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Abstract

Alteration of glutamatergic-neurotransmission is a hallmark of alcohol abuse. We have previously 

reported that chronic ethanol-drinking downregulated glutamate transporter 1 (GLT-1) in nucleus 

accumbens (NAc) in male P rats in a manner that was reversed by ceftriaxone treatment. However, 

the effect of ceftriaxone on extracellular glutamate concentrations in NAc after chronic ethanol-

drinking has not yet been studied. In the present study, male P rats were treated with ceftriaxone 

(100 mg/kg/day, i.p.) for five consecutive days following five-weeks of free choice ethanol (15% 

and 30%) drinking. In vivo microdialysis was performed to measure the extracellular glutamate 

concentrations in NAc and the effect of blockade of GLT-1 with dihydrokainic acid (DHK) on 

extracellular glutamate in NAc of ceftriaxone-treated rats was determined. Ceftriaxone treatment 

attenuated ethanol intake as well as ethanol preference. Extracellular glutamate was significantly 

higher in NAc after five-weeks of ethanol drinking in saline-treated compared to water control 

rats. Ceftriaxone treatment blocked the increase extracellular glutamate produced by ethanol 

intake. Blockade of GLT-1 by DHK reversed the effects of ceftriaxone on glutamate and 

implicated the role of GLT-1 in the normalization of extracellular glutamate by ceftriaxone. In 

addition, GLT-1 protein was decreased in ethanol exposed animals and ceftriaxone treatment 

reversed this deficit. Ceftriaxone treatment also increased glutamine synthetase activity in NAc 

but not in PFC as compared to ethanol drinking saline-treated rats. Our present study demonstrates 

that ceftriaxone treatment prevents ethanol drinking in part through normalization of extracellular 

glutamate concentrations in NAc of male P rats via GLT-1.
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1. Introduction

Alcoholism is a common glutamate-related neuropsychiatric disorder (Tsai et al., 1995). An 

alteration of cortico-striatal glutamatergic neurotransmission is a hallmark of alcohol abuse. 

Furthermore, the changes in cortico-striatal glutamatergic-neurotransmission produced by 

ethanol include: 1) decreased levels of glutamate transporter 1 (GLT-1, its human homolog 

termed excitatory amino acid transporter 2, EAAT2) (Sari et al., 2013b) and cystine/

glutamate exchanger (xCT) (Alhaddad et al., 2014) in nucleus accumbens (NAc) following 

chronic ethanol drinking, 2) increased extracellular glutamate concentrations in the NAc 

following acute ethanol administration (Dahchour et al., 2000, Melendez et al., 2005), 3) 

decreased glutamate uptake in the NAc following repeated ethanol exposure (Melendez et 

al., 2005), and 4) increased extracellular glutamate concentrations in NAc shell following 

chronic ethanol drinking (Ding et al., 2013).

Extracellular glutamate is regulated by several glutamate transporters (Gegelashvili and 

Schousboe, 1997, Seal and Amara, 1999, Anderson and Swanson, 2000), however GLT-1 

regulates the majority of extracellular glutamate (Rothstein, 1995, Danbolt, 2001, Mitani 

and Tanaka, 2003). Ceftriaxone (CEF), a β-lactam antibiotic, is known to cross the blood-

brain barrier (BBB) (Lucht et al., 1990, Prasil et al., 2010) and has been shown to upregulate 

GLT-1 (Rothstein et al., 2005, Lee et al., 2008, Ramos et al., 2010, Sari et al., 2010), xCT 

levels (Lewerenz et al., 2009, Knackstedt et al., 2010, Alhaddad et al., 2014) and produce 

sustained reductions of extracellular glutamate in the NAc of rats (Rasmussen et al., 2011b). 

Furthermore, CEF is known to have neuroprotective effects (Mimura et al., 2011) and 

attenuated cocaine-seeking (Sari et al., 2009, Knackstedt et al., 2010, Sondheimer and 

Knackstedt, 2011), cannabinoid tolerance (Gunduz et al., 2011), amphetamine-induced 

hyperactivity and behavioral sensitization (Rasmussen et al., 2011a), and morphine-evoked 

hyperthermia (Rawls et al., 2007). CEF has also been reported to attenuate both chronic and 

relapse-like ethanol drinking (Sari et al., 2011, Qrunfleh et al., 2013, Sari et al., 2013a, Sari 

et al., 2013b, Alhaddad et al., 2014, Rao and Sari, 2014), and ethanol-withdrawal 

manifestations (Abulseoud et al., 2014).

Drugs of abuse, including ethanol, activate dopaminergic projections from ventral tegmental 

area (VTA) to PFC and NAc. NAc receives glutamatergic inputs from PFC, hippocampus 

(Hipp) and amygdala (Amy) (Kalivas and O’Brien, 2008). The PFC-NAc glutamate 

projection commences adaptive behavior and Hipp/Amy-NAc glutamate projections help to 

retrieve previously experienced emotional and circumstantial information (Moussawi and 

Kalivas, 2010). Thus, NAc becomes a key brain region modulating addiction and has been 

focused in this study. Less is known about the role of extracellular glutamate in NAc 

following chronic ethanol consumption. Although CEF treatment produced sustained 

reductions of basal extracellular glutamate in NAc (Rasmussen et al., 2011b), it is unknown 

whether CEF modulates extracellular glutamate in NAc following chronic ethanol drinking. 
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In this study, P rats voluntarily drank ethanol using a three-bottle choice paradigm for five 

weeks as a model of chronic alcoholism. We tested the hypothesis that chronic voluntary 

ethanol-drinking would increase the extracellular glutamate concentrations in NAc of P rats 

and CEF treatment would reverse the increases in extracellular glutamate after chronic 

voluntary ethanol drinking. We used in-vivo microdialysis with no-net-flux to measure 

extracellular concentrations of glutamate in NAc of P rats. Western blot analysis was used to 

examine the relative expression level of GLT-1. Furthermore, dihydrokainic acid, a GLT-1 

blocker, was locally perfused into the NAc of CEF-treated P rats to investigate the 

contribution of GLT-1 to the modulation of extracellular glutamate by CEF. Since 

glutamatergic neurotransmission is regulated by the glutamate-glutamine cycle and 

glutamine synthetase (GS) (Tani et al., 2014) , we also investigated the effect of chronic 

ethanol-drinking and CEF treatment on GS activity in PFC and NAc of P rats.

2. Materials and methods

2.1. Subjects

Male P rats were shipped at their age of 3-4 weeks from Indiana University School of 

Medicine, Indianapolis; IN. At the age of 80-85 days, P rats were single housed with 21°C 

temperature and 50% humidity in a 12h light/dark cycle. Food and water were available 

unrestricted throughout the experiments; and all experimental procedures were conducted in 

light cycle. All housing and experimental procedures are 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 (Institute of Laboratory 

Animal Resources, Commission of Life sciences, 1996).

2.2. Ethanol Drinking Procedures

At the age of 90 days, male P rats had continuous and free access to ethanol (15% and 30%, 

v/v, concurrently), and/ or water for five weeks. Ethanol and water intake were measured (as 

g/kg/day) three times per week during the last two weeks and served as baseline intake. 

During week six of ethanol drinking, rats were randomly divided into two groups: ethanol-

drinking saline-treated (EtOH-Sal) rats and ethanol-drinking CEF-treated (EtOH-CEF) rats. 

The Water-drinking saline-treated (WD-Sal) group had free access to water and food only 

throughout the experiment. The EtOH-CEF group received CEF at a dose of 100 mg/kg 

(i.p.) once daily for five consecutive days during week six. Both WD-Sal and EtOH-Sal 

groups received saline (i.p.) once daily for five consecutive days during week six. The 

stereotaxic surgery for implantation of microdialysis probes was performed on day six and 

in-vivo reverse microdialysis with no-net-flux was performed on day seven of week six. 

Another group of CEF-treated rats was perfused with DHK (500 μM) during the 

microdialysis procedure and termed as EtOH-CEF+DHK group.

CEF 100 mg/kg/day was used because it was reported to significantly increase the level of 

GLT-1 in both PFC and NAc of P rats (Sari et al., 2011, Sari et al., 2013b). This dose also 

significantly reduced the baseline extracellular glutamate concentrations in the NAc of rats 

(Rasmussen et al., 2011b).
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2.3. In-vivo reverse microdialysis (no-net-flux microdialysis)

Probes for reverse microdialysis were constructed as previously described (Halpin et al., 

2014). Briefly, probes were made of PE 20 tubing (Becton Dickinson), silica tubing (OD, 

150 μm; Polymicro Technologies), 26 ga stainless steel hypodermic tubing (Small parts), 

Hollow Fiber Microdialysis Membrane ( active membrane, 1.7 mm; 13,000 molecular 

cutoff; 216 μm outer diameter; Spectrum Laboratories), 2 ton waterproof epoxy and tygon 

microbore tubing. Surgeries for the probe placement were performed a day before the 

microdialysis experiment. The microdialysis procedure on next day of probe placement has 

been shown to provide stable baseline glutamate concentration (Halpin et al., 2014). The 

probes were stereotaxically placed into the NAc (AP+1.8, ML+1.5, DV-6.5/-7mm). 

Xylazine (5 mg/kg) and ketamine (75 mg/kg) were used as anesthetics.

Artificial cerebrospinal fluid (aCSF) was perfused at a flow rate of 1.5 μl/min through the 

probes during next day. The flow rate was fixed at 1.5 μl/min throughout the microdialysis 

procedure. Following a 1 h equilibration period, baseline samples were collected every 30 

min for 3 h after which the aCSF was switched to aCSF containing 2.5, 5, and 10 μM 

glutamate. Two samples were collected at 30 min interval for each concentration. For EtOH-

CEF+DHK group, DHK (500 μM) was perfused for 30 min at flow rate of 1.5 μl/min prior 

to baseline samples collection and each concentration switch. Only rats with probe 

placement in NAc (core or shell) were included in the study. A concentration of 500 μM 

DHK was used based on previous literature showing effective blockade of GLT-1 (Fletcher 

and Johnston, 1991, Fischer et al., 2013).

2.4. Quantification of glutamate

Glutamate content of the dialysates was analyzed using an HPLC system (ESA, Inc) with 

electrochemical detection as previously described (Breier et al., 2006). Dialysate samples 

were derivatized with O-phthalaldehyde (OPA) and sodium sulfite with an ESA Model 540 

autosampler before injecting onto a C18 column (3.0×50 mm, 2.5 μm particle size, Waters). 

The elution was performed with a mobile phase containing 0.1M Na2HPO4, 0.1mM EDTA, 

and 7.5% Methanol (pH 3.0). Glutamate was detected by CoulArray coulometric detector 

(model 5600A, ESA, Inc.), and the data were recorded using CoulArray software. Glutamate 

concentration in each dialysate was analyzed by peak height and compared with an external 

standard.

2.5. Brain Tissue Harvesting

After the microdialysis procedure, P rats were euthanized with CO2 inhalation and rapidly 

decapitated with a guillotine. Brains were removed and instantly frozen with dry ice and 

stored at −70°C.

2.6. Western Blot

After probe placement verification, the whole NAc in the hemisphere contralateral to the 

probe placement was dissected from cryostat sections through the NAc (Paxinos and 

Watson, 1998). The whole NAc was dissected since CEF increased the levels of GLT-1 in 

both the core and shell of NAc (Sari et al., 2013b). The cytoplasmic fraction of the dissected 
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NAc was used to determine the level of GLT-1. Cytoplasmic and nuclear fractions were 

separated as described previously (Ahmed et al., 2006). Equal amounts of protein were 

loaded and separated by 10-20% tris-glycine gel (Life Technologies, Grand Island, NY). 

Proteins were then transferred onto PVDF membrane and incubated at room temperature 

with blocking buffer for 30 min. The membranes were incubated overnight at 4°C with 

guinea pig-anti GLT-1 (1: 5000, Millipore, 60 kDa). The membranes were then washed with 

TBST, incubated with HRP-linked secondary antibody (1:5000) at room temperature for 90 

minutes, and developed using HRP chemiluminescent kit (SuperSignal West Pico, Pierce 

Inc.). Furthermore, membranes were exposed to Kodak BioMax MR films (Fisher Inc.), and 

the films were developed by SRX-101A machine. The bands were quantified using MCID 

software and normalized to a β-tubulin (50 kDa) internal loading control.

2.7. Glutamine Synthetase (GS) Activity Assay

Cytoplasmic fractions of PFC and NAc were used to determine glutamine synthetase (GS) 

activity. GS activity was measured by γ-glutamyl transfer assay as previously described 

(Miller et al., 1978, van der Vos et al., 2012). Briefly, equal volume of cytoplasmic fractions 

of PFC and NAc were mixed with assay mixture (50 mM imidazole chloride (pH 7.4), 50 

mM L-glutamine, 25 mM hydroxylamine, 25 mM Na-arsenate, 2 mM MnCl2 and 0.16 mM 

ADP) and incubated in a 96-well plate at 37°C for 30 min. The reaction was terminated by 

the addition of GS stop solution (2.42% FeCl3, 1.45% trichloroacetic acid and 1.82 N HCl). 

The absorbance of the formed γ-glutamyl hydroxamate was measured at 570 nm and 

converted into nanomoles by a calibration curve using authentic γ-glutamyl hydroxamate. 

Parallel incubations of cytoplasmic fractions with assay mixture lacking Na-arsenate and 

ADP served as blank.

2.8. Statistical Analysis

Differences in ethanol intake, ethanol preference (amount of ethanol consumed/total amount 

of fluid consumed × 100) and body weight between EtOH-Sal and EtOH-CEF groups were 

analyzed with two-way (repeated measure) ANOVA followed by Bonferroni’s multiple 

comparison test. No-net-flux microdialysis data were analyzed with linear regression 

analysis where the x-intercept and slope represented extracellular glutamate concentrations 

and probe recovery, respectively. Differences in extracellular glutamate concentration and 

probe recovery were further analyzed with one-way ANOVA followed by Tukey’s post hoc 

test. Western blot and GS activity assay data were analyzed with one-way ANOVA 

followed by Tukey’s post hoc test. All statistical analyses were performed using GraphPad 

Prism. All data are presented as mean ± SEM.

2.9. Drugs

CEF was purchased from Apotex Corp (USA) and dissolved in saline solution (0.9% NaCl). 

Dihydrokainic acid (DHK) was purchased from Tocris Bioscience (Ellisville, MO, USA) 

and dissolved in dialysis buffer.
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3. Results

3.1. Attenuation of Ethanol Intake and Ethanol Preference by Ceftriaxone Treatment

We determined the effects of CEF treatment on ethanol intake and ethanol preference as 

well as body weights. Two-way (repeated measure) ANOVA showed a significant effect of 

day on ethanol intake [F (5, 35) = 9.84, p<0.0001], a significant effect of treatment [F (1, 7) 

= 83.77, p<0.0001], and a significant day × treatment interaction [F (5, 35) = 14.25, 

p<0.0001]. Bonferroni’s multiple comparison test revealed a significant reduction in ethanol 

intake in EtOH-CEF group compared to EtOH-Sal group (p<0.0001 for day 1 through day 5) 

(Fig. 1A).

A two-way (repeated measure) ANOVA conducted on ethanol preference revealed a 

significant effect of day [F (5, 35) = 3.33, p=0.01], a significant effect of treatment [F (1, 7) 

= 18.66, p=0.003] and a significant interaction between day and treatment [F (5, 35) = 6.04, 

p=0.0004]. Bonferroni’s multiple comparison test revealed that CEF treatment significantly 

decreased ethanol preference in EtOH-CEF group compared to EtOH-Sal group (p<0.001 

for day 1 and p<0.0001 for day 2 through day 5). Baseline ethanol preference between 

EtOH-Sal and EtOH-CEF groups was not significantly different (p>0.99) (Fig. 1B).

3.2. Ceftriaxone Treatment Normalizes Extracellular Glutamate Concentration in NAc

Figure 2 shows microdialysis probe placements in NAc. We conducted a one-way ANOVA 

on basal glutamate concentrations (x-intercept of linear regression curve when y=0) and on 

the slopes of the linear regression analysis. A one-way ANOVA conducted on basal 

glutamate data revealed a significant main effect among WD-Sal, EtOH-Sal, EtOH-CEF and 

EtOH-CEF+DHK groups [F (3, 24) =6.48, p=0.002] (Fig 3A). Tukey’s multiple comparison 

test revealed that the extracellular glutamate level in NAc is significantly higher in EtOH-

Sal group compared to WD-Sal group (p=0.03) (Fig. 3B). CEF treatment for five 

consecutive days significantly reduced extracellular glutamate level in NAc in EtOH-CEF 

group compared to EtOH-Sal group (p=0.002). Extracellular glutamate concentrations in 

NAc in EtOH-CEF group were not significantly different from WD-Sal group (p=0.71). 

Importantly, blockade of GLT-1 by perfusion of DHK (500 μM) significantly increased 

extracellular glutamate concentrations in NAc in EtOH-CEF+DHK group compared to 

EtOH-CEF group (p=0.04). Extracellular glutamate in NAc in EtOH-CEF+DHK group was 

not significantly different from EtOH-Sal group (p=0.76) (Fig. 3B).

A one-way ANOVA conducted on slope of regression analysis data revealed a significant 

main effect among groups [F (3, 24) =7.37, p=0.001]. The slope of linear regression line 

(probe recovery) was significantly lower in EtOH-Sal group compared to WD-Sal group 

(p=0.03). CEF treatment normalized the slope of linear regression line in EtOH-CEF group 

compared to the EtOH-Sal group (p=0.0008). In addition, the blockade of GLT-1 

significantly lowered the slope of regression line in EtOH-CEF+DHK group compared to 

EtOH-CEF group (p=0.03). The slope of regression line in EtOH-Sal group was not 

significantly different from EtOH-CEF+DHK group (p=0.57) (Fig. 3C).
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3.3. Chronic Ethanol Consumption Caused Downregulation of GLT-1 Level and Ceftriaxone 
Treatment Normalized GLT-1 Level

We used western blot analysis to test the effect of voluntary ethanol-drinking and CEF 

treatment on expression level of GLT-1 in NAc (Fig. 4A). One-way ANOVA, followed by 

Tukey’s post hoc, revealed a significant main effect of ethanol-drinking and CEF treatment 

on GLT-1 level [F (2, 21) = 6.85, p= 0.005]. Tukey’s multiple comparison test revealed a 

significantly lower level of GLT-1 in EtOH-Sal group compared to WD-Sal group (p=0.04), 

and significantly higher level of GLT-1 in EtOH-CEF group compared to EtOH-Sal group 

(p=0.004). There was no significant difference in GLT-1 level between WD-Sal and EtOH-

CEF groups (Fig. 4B).

3.4. Increase in GS Activity by CEF Treatment in PFC and NAc of P rats

We further tested the effect of voluntary ethanol-drinking on GS activity in PFC and NAc of 

P rats. In PFC, one-way ANOVA revealed no significant main effect among WD-Sal, 

EtOH-Sal and EtOH-CEF groups [F (2, 18) = 0.34, p= 0.71] (Fig. 5A). Tukey’s multiple 

comparison test revealed no significant difference among WD-Sal, EtOH-Sal and EtOH-

CEF groups. In NAc, One-way ANOVA, followed by Tukey’s post hoc, revealed a 

significant main effect among WD-Sal, EtOH-Sal and EtOH-CEF groups [F (2, 20) = 3.623, 

p= 0.04]. Tukey’s multiple comparison tests revealed that GS activity was not significantly 

different between EtOH-Sal and WD-Sal groups following five-week of voluntary ethanol 

drinking (p=0.34) (Fig. 5B). We further tested whether CEF treatment had any effect on GS 

activity in NAc. CEF treatment indeed significantly increased GS activity of NAc in EtOH-

CEF group compared to EtOH-Sal group (p=0.03). GS activity in NAc was not significantly 

different between WD-Sal and EtOH-CEF groups (p=0.40) (Fig. 5B).

4. Discussion

Our current study is unique in several aspects. First, we used reverse microdialysis (no-net-

flux microdialysis) to evaluate the effect of CEF treatment on extracellular glutamate level 

in NAc of P rats following chronic ethanol drinking. Second, we blocked GLT-1 through 

perfusion of DHK to investigate the involvement of GLT-1 in CEF-modulated glutamate 

level in NAc of P rats. Third, we also investigated the effect of CEF treatment on GS 

activity in NAc of P rats. The present findings showed that CEF treatment significantly 

attenuated voluntary ethanol drinking in male P rats using three-bottle choice (15% ethanol, 

30% ethanol and water) drinking paradigm. The attenuated ethanol-drinking was associated 

with a significant decrease in ethanol preference during the five days of CEF treatment. 

However, CEF treatment didn’t cause any significant changes on the body weight of male P 

rats (data not shown). These results are in accordance with previous findings that showed an 

attenuation of both chronic (Sari et al., 2011, Alhaddad et al., 2014), and relapse-like 

(Qrunfleh et al., 2013) ethanol drinking in P rats, and decreased ethanol preference in mice 

(Lee et al., 2013) treated with CEF. Here, we used a three-bottle choice drinking model 

because P rats were found to drink more than 4 g/kg/day with this paradigm (Sari et al., 

2011, Sari et al., 2013b, Alhaddad et al., 2014). The voluntary ethanol drinking paradigm is 

also known to produce physical dependence on ethanol (Kampov-Polevoy et al., 2000) and 

Das et al. Page 7

Neuropharmacology. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



produce pharmacologically relevant blood alcohol concentrations (BACs) of 50-200 mg% 

(Murphy et al., 2002, McBride et al., 2013).

In the present study, in-vivo microdialysis revealed that a high amount of voluntary ethanol 

drinking (≥4 g/kg/day) was associated with significantly higher extracellular glutamate level 

in NAc of ethanol-drinking saline (EtOH-Sal) rats compared to water-drinking saline-treated 

(WD-Sal) rats. These are in accordance with previous findings, which reported increased 

glutamate levels and decreased glutamate uptake in NAc following ethanol exposure 

(Melendez et al., 2005, Ding et al., 2013, Griffin Iii et al., 2014). The increased glutamate 

has also been reported during the ethanol-withdrawal period (Rossetti et al., 1999). It is very 

important to note that our P rats were not in withdrawal during the microdialysis procedure 

since P rats have been reported to show onset of withdrawal symptoms only after 20 hours 

of cessation of severe ethanol-intoxication only (Chefer et al., 2011, Abulseoud et al., 2014).

Importantly, we revealed that CEF normalized the extracellular glutamate concentrations in 

NAc as compared to EtOH-Sal rats. This effect is in accordance with previous reports 

showing normalization of accumbal glutamatergic neurotransmission by CEF treatment 

(Rasmussen et al., 2011b, Trantham-Davidson et al., 2012). To investigate the mechanism 

by which CEF normalizes glutamate in NAc, we blocked GLT-1 though perfusion of DHK 

in NAc of CEF-treated P rats. Interestingly, blockade of GLT-1 in CEF-treated P rats by 

perfusion of DHK significantly increased the glutamate concentrations in NAc. The reversal 

of CEF effect by DHK suggests that CEF normalized extracellular glutamate through 

modulation of GLT-1. Since DHK was perfused through microdialysis probe, there is 

possibility of presence of DHK in dialysate samples. Hence, we verified that DHK was not 

co-eluted with glutamate in HPLC system. This confirms that the increased glutamate 

concentration in DHK-perfused rats was due to the pharmacological action of DHK, but not 

for co-elution of DHK with glutamate in HPLC system.

The observed changes in glutamate in EtOH-Sal rats indicate decreased clearance of 

glutamate (Bungay et al., 2003, Trantham-Davidson et al., 2012). The decreased glutamate 

clearance might arise from dysregulation of Na+-dependent glutamate transporters such as 

EAATs. Among all five subtypes of EAATs, GLAST (EAAT1) and GLT-1 (EAAT2) 

account for the majority of glutamate transport in CNS. GLT-1 is the major glutamate 

transporter in forebrain and striatum (Rothstein, 1995, Danbolt, 2001, Mitani and Tanaka, 

2003, Abulseoud et al., 2014) and consequently plays a key role in maintaining striatal 

glutamate homeostasis (Rothstein, 1995, Danbolt, 2001, Mitani and Tanaka, 2003, 

Melendez et al., 2005). Thus, the decrease in GLT-1 following chronic voluntary ethanol 

drinking may be related to increased extracellular glutamate concentrations in NAc. This 

finding is consistent with previous reports showing downregulation of GLT-1 in NAc 

following chronic voluntary ethanol drinking (Sari and Sreemantula, 2012, Sari et al., 

2013b).

The decreased GLT-1 immunoreactive protein found in our present study differs from other 

studies showing no change of GLT-1 level following ethanol administration (Melendez et 

al., 2005, Ding et al., 2013). This disparity might be due to five-week of voluntary ethanol 

drinking in contrast to acute systemic ethanol administration or differential chronic ethanol 
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exposure used in previous studies. It remains to be examined if the change in extracellular 

glutamate after ethanol exposure is mediated primarily by the downregulation of GLT-1 

protein or the impaired transport function of GLT-1. Regardