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Abstract

Studies from our laboratory showed that upregulation of glutamate transporter 1 (GLT-1) and 

cystine-glutamate exchanger (xCT) expression with ceftriaxone, β-lactam antibiotic, in the brain 

was associated with attenuation of ethanol consumption. In this study, we tested clavulanic acid, 

which is another β-lactam compound with negligible antimicrobial activity, on ethanol 

consumption and expression of GLT-1, xCT and glutamate aspartate transporter (GLAST) in male 

alcohol-preferring (P) rats. Clavulanic acid has the central β-lactam pharmacophore that is critical 

for the upregulation of GLT-1 and xCT expression. We found that clavulanic acid, at 5 mg/kg (i.p.) 

dose, significantly attenuated ethanol consumption and ethanol preference in P rats as compared to 

vehicle-treated group. This effect was associated with a significant increase in water intake in 

clavulanic acid treated group. Importantly, we found that clavulanic acid increased the expression 

of GLT-1 and xCT in nucleus accumbens. However, there was no effect of clavulanic acid on 

GLAST expression in the nucleus accumbens. Clavulanic acid treatment did not upregulate the 

expression of GLT-1, xCT and GLAST in prefrontal cortex. These findings revealed that 

clavulanic acid at 20–40 fold lower dose than ceftriaxone can attenuate ethanol consumption, in 

part through upregulation of GLT-1 and xCT expression in the nucleus accumbens. Thus, we 

suggest that clavulanic acid might be used as an alternative option to ceftriaxone to attenuate 

ethanol drinking behavior.
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Introduction

Ethanol dependence is a complex social and psychiatric problem that involves several 

neurotransmitter systems, including glutamate (1–3). Ethanol dependence induced a 

dysregulation of glutamatergic neurotransmission in brain regions involved in drug reward 

and reinforcement (4–6). This includes elevation of extracellular glutamate concentration 

and reduction in the expression of glial glutamate transporters in the mesocorticolimbic 

brain regions, including the nucleus accumbens (NAc) (4, 7–10). Glutamatergic projections 

from the prefrontal cortex (PFC) to the NAc are critical in the reinstatement to several drugs 

of abuse, including cocaine and heroin (11, 12). Extracellular glutamate concentration is 

regulated by several glutamate transporters (13, 14). Glutamate transporter 1 (GLT-1) is 

responsible for the uptake of majority of extracellular glutamate concentration in the brain 

(13, 15–17). Several studies from our laboratory demonstrated that chronic ethanol 

consumption decreased the expression of GLT-1 and its isoforms (GLT-1a and GLT-1b) (4, 

7, 18–20).

Cystine/glutamate exchanger (xCT) is another glial glutamate transporter, which also 

regulates the extracellular glutamate concentration in the brain (21, 22). Reduction in xCT 

expression can lead to an impairment in glutamate uptake and increase in the extracellular 

glutamate concentration (22). xCT was downregulated following chronic ethanol exposure 

in alcohol-preferring (P) rats (7, 23). In addition, glutamate aspartate transporter (GLAST) is 

another glial glutamate transporter that is less expressed in the forebrain but highly 

expressed in the cerebellum (24).

Previous studies demonstrated that treatment with β-lactam antibiotic, ceftriaxone, reduced 

ethanol intake and attenuated the reinstatement of cocaine seeking behavior in rat animal 

model (20, 23, 25, 26). This effect was due to the fact that ceftriaxone restores the 

extracellular glutamate concentration in the NAc (4), and possibly in other brain regions. 

Ceftriaxone’s upregulatory effect on GLT-1 is mainly attributed to the β-lactam ring found in 

β-lactam compounds (27). A ceftriaxone alternative is clavulanic acid (CA), which is 

normally administered in combination with amoxicillin to overcome resistance to β-

lactamase enzyme-producing bacteria. CA is another β-lactam compound that has a 

negligible therapeutic value as antimicrobial, orally active and stable with high 

bioavailability (64–75%) (28). CA structure has β-lactam core, which is required for the 

upregulation of GLT-1 (27). The drug was found to readily cross the blood brain barrier in 

patients with intact meninges, permitting its effects in the brain (29). These advantages 

suggest that CA can serve as potential safe compound to attenuate ethanol intake in rat 

animal model. In this study, we examined the effects of CA on ethanol consumption, ethanol 

preference, water intake, and body weight in P rats as it has been performed in previous 

studies from our laboratory with other β-lactam compounds (7, 23, 30). Furthermore, we 

investigated the effects of CA on the expression of the glial glutamate transporters such as 

