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Abstract

Glutamatergic dysregulation is known to contribute to obsessive-compulsive disorder (OCD). 

Astrocytic glutamate transporter 1 (GLT1) is responsible for the majority of glutamate clearance. 

However, the role of GLT1 in OCD-like behavior remains unclear. Here, we found that astrocytic 

GLT1 deficient mice showed increased wheel running activity but reduced home cage activity. 

Notably, they exhibited elevated grooming/rearing time and increased repetitive behavior counts in 

contextual and cued fear conditioning. In addition, they showed increased rearing counts in the 

metabolic chamber, and also augmented rearing time and jumping counts in the open field test. 

Taken together, our findings suggest that astrocytic GLT1 deficiency promotes OCD-like repetitive 

behaviors.
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1. Introduction

Glutamatergic dysregulation is known to be essential in obsessive-compulsive disorder 

(OCD) as elevated glutamate levels are found in OCD patients [1]. The glutamatergic 

pathophysiology of OCD has also been reported in animal studies [2, 3] as well as with 

pediatric OCD patients utilizing MRS-imaging [4–6]. In particular, abnormal repetitive 

behaviors, including climbing and leaping, can be aggravated by stimulating cortical-limbic 

glutamate output in a transgenic mouse model of comorbid Tourette’s syndrome and OCD 

[2]. Similarly, striatal glutamatergic neurotransmission is associated with increased self-

grooming in animal models of autism spectrum disorder (ASD), OCD, and Tourette’s 

syndrome [7–10].

In the central nervous system (CNS), extracellular and synaptic glutamate levels are 

regulated by the glutamate/neutral amino acid transporters (EAATs), which is also known as 

solute carrier family 1 (SLC1) transporters [11]. Among five well-characterized EAATs, 

EAAT2 glutamate transporter 1 (GLT1 or a.k.a. EAAT2) and glutamate transporter 3 

(EAAT3) are associated with pathophysiology of OCD [12, 13]. Especially, GLT1 is 

responsible for the majority (>90%) of glutamate clearance [14]. Global GLT1 null mice 

showed high glutamate levels in the brain and exhibited sever seizure activity with lethal 

spontaneous seizures and increased susceptibility to acute cortical injury [15]. Interestingly, 

astrocytic-specific, not neuronal-specific, deletion of GLT1 induced fatal epilepsy, 

suggesting that astrocytic GLT1 plays a critical role in epilepsy and survival [16]. It is 

believed that a slight elevation to glutamate levels may promote repetitive behaviors, 

whereas greater glutamate elevations more readily induce stereotypes and limbic seizure 

behaviors [1, 2].

Interestingly, inducible conditional knockout of GLT1 in astrocytes displayed pathological 

repetitive behaviors including excessive self-grooming and tic-like head shakes [17], which 

implicated that GLT1 is involved in pathological regulation of OCD symptoms. As 

summarized [13], several repetitive behaviors were frequently observed in typical OCD 

mouse models including mice lacking Spred2 (Sprouty-related, EVH1 domain-containing 

protein 2) [18], Sapap3 (SAP90/PSD95-associated protein 3)[19] or Slitrk5 (SLIT and 

NTRK-like protein-5) [20]. These findings suggested that GLT1 may account for repetitive 

behavior and subsequent seizure activity. To study OCD-like repetitive behavior, 

perseverance or repetition of normal behaviors such as grooming, rearing, and body licking 

are used to characterize the performance of animals [7, 21]. As a genetic model of OCD, 

aromatase KO mice exhibited increased wheel-running activity and grooming but decreased 

ambulatory activity [22]. Therefore, we utilized wheel running, home cage activity, and 

rearing/jumping in this study as behavioral indicators to investigate repetitive behaviors in 

astrocytic GLT1 deficient mice.

