting synaptic NMDAR subunit
composition, EAAT3 might play an important role in regulating
NMDAR-dependent synaptic function and plasticity in the
striatum, and reinforce the notion that alterations in NMDAR-
mediated glutamatergic transmission are likely to be a common
feature in behaviors relevant to OCD.

DISCUSSION
SLC1A1 is a candidate gene in OCD from linkage and case-control
studies [1, 21–28, 59], although did not reach significance in GWAS
[29, 30]. Findings cluster in the 3′ region containing the
polymorphism rs301430, which is highly replicated in OCD studies
[Ahmari et al. 2015] and is associated with increased SLC1A1
expression levels in human brain tissue samples [27]. Such
findings suggest that increased EAAT3 expression might con-
tribute to OCD susceptibility. Our results are in agreement with
this hypothesis, by showing that EAAT3glo/CMKII mice display
increased behaviors that are relevant to OCD. Of note, several
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reports using different mouse models fully or partially lacking
EAAT3 have shown unaltered baseline anxiety-like or repetitive
behaviors, indirectly supporting the potential involvement of
EAAT3 gain-of-function in behaviors relevant to OCD [39, 40, 60]
(however, see [61]).
The altered phenotype of EAAT3glo/CMKII mice fits wells with

the maladaptive repetitive behavior and anxiety features reported
in OCD-afflicted individuals. EAAT3glo/CMKII mice displayed higher
grooming, although we did not find self-injurious grooming
leading to open skin wounds as that reported for Sapap3
knockout (KO) mice and SLITRK5 KO mice [19, 20]. Other authors
have suggested that such aberrant hyper-grooming might rather
resemble other OC-spectrum conditions like excoriation/skin-
picking disorder or trichotillomania [10]. Although EAAT3, SLITRK5,
and Sapap3 are all expressed postsynaptically at glutamatergic
synapses (i.e., at striatal MSNs), differences in expression distribu-
tion might account for the discrepancies in grooming observed
across these animal models. Considering the heterogeneous
nature of OCD, the impact of SLC1A1 vs other genes might
account for dimensional variation across behaviors.

Consistent with its postsynaptic location, we found no changes
in presynaptic properties in EAAT3glo/CMKII mice at corticostriatal
synapses. The functional changes in NMDA currents found in
these synapses are well correlated with the increased relative
contribution of GluN2B-containing NMDA receptors. Similar
alterations in GluN2A/GluN2B ratio of NMDAR subunit expression
and impairments in synaptic plasticity at corticostriatal synapses
were also described in Sapap3 KO mice [20, 55]. Future functional
studies should also evaluate these parameters in cortical regions
to investigate the impact of the altered GluN2A/GluN2B ratio
found in prefrontal cortex in EAAT3glo/CMKII mice, since associa-
tions between compulsive behavior and altered NMDAR function
in prefrontal cortical regions have been reported [62, 63].
The observation of greater spontaneous recovery of fear in

EAAT3glo/CMKII mice is consistent with the pathophysiology of
OCD and agrees with prior reports of impaired retention of
extinction in human OCD patients and animal models of OCD [64–
66]. Fear extinction is mediated by the ventromedial prefrontal
cortex (vmPFC) and its downstream targets in the amygdala [67–
69] and extinction deficits in OCD patients have been associated

Fig. 2 EAAT3glo/CMKII mice have increased anxiety- and repetitive/compulsive-like behaviors. EAAT3glo/CMKII mice and EAAT3glo littermates
were evaluated in the open field test (a–c). EAAT3glo/CMKII mice showed significant reductions in time (a) and visits to center of arena (b).
Time in center EAAT3glo: 45.59 ± 3.95 vs EAAT3glo/CMKII: 19.1 ± 3.07, P < 0.001; visits to center EAAT3glo: 28.13 ± 1.96 vs EAAT3glo/CMKII: 11.22 ±
1.67, P < 0.001. Chronic (21 days) but not acute (1 day) oral administration of clomipramine (80mg/kg) or fluoxetine (30mg/kg) rescued
behavior. c No changes in total distance. n= 13–16 mice per group. In the light–dark box test, EAAT3glo/CMKII mice showed longer latency to
visit (d) and reduced time in the light chamber (e). Latency to cross EAAT3glo: 31.77 ± 11.73 vs EAAT3glo/CMKII: 55.74 ± 14.22, P= 0.0004; time
in light chamber EAAT3glo: 81.5 ± 27.57 vs EAAT3glo/CMKII: 43.52 ± 12.13, P < 0.005. Chronic fluoxetine alleviated both parameters;
clomipramine restored time and showed a trend towards significance in latency. Acute treatments were ineffective. n= 13–16 mice per
group. In (f), EAAT3glo/CMKII buried a significantly higher number of marbles (21.2 ± 0.757) compared to control EAAT3glo littermates (10.5 ±
1.875; P < 0.001). Chronic (21 days) oral administration of clomipramine (CMI 80mg/kg) or fluoxetine (30mg/kg) rescued behavior; acute
administration was ineffective. n= 12–16 mice per group. g Grooming was recorded for 60 min; EAAT3glo/CMKII mice displayed higher
percentage time of grooming (EAAT3glo: 8.45 ± 3.47 vs EAAT3glo/CMKII: 16.54 ± 5.74, P= 0.0011). Chronic (21 days) but no acute (1 day) oral
administration of clomipramine (CMI 80mg/kg) or fluoxetine (30mg/kg) restored behavior (n= 13–16 mice per group). *P < 0.05, **P < 0.005,
**P < 0.001, ***P < 0.0005, ****P < 0.0001, N.S.= not significant. Bars represent mean ± SEM
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with reduced activation of the vmPFC [65]. Thus, the current
results might be explained, in part, by decreased functioning of
the vmPFC in EAAT3glo/CMKII mice. In future work, it could be
valuable to correlate measures of vmPFC activity with extinction