GLT-1, xCT and GLAST.
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MATERIALS AND METHODS

Animals

Male P rats were procured from Indiana University, School of Medicine (Indianapolis, IN, 

USA) at the age of 21–30 days, and housed in the Department of Laboratory Animal 

Resources, University of Toledo, Health Science Campus. At the age of 90 days, rats were 

individually housed in a plastic cage and divided into two groups: (a) Control group, which 

received intraperitoneal (i.p.) injections of saline for five consecutive days (n=7); and (b) CA 

group, which received i.p. injections of CA at dose of 5 mg/kg/day for five consecutive days 

(n=7). All animal procedures were in compliance and approved by the Institutional Animal 

Care and Use committee of The University of Toledo in accordance with the guidelines of 

the Institutional Animal Care and Use Committee of the National Institutes of Health and 

the Guide for the Care and Use of Laboratory Animals.

Behavioral drinking paradigms

At the age of 90 days, rats had a free choice of two ethanol concentrations (15% and 30% 

v/v), water and food for a period of five weeks. After the third week, ethanol and water 

consumptions were measured three times a week for two weeks and considered as baseline 

intake. The P rats line displays excessive binge-like ethanol drinking with average ethanol 

intake of more than 5 g/kg/day, attaining blood ethanol concentration of 200 mg% (31, 32). 

Therefore, animals with a baseline ethanol consumption of less than 4 g/kg/day were not 

included in the study as performed in previous studies (20, 33, 34). During Week 6, vehicle 

or CA was administered for five consecutive days. Ethanol (15% and 30%) consumption, 

water intake and animal body weight were measured every day through the last day of the 

experiment.

Brain tissue harvesting

All rats were euthanized using carbon dioxide inhalation 24 hours after the last CA or 

vehicle i.p. injections and decapitated using guillotine. Brains were then removed and 

immediately stored at −80°C. Brain regions (NAc and PFC) were microdissected according 

to the Rat Brain Atlas (35) and stored at −80°C for Western blot analysis.

Western blot analysis for detection of GLT-1, xCT and GLAST

Isolated brain regions were examined for changes in GLT-1, xCT and GLAST expression 

relative to the total β-tubulin using Western blotting procedure as previously described (7, 

26). Guinea pig anti-GLT1 (1:5,000), rabbit anti-xCT antibody (1:1,000), or rabbit anti-

EAAT1 (GLAST) antibody (1:5,000) was used as primary antibody. The selection of 

secondary antibody was according to the primary antibody used; these secondary antibodies 

were guinea pig anti-GLT-1 secondary antibody (1:5,000) and rabbit anti-xCT secondary 

antibody (1:5000). β-tubulin was used as loading control (1:5,000). The detected bands were 

quantified using MCID system, and the results were expressed as a percentage of the ratio of 

tested protein/β-tubulin relative to control group (100% control-value) as performed in 

recent studies from our laboratory (7, 36).
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Statistical analyses

Statistical analysis using two-way repeated measure ANOVA was conducted to determine 

the main effect of Days and Treatment x Day interaction on ethanol intake, ethanol 

preference, water intake, and body weight between control and CA groups. Bonferroni 

multiple comparisons post-hoc test was used whenever a significant main effect or 

interaction was found. An unpaired t-test was used to compare Western blot results (GLT-1/

β-tubulin, xCT/β-tubulin and GLAST/β-tubulin) between control and CA groups. All 

statistical analyses were based on statistical significance value of p < 0.05.

RESULTS

Effect of CA on ethanol intake

Statistical analysis using two-way repeated measure ANOVA revealed a significant main 

effect of Days [F (1, 5) = 4.605, p < 0.01] and significant Treatment x Day interaction [F (1, 

5) = 4.241, p < 0.01]. Bonferroni multiple comparisons post-hoc test revealed a significant 

reduction in ethanol consumption in CA treated group as compared to control group starting 

on Day 1 (24 hrs after the first day of treatment) through Day 5 (p < 0.01) (Fig. 1A).

Effect of CA on ethanol preference

The percentage of ethanol preference was calculated daily by the following equation: [total 

ethanol consumption/total fluid consumption x 100] using the daily ethanol and water 

consumption for each rat as described previously (37). Two-way repeated measure ANOVA 

revealed a significant main effect of Day [F (1, 5) = 14.03, p < 0.0001] and significant 

Treatment x Day interaction [F (1, 5) = 10.2, p < 0.0001]. Bonferroni multiple comparisons 

post-hoc test revealed a significant reduction in ethanol preference from Day 1 through the 

last day of the experiment in CA group (p < 0.01) as compared to the control group (Fig. 