A number of studies have demonstrated the association of GLT1 and glutamate clearance 

dysregulation to the pathophysiology of OCD and fear response [1, 2, 4–6, 23]. Recent 

translational research suggests that dysfunctional fear acquisition and extinction learning 

may be at the core of many anxiety disorders including OCD [24].
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Since the role of astrocytic GLT1 in repetitive behaviors and fear conditioning remains 

largely unknown, we conducted this study aiming to explore the effects of astrocytic GLT1 

deletion on repetitive behaviors using well-established OCD-like behavioral tests, including 

wheel running, home cage activity, rearing and jumping, as well as on fear conditioning 

responses. In our study, we revealed a novel aspect of astrocytic GLT1 in OCD-like 

behaviors.

2. Materials and methods

2.1. Animals

We used the same mice as described previously [25]. Eight-week old male mice were group-

housed (4–5 animals per cage) in standard Plexiglas cages in a 12 h light/dark cycle (lights 

on at 6 AM and off at 6 PM) with a temperature (22–24°C) and humidity (50%) regulated 

environment with access to standard lab food and water ad libitum. The floxed-GLT1 mice 

(GLT1F/F) were obtained from Niels C. Danbolt’s laboratory (University of Oslo, Norway) 

[26] and the GFAPcre/+ line was purchased from the Jackson laboratory [Cat no., 024098 - 

B6.Cg-Tg(Gfap-cre)77.6Mvs/2J]. To generate astrocyte-specific GLT1 knockout mice, we 

crossed the GLT1F/F mice with the GFAPcre/+ line, in which Cre recombinase is expressed 

selectively in the astrocytes. Previously [25], we confirmed the near-complete deletion of 

GLT1 in GFAP-positive cells in the mPFC, striatum and hippocampus. As we demonstrated 

with co-immunostaining with neuronal marker (anti-NeuN antibody), the remaining protein 

and mRNA GLT1 expression mainly reflects the neuronal GLT1 expression. All mice in this 

study had C57BL/6J genetic background and a total of 63 mice were used 

(GFAPcre/−;GLT1F/F n = 32 and GFAPcre/+; GLT1F/F n = 31). All animal care, handling 

procedures and experimental protocols were approved by the Mayo Clinic Institutional 

Animal Care and Use Committee (IACUC) in accordance with the guidelines set forth by 

the National Institutes of Health.

2.2. Behavioral tests

Mice were acclimated to the testing room for 30 minutes prior to each behavioral test. Four 

independent cohorts were used for wheel running /clocklab homecage activity tests, fear 

conditioning tests, open field, and metabolic chamber tests. For the survival statistics, mice 

were observed from the fear conditioning tests, open field, and metabolic chamber tests 

(GFAPcre/−;GLT1F/F n = 25 and GFAPcre/+; GLT1F/F n = 23).

2.2.1. Wheel running test—Mice were individually housed and placed in a home cage 

consisting of a wheel running activity monitor interfaced with Clocklab (Coulbourn 

Instruments, Whitehall, PA). Mice were housed in a 12 h light/dark cycle (lights on at 6 AM 

and off at 6 PM) with free access to food and water. Wheel running activity counts consisted 

of a turn of the wheel by the mouse and averaged over 12 days. Total activity counts of 

(activity amplitude), counts during the active phase (dark period), and counts during the rest 

phase (light period) were obtained from the daily average of 12 consecutive days per 24 h.

2.2.2. Clocklab homecage activity test—The home cage activity [27] was monitored 

for 12 consecutive days by infrared sensors interfaced with Clocklab (Coulbourn 
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Instruments, Whitehall, PA) while the mice were individually caged. Mice were housed in a 

12 h light/dark cycle (lights on at 6 AM and off at 6 PM) with free access to food and water. 

Homecage activity counts were averaged over the 12 days for each mouse for total activity 

counts (Activity amplitude), counts during the active phase (dark period), and counts during 

the rest phase (light period).

2.2.3. Grooming and rearing behaviors in fear conditioning test—The fear 

conditioning test was performed as we described previously [25]. In the meantime, we 

observed the repetitive behaviors such as grooming and rearing in the fear memory test 

periods (on day 2 and day 3). Briefly, the behavior was recorded using a high-speed fire wire 

monochrome video camera with a near infrared pass filter on an 8 mm lens and analyzed 

using Video Freeze® software (Med Associates). On day 1, mice were trained with 5 

pairings of 30 s tone (75 dB, 3000 kHz) with a shock occurring the last 2 s of the tone (0.4 

mA) and a 2-min inter-trial interval (ITI 2 min). On day 2 for the contextual test, mice were 

only presented the same context (no sound, no shock). On day 3 for the cued test, a white 

floor grid cover and a black A-frame chamber insert were added to the chamber. Mice were 

subjected to 5 presentations of 30 s tones (75 dB, 3000 kHz) without a shock at a 2-min 

inter-trial interval (ITI 2 min).

Grooming behavior included face-wiping, full-body grooming, and scratching and rubbing 

of head and ears [18, 21]. The total amount of time spent in grooming, and the number of 

grooming and rearing were manually measured during fear condition contextual and cued 

tests, respectively. The chamber was cleaned with 70% ethanol and allowed to dry 

completely prior to testing in between each animal.

2.2.4. Open field test (OFT)—The ENV-510 test environment equipped with infrared 

beams and Activity Monitor (Med Associates) were used to evaluate motor activity in the 

open field test. Mice were placed in a Plexiglas box (27 × 27 × 20.3 cm) and allowed to 

explore the chamber for 10 min. The data was recorded by each beam break as one unit of 

exploratory activity using the activity monitoring software (Med Associates).

2.2.5. Metabolic chamber—As described [25], mice were placed in the metabolic 

cages (Oxylet Pro, PanLab) for 24 h for habituation, followed by 48 h to measure oxygen 

consumption and energy expenditure. Mice were maintained at a 12 h light/dark cycle with 

lights on at 6 AM and off at 6 PM. Mice were free to access food and water. Rearing counts, 

energy expenditure, volume of CO2 (vCO2), and volume of O2 (vO2) were obtained using a 

gas analyzer (Panlab, LE 405 Gas Analyzer) and metabolism software (Panlab, 

Metabolism).

2.3. Statistical analysis

All data are expressed as mean ± SEM (standard error of the mean). Analyses were 

conducted using GraphPad Prism (version 6.0). Unpaired two-tailed Student’s t-test was 

used to compare the difference between two groups. Two-way repeated measures ANOVA 

was used to detect the effects of time and genotypes. ANOVA were followed by Tukey post 
hoc tests where interactions were significant. Statistical significance was set at P < 0.05.
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3. Results

3.1 Astrocytic GLT1 deficiency potentiates repetitive behavior in wheel-running test

We generated astrocyte-specific GLT1 knockout mice by crossing the floxed-GLT1 mice 

(GLT1F/F) with the GFAPcre/+ line, in which Cre recombinase was expressed selectively in 

the astrocytes. Western blot, quantitative real-time PCR (qRT-PCR), and 

immunohistochemical analyses of GLT1 revealed a significant reduction of GLT1 protein 

and mRNA in the brain of 8-week-old GFAPcre/+;GLT1F/F mice [25]. As global GLT1 

knockout mice show increased mortality [15], we measured lifespan up to 6 months in 

GFAPcre/+;GLT1F/F mice. The survival rates of GFAPcre/+;GLT1F/F mice and controls 

(GLT1F/F mice) were indistinguishable up to 8 weeks (2.5 months). However, we found a 

notable decline in life span from 2.5 months to 6 months (Fig. S1). We excluded any mice 

from the following behavioral analysis once they showed severe seizure-like phenotypes.

In order to examine voluntary compulsive behavior in mice lacking astrocytic GLT1, we 

utilized a wheel running test [28, 29]. Each mouse was housed in a home cage installed with 

a running wheel for 12 consecutive days. We found that GFAPcre/+;GLT1F/F mice showed a 

significant increase of activity amplitude (Two-way ANOVA; group effect: F 1, 8= 7.662, 

p=0.024, time effect: F 23, 184= 17.453 p<0.0001, interaction: F 23, 184= 2.298, p=0.02) 

compared to controls during the entire time (Fig. 1A–E). The total activity counts were 

significantly increased (two-tailed unpaired t test; t7=2.99, p=0.02) in GFAPcre/+;GLT1F/F 

mice (Fig. 1B). Both active (dark period) phase activity (two-tailed unpaired t test; t7=2.45, 

p=0.04, Fig. 1C) and resting (light period) phase activity (two-tailed unpaired t test; t7= 2.68, 

p=0.03, Fig. 1D) were significantly increased in GFAPcre/+;GLT1F/F mice compared to 

controls (GFAPcre/−;GLT1F/F). The representative actograms were shown as Fig. 1E.

To quantify home cage activity without a wheel, we used Clocklab system with a motion 

monitor sensor installed on the cage lid to monitor home cage activity continuously for 12 

days. We found that the activity amplitude in GFAPcre/+;GLT1F/F mice was significantly 

lower (Two-way ANOVA; group effect: F 1, 13= 13.16, p< 0.003, time effect: F 23, 299= 

7.826, p<0.0001, interaction: F 23, 299= 1.124, p=0.317) than that of control mice (Fig. 2A–

E), as well as the total activity counts (two-tailed unpaired t test; t10= 3.966, p=0.002, Fig. 

2B). Both active phase activity (two-tailed unpaired t test; t12=2.213, p=0.047; dark period, 

Fig. 2C) and resting phase activity (two-tailed unpaired t test; t10= 2.383, p=0.038; light 

period, Fig. 2D) were significantly reduced in GFAPcre/+;GLT1F/F mice compared to the 

controls. These results indicated that astrocytic deletion of GLT1 reduced home cage 

activity. The representative actograms were shown as Fig. 2E.

3.2. Excessive repetitive behavior was found in fear conditioning chamber of astrocytic 
GLT1 deficient mice

Accurate associative fear memories are important to avoid harmful stimuli. Impaired fear 

response is a high-risk factor of OCD [30–33]. To examine the role of astrocytic GLT1 in 

fear conditioning, we trained mice with 5 tone/foot shock pairing on day 1, and then we 

performed the contextual (day 2) and cued (day 3) fear memory tests on the following days 

(Fig. 3A). Previously, we showed that GFAPcre/+;GLT1F/F mice exhibited comparable 
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freezing responses across the training trials but decreased freezing response compared to 

control mice [25]. In this study, we examined the repetitive behavioral patterns including 

grooming and rearing behaviors during the contextual and cued fear memory tests. As 

expected, in the contextual test, GFAPcre/+;GLT1F/F mice exhibited more grooming time 

(two-tailed unpaired t test; t15= 4.713, p= 0.0003; Fig. 3B) and grooming counts (two-tailed 

unpaired t test; t15= 3.891, p= 0.001; Fig. 3C). Mouse self-grooming has a complex 

sequenced structure that consists of repeated stereotyped movements known as syntactic 

chains grooming [7]. Importantly, we found more chains grooming in GFAPcre/+;GLT1F/F 

mice than controls in the contextual test (two-tailed unpaired t test; t15= 2.221, p= 0.04; 

Fig.3D). In addition, they also showed more rearing counts (two-tailed unpaired t test; t15= 

5.537, p< 0.001; Fig. 3E) than controls. Similarly, in the cued test, GFAPcre/+;GLT1F/F mice 

had more grooming time (two-tailed unpaired t test; t18= 4.074, p= 0.0007; Fig. 3F), 

grooming counts (two-tailed unpaired t test; t18= 3.181, p= 0.005; Fig. 3G), chains grooming 

counts (two-tailed unpaired t test; t18= 2.337, p= 0.031; Fig. 3H), as well as more rearing 

counts (two-tailed unpaired t test; t18= 4.805, p= 0.0001; Fig. 3I) compared to controls [see 

representative videos for 2 min of repetitive behavior during contextual (Video S1–S2) and 

cued (Video S3–S4) tests as a supplementary]. These results suggested that deletion of 

astrocytic GLT1 is associated with the excessive grooming and rearing behaviors.

3.3. Repetitive behavior was found in open-field test of astrocytic GLT1 deficient mice 
without altering caloric consumptions

Next, we examined whether the basal metabolic activity was affected by the deletion of 

GLT1 in astrocytes, as assessed by metabolic chamber for a continuous 48 hours. 

Interestingly, we found that GFAPcre/+;GLT1F/F mice exhibited increased rearing counts 

than controls (two-tailed unpaired t test; t4= 2.859, p= 0.046; Fig. 4A), while the energy 

expenditure, volume of CO2, and volume of O2 metabolism were not changed [25].

In order to investigate locomotor activity in a novel environment, we employed the open 

field test. GFAPcre/+;GLT1F/F mice showed an increase in both rearing time (two-tailed 

unpaired t test; t19= 3.091, p= 0.006; Fig. 4B) and jump counts (two-tailed unpaired t test; 

t19= 2.952, p=0.008,Fig. 4C) in the 10 min of the open field compared to controls. In 

addition, the distance travelled was also increased in the GFAPcre/+;GLT1F/F mice compared 

to controls (two-tailed unpaired t test; t16= 2.136, p=0.048,Fig. 4D). Taken together, our 

results showed a repetitive behavior pattern in running activity in the wheel running test, and 

elevated rearing time, jump counts, distance in the earlier stage of open field test, as well as 

increased rearing times in the metabolic chamber.

4. Discussion

The present study demonstrates that astrocyte-specific deletion of GLT1 promotes OCD-like 

repetitive behaviors using a comprehensive array of behavioral tests including compulsive 

running, and excessive grooming and rearing behaviors. This may result from glutamatergic 

dysregulation, as GLT1 accounting for more than 90% of glutamate uptake in the forebrain 

[15].
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Astrocytic GLT1 deficiency increases repetitive behaviors showing excessive grooming and 

tic-like movements [17], which were consistent with the increased grooming and rearing 

behaviors during the fear conditioning contextual and cued tests in our current study. 

Importantly, our findings provide a novel aspect of how astrocytic deficient GLT1 mice had 

an increase of syntactic chains grooming, which is frequently lost during stress and anxiety 

in wild type mice [7]. Striatal activity is required for syntactic chains grooming behavior, as 

lesions of the striatum result in a deficiency in the ability to complete sequential syntactic 

self-grooming chains [34]. Dopamine transporter-deficient mice with an elevated dopamine 

levels exhibit more predictable syntactic grooming sequences than controls [35]. As another 

excitatory neurotransmitter, glutamate function was unknown in syntactic chains grooming 

behaviors. Therefore, the contribution of striatal astrocytic GLT1 and/or glutamate function 

in OCD and specifically syntactic chains grooming behaviors is warranted for the future 

study.

Aromatase KO mice, as a genetic model of OCD, showed increased wheel-running activity 

and grooming but decreased ambulatory activity [21, 22]. Similarly, we showed the 

increased wheel running activity, which is believed as a type of compulsive running behavior 

of OCD [29]. Additionally, the repetitive behaviors were also observed as elevated rearing 

time and jump counts (repetitive behavior) in the open field test, as well as increased rearing 

counts in metabolic chamber, which further supported our notion that astrocytic GLT1 

accounts for repetitive behavior. The excessive repetitive behaviors in astrocytic GLT1 

deficiency might be caused by glutamatergic hyperactivity [3, 17] since the high glutamate 

level was found in mice with deletion of GLT1 either global or astrocytic [15, 16]. Despite 

of hyperactivity, the energy expenditures were similar between GFAPcre/+;GLT1F/F mice and 

control mice [25]. Although this is an unexpected result, since the overall home cage activity 

was reduced, tracked by the Clocklab system monitor, which might explain partially the 

counter-balancing of energy expenditures during non-stimulus environments.

As a typical OCD-like behavior transgenic mouse model, the Spred2 deficient mice showed 

reduced anxiety-like behaviors [18]. Notably, our previous findings [25] also showed that 

astrocytic GLT1 deficiency seemed to show less anxiety in the elevated plus maze, which is 

consistent with Spred2-deficient mouse model of OCD [18]. Interestingly, Spred2-deficient 

mice showed increased protein expression related to glutamate signaling such as PSD95, 

mGluR2 and 5 in the amygdala [18]. Since the blockade of GLT1 in the amygdala induces 

anxiety- and depression-like behaviors in mice [36], the aberrant glutamate 

neurotransmission in the amygdala circuits may be the common denominators of these two 

animal models. The increased locomotor activity observed in the open field test and elevated 

plus maze also supports that GLT1 deletion in the astrocyte might induce repetitive behavior. 

However, they travelled more distance in the entire maze and had more open arm entries, 

which might be a sign that they were repetitively checking the new environment. There is 

one study reported that GLT1 was involved in OCD without affecting anxiety-like behavior 

[17], a contradictory finding from the OCD mouse model. Overall, the contribution of GLT1 

in regard to OCD, anxiety, and depressive behavior remains highly controversial. It has been 

previously reported that administration with GLT1-selective inhibitor dihydrokainate (DHK) 

induces robust antidepressant-like responses [37], which is consistent with our previous 

findings [25] of tail suspension and forced swim tests with mice displaying less immobile 
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time revealed in the astrocytic deletion of GLT1. However, it is possible that less immobility 

(more movement) might be an indicator of repetitive behaviors in a short period.

In clinical settings, OCD patients exhibit sensitive reaction to the presentations of novel 

stimuli, which are related to early attention biases to threat [38, 39]. These behaviors were 

reflected in the enhanced locomotor activities in astrocytic GLT1 deficient mice when they 

access a new environment such as open field and elevated plus maze in our studies. Notably, 

the impairment of fear memory is a predisposition of OCD. The mechanisms of fear 

acquisition and extinction play important roles in symptom development, maintenance and 

treatment of OCD [40]. It has been previously shown that anxiety and stress promotes and 

increases repetitive or ritualized behaviors or tics in humans [41, 42] as well as in animal 

models of ASD, OCD and Tourette’s syndrome [7, 10, 35, 43, 44]. The excessive grooming 

and rearing behaviors revealed in astrocytic GLT1 deficient mice are associated with the 

reduced fear response in the fear memory test period, suggesting that reduced fear memory 

may be a predictor of OCD-like repetitive behaviors.

In addition, Petr et.al., [16] reported that only astrocytic (not neuronal) deletion of GLT1 

induced seizure activity, which suggested that the pathological repetitive behavior was due to 

glial dysfunction particularly important in the pathophysiology of excessive repetitive 

behavior. Furthermore, recent data indicated that selective deletion of GLT1 in the 

diencephalon, brainstem and spinal cord was sufficient to reproduce the phenotypes (excess 

mortality, decreased body weight, and lethal spontaneous seizure) [45]. Likewise, GLT1 

dysfunction in the dorsal forebrain is involved in the pathogenesis of infantile epilepsy [45]. 

Interestingly, we also observed seizure behavior in about 30% of astrocytic GLT1 deficient 

mice when they reached 10 weeks old. In order to prevent confounding effects on our 

behavioral analysis, we exclude those mice showing seizure-like behaviors. To clarify 

temporal spatial role of GLT1 in astrocytes, comprehensive reverse-engineering mechanistic 

approaches are required.

In summary, our findings suggest that astrocyte-specific deletion of GLT1 promotes 

obsessive compulsive disorder (OCD)-like repetitive behaviors. Additionally, we are the first 

to report that excessive repetitive behavior is associated with reduced fear response, which 

might be a contributor to OCD. Our study reveals a novel role of astrocytic GLT1 in OCD, 

which may provide a useful therapeutic target toward the treatment of OCD-like repetitive 

behaviors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Astrocytic GLT1 deficiency potentiates total locomotor activity in wheel-

running test.

• Astrocytic GLT1 deficient mice exhibited enhanced grooming and rearing 

behaviors in fear conditioning chamber.

• Astrocytic GLT1 deficient mice showed excessive repetitive behavior in open-

field test and metabolic chamber.
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Fig. 1. 
Prolonged activity in wheel running test in GFAPcre/+;GLT1F/F mice. (A) Activity amplitude 

of wheel running test in GFAPcre/+;GLT1F/F mice (n = 6) and controls (n = 4). Amplitude 

was measured by arbitrary unit (AU). (B) Total activity counts of wheel running test in 

GFAPcre/+;GLT1F/F mice (n = 5) and controls (n = 4). (C) Activity counts during active 

phase (dark period) of wheel running test in GFAPcre/+;GLT1F/F mice (n = 5) and controls (n 
= 4). (D) Activity counts during rest phase (light period) of wheel running test in 

GFAPcre/+;GLT1F/F mice (n = 5) and controls (n = 4). (E) Representative images of 

actogram for GFAPcre/+;GLT1F/F mice and control. All data are presented as mean ± SEM. 

Statistical significance was calculated by Student’s t-test in (B, C, and D), and by two-way 

repeated measures ANOVA with post hoc t-test for multiple comparisons in (A). *P < 0.05.
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Fig. 2. 
Lower activity in Clocklab homecage monitor test in GFAPcre/+;GLT1F/F mice. (A) Activity 

amplitude in home cage by Clocklab system monitor sensor assembled on the lid in 

GFAPcre/+;GLT1F/F mice (n = 8) and controls (n = 7). (B) Total activity counts of 

GFAPcre/+;GLT1F/F mice (n = 5) and controls (n = 7) in home cage. (C) Active phase 

activity counts (dark period) of GFAPcre/+;GLT1F/F mice (n = 7) and controls (n = 7) in 

home cage. (D) Rest phase activity counts (light period) of GFAPcre/+;GLT1F/F mice (n = 6) 

and controls (n = 6) in home cage. (E) Representative images of actogram for 

GFAPcre/+;GLT1F/F mice and control. All data are presented as mean±SEM. All data are 

presented as mean ± SEM. Statistical significance was calculated by Student’s t-test in (B, 

C, and D), and by two-way repeated measures ANOVA with post hoc t-test for multiple 

comparisons in (A). *P < 0.05.
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Fig. 3. 
Excessive repetitive behavior in fear memory test in GFAPcre/+;GLT1F/F mice. (A) The 

experimental schedule for performing fear conditioning test. (B) The grooming time during 

contextual test of GFAPcre/+;GLT1F/F mice (n = 8) and controls (n = 9). (C) The total counts 

of grooming behavior during contextual test of GFAPcre/+;GLT1F/F mice (n = 8) and controls 

(n = 9). (D) The total counts of syntactic chains grooming during contextual test of 

GFAPcre/+;GLT1F/F mice (n = 8) and controls (n = 9). (E) The total counts of rearing 

behavior during contextual test of GFAPcre/+;GLT1F/F mice (n = 8) and controls (n = 9). (F) 
The grooming time during cued test of GFAPcre/+;GLT1F/F mice (n = 10) and controls (n = 

10). (G) The total counts of grooming behavior during cued test of GFAPcre/+;GLT1F/F mice 

(n = 10) and controls (n = 10). (H) The total counts of syntactic chains grooming during 

cued test of GFAPcre/+;GLT1F/F mice (n = 10) and controls (n = 10). (I) The total counts of 

rearing behavior during cued test of GFAPcre/+;GLT1F/F mice (n = 10) and controls (n = 10). 

All data are presented as mean ± SEM. Statistical significance was calculated by Student’s t-
test. *P < 0.05.
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Fig. 4. 
Persistent behavior of GFAPcre/+;GLT1F/F mice in metabolic and open field chambers. (A) 
Total counts of rearing behavior for 48 h in GFAPcre/+;GLT1F/F mice (n = 3) and controls (n 
= 3) in the metabolic chamber. (B) Duration of rearing behavior in GFAPcre/+;GLT1F/F mice 

(n = 10) and controls (n = 12) in the open field test. (C) Jump counts in GFAPcre/+;GLT1F/F 

mice (n = 10) and controls (n = 11) in the open field test. (D) Distance moved in the open 

field of GFAPcre/+;GLT1F/F mice (n = 9) and controls (n = 9). All data are presented as mean

±SEM. Statistical significance was calculated by Student’s t-test. *P < 0.05.
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