and spontaneous recovery, to substantiate a link between these
behavioral disturbances and impaired PFC function in these mice.
OCD has also been associated with impairments in cognitive

flexibility, including in reversal learning tasks [53,70–72]. This
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average plot (right) showing no differences in both frequency (EAAT3glo: 4.87 ± 1.00, n= 10 cells/7 animals vs EAAT3glo/CMKII: 2.16 ± 0.48, n=
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summary plots (right) showing no change in AMPAR-mEPSC frequency (EAAT3glo: 2.28 ± 0.56, n= 9 cells/7 animals vs EAAT3glo/CMKII: 1.70 ±
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EAAT3glo/CMKII mice. In all panels, summary data represent the mean ± SEM and the number of slices (s) and animals (a) are indicated in
parentheses
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feature of OCD was not recapitulated in EAAT3glo/CMKII mice, as
they performed similar to controls during all stages of discrimina-
tion and reversal training. Additional measures of behavioral
flexibility, such as a set shifting task, may be necessary to uncover
deficits in this line of mice [52]. Alternatively, behavioral flexibility
may be largely intact in this model, suggesting that EAAT3

overexpression may not significantly impair the cortical circuitry
required for this set of behaviors.
Since SSRIs are the main therapeutic drugs to treat OCD, their

effects are commonly used to test the validity of OCD relevant
animal models [12, 13]. Thus, our results showing that chronic, but
not acute fluoxetine or clomipramine treatment was effective in
rescuing behavior in EAAT3glo/CMKII mice may suggest predictive

Fig. 5 NMDARs-mediated synaptic transmission and plasticity are altered in EAAT3glo/CMKII corticostriatal synapses. a Representative
averaged EPSCs (left) and summary data (right) showing that the NMDAR/AMPAR ratio was similar between control EAAT3glo and EAAT3glo/
CMKII synapses (control: 0.49 ± 0.07, n= 16 cells/9 animals vs EAAT3glo/CMKII mice: 0.56 ± 0.06, n= 18 cells/9 animals; P= 0.326), but NMDAR-
mediated EPSC show significant slower decay kinetics in EAAT3glo/CMKII mice (control: 117.23 ± 7.03 vs EAAT3glo/CMKII mice: 154 ± 12.87, P=
0.013). b EAAT3glo/CMKII synapses are more sensitive to the effect of GluN2B subunit antagonist R0256981 than control mice (EAAT3glo: 72.67
± 3.50, n= 8 cells/7 animals vs EAAT3glo/CMKII mice: 53.52 ± 4.46, 8 cells/8 animals, P= 0.007). c Representative western blot determinations of
GluR1, GluR2, GluN2A, GluN2B subunits, PSD-95, beta-actin, and tubulin in striatal protein extracts of EAAT3glo/CMKII and control EAAT3glo

mice; average plot is shown below, n= 4 animals per group. d Top: average traces (left) and summary plot (right) showing that NMDA-
dependent LTD induced by HFS was impaired EAAT3glo/CMKII mice compared with WT mice (last 10min: control 61.77 ± 8.59% of baseline;
EAAT3glo/CMKII mice, 107.06 ± 10.37% of baseline; P= 0.005). Bottom: mGluR-LTD induced by application of group I mGluR agonist DHPG (50
μM) is similar in both groups (last 10min: EAAT3glo, 57.06 ± 5.93% of baseline; EAAT3glo/CMKII, 69.62 ± 13.50% of baseline, P= 0.433). Sample
traces were taken at times indicated by numbers on the summary plot. Number of cells (c), and animals (a) are indicated in parentheses and
summary data represent the mean ± SEM. *P < 0.05, **P < 0.01, N.S.= not significant
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validity for our animal model and recapitulate the human
psychopharmacology of OCD.
In summary, our data support the notion that EAAT3 has a role

in the pathogenesis of OCD relevant behaviors as EAAT3glo/CMKII
mice exhibit increased anxiety, increased repetitive behaviors, and
greater spontaneous recovery of fear, many of which are core
symptoms of OCD. In addition, increased EAAT3 expression
impairs corticostriatal synapses which could contribute, at least
in part, to the neuronal basis involved in OCD. We believe this new
model will allow gaining deeper insight on the role of EAAT3 in
the pathogenesis of OCD and perhaps shedding light on novel
therapeutic avenues for this devastating disorder.
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