1B).

Effect of CA on water intake

Two-way repeated measure ANOVA demonstrated a significant effect of Days [F (1, 5) = 

4.470, p < 0.01] and significant Treatment x Day interaction [F (1, 5) = 3.225, p < 0.05]. 

Bonferroni multiple comparisons post-hoc test revealed a significant increase in water intake 

from Day 2 through Day 5 in rats treated with CA as compared to the control group (p < 

0.01) (Fig. 1C).

Effect of CA on body weight

Two-way repeated measure ANOVA revealed a significant main effect of Days [F (1, 5) = 

7.276, p < 0.0001]. However, there was no significant change in Treatment x Day interaction 

effect [F (1, 5) = 1.377, p > 0.05]. Bonferroni multiple comparisons post-hoc test revealed 

no significant difference in the body weight during the five days of treatment between CA-

treated and control groups (Fig. 1D).
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Effects of CA on the expression of GLT-1, xCT and GLAST in the NAc and PFC

Statistical analysis of GLT-1 immunoblots in the NAc using unpaired t-test revealed a 

significant upregulation of GLT-1 expression in CA group as compared to the control group 

(p < 0.05), (Fig. 2A, B). In addition, unpaired t-test revealed a significant upregulation of 

xCT expression in CA group as compared to control group in the NAc (p < 0.05), (Fig. 2C, 

D). However, unpaired t-test did not reveal any significant difference in GLAST expression 

between CA and control groups in the NAc (p > 0.05), (Fig. 2E, F). Furthermore, we 

investigated the effect of CA treatment on the expression of GLT-1, xCT and GLAST in the 

PFC. CA treatment did not reveal any significant change in the expression of GLT-1, xCT 

and GLAST in the PFC as compared to control groups (Fig. 3 B, D, F).

DISCUSSION

Several studies from our laboratory demonstrated that ceftriaxone can reduce ethanol 

consumption and upregulate GLT-1 expression in several brain regions (20, 23, 25). Due to 

the structural similarities between ceftriaxone and CA and the existence of the β-lactam core 

in both compounds, we proposed that CA might produce similar effect as ceftriaxone on 

ethanol consumption in P rats. Indeed, we revealed that treatment with CA at dose of 5 

mg/kg for five consecutive days attenuated ethanol consumption starting from Day 1 

throughout the treatment period. In addition, CA treatment significantly reduced ethanol 

preference starting from Day 1 throughout Day 5 as compared to control group. This is in 

accordance with previous studies from our laboratory that showed β-lactams treatment, 

including ceftriaxone and Augmentin, attenuated ethanol consumption starting from Day 1 

(7, 25). This effect might be related to increase in the activity of GLT-1 or other unknown 

pharmacological effects. Furthermore, the reduction of ethanol consumption was associated 

with increase in water intake in CA treated group. This increase in water intake might be 

explained as compensatory mechanism for the total fluid intake in P rats as previously 

reported from our laboratory (7, 30, 33). It is important to note that CA i.p. injections did not 

change the body weight of P rats.

Glutamate transmission in central reward brain regions, particularly the NAc, plays critical 

role in dependence-related behavior, including drug-seeking behavior (38). The association 

between elevated extracellular glutamate concentration in the NAc and ethanol-seeking 

behavior has been previously determined (39, 40). Interestingly, upregulation of GLT-1 

expression with ceftriaxone attenuated ethanol consumption and restored extracellular 

glutamate concentration in NAc (4). In this study, we revealed that CA treatment upregulated 

GLT-1 expression in the NAc but not in the PFC and attenuated ethanol consumption. A 

possibility for this differential effect of CA might be due to different levels of GLT-1 

expression between NAc and PFC, which warranted further investigation. Previous reports 

from our laboratory have revealed that glial glutamate transporters, including GLT-1 and its 

isoforms were not altered in the PFC following chronic ethanol exposure in P rats (7, 18). To 

date, very little is known about the role of PFC glutamatergic neurotransmission in ethanol 

seeking behavior and other drugs of abuse.

While GLT-1 is responsible for regulating the majority of extracellular glutamate 

concentration, xCT plays a crucial role in controlling the extrasynaptic release of glutamate 
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(41). xCT regulates the release of glutamate from astrocytes in exchange for cystine (42), 

and the impairment of xCT system has been involved in ethanol dependence in animal 

models (7, 23, 25, 43). Several studies have reported that β-lactam antibiotics induced a 

reduction in ethanol consumption, in part, by upregulating xCT expression in the NAc (7, 

23, 25, 43). Similarly, CA treatment revealed a significant upregulation of xCT expression in 

the NAc but not in the PFC. CA administration did not change the expression of GLAST in 

the NAc and PFC. This is in accordance with previous studies from our laboratory that 

reported β-lactam treatment did not induce any significant difference in the GLAST 

expression as compared to the control group (43, 44).

Ceftriaxone treatment attenuated ethanol consumption and showed a potent upregulatory 

effect on GLT-1 expression in several brain regions (25, 33, 45) and increased the 

extracellular glutamate uptake in animal models with ethanol drinking behaviors (4). 

Ceftriaxone has poor brain penetrability, which requires higher doses to achieve desired 

efficacy. In contrast to ceftriaxone, CA shows favorable pharmacokinetic profile, including 

high brain penetration ability with cerebrospinal fluid/ plasma ratio of around 0.25 (29, 46). 

CA is a β-lactamase inhibitor with the existence of β-lactam core, which is considered as a 

critical site for the upregulation of GLT-1 expression in the brain (27). Importantly, the drug 

does not have any antibiotic activity as compared to ceftriaxone. CA has been reported to 

upregulate GLT-1 expression in mice (47). In this study, CA significantly attenuated ethanol 

consumption and upregulated GLT-1 expression in the NAc at 20-fold lower dose than 

ceftriaxone. We also showed, for the first time, that CA upregulated xCT expression in the 

NAc in P rats. These findings are in line with our previous reports, which demonstrated that 

β-lactam compounds attenuated ethanol consumption and upregulated GLT-1 and xCT 

expression in the NAc. Together, these findings provide ample evidence that CA can be a 

potential safe treatment for management of ethanol dependence and possibly other drugs of 

abuse.

Supplementary Material

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

• Clavulanic acid (CA) attenuated ethanol consumption in P rats.

• CA increased GLT-1 and xCT expression in the NAc.

• CA did upregulate GLAST expression in the NAc.

• CA did not upregulate GLT-1, xCT and GLAST expression in the PFC.

Hakami and Sari Page 10

Neurosci Lett. Author manuscript; available in PMC 2018 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Daily average ethanol intake, ethanol preference, water intake and body weight following 

CA treatment in P rats exposed to free choice of ethanol and water for five weeks. A) Effect 

of CA on average ethanol intake as compared to control group (g/kg/day). CA treatment 

induced significant reduction in ethanol intake as compared to control group starting 24 

hours after the first day of treatment. B) Effect of CA on percent of ethanol preference as 

compared to control group. CA treatment induced significant decrease in ethanol preference 

as compared to control group. C) Effect of CA on water intake as compared to control group 

(g/kg/day). CA treatment induced a significant increase in water intake as compared to 

control group. D) Effect of CA on average body weight of P rats. There was no significant 

difference in the average body weight between the CA and control groups. Data are 

represented as mean ± SEM (**p < 0.01, ***p < 0.001, ****p < 0.0001), (n=7 for each 

group).
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Figure 2. 
Effects of CA treatment on GLT-1, xCT and GLAST expression in the NAc. (A, C, E) 

Immunoblots for GLT-1/β-tubulin, xCT/β-tubulin, and GLAST/β-tubulin, respectively. (B) 

Quantitative analysis for the immunoblots revealed a significant upregulation of GLT-1 

expression in the CA treated group as compared to control group in the NAc. (D) 

Quantitative analysis for the immunoblots revealed a significant upregulation of xCT 

expression in the CA treated group as compared to control group in the NAc. (F) 

Quantitative analysis for the immunoblots revealed no significant difference in GLAST 

expression between CA treated group and control group in the NAc. Data are represented as 

mean ± SEM, (*p < 0.05); (n=7 for each group).
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Figure 3. 
Effects of CA treatment on GLT-1, xCT and GLAST expression in the PFC. (A, C, E) 

Immunoblots for GLT-1/β-tubulin, xCT/β-tubulin and GLAST/β-tubulin, respectively. (B, D, 

F) Quantitative analysis for the immunoblots revealed no significant difference in GLT-1, 

xCT or GLAST expression in the CA treated group as compared to control group in the 

PFC. Data are represented as mean ± SEM; (n=7 for each group).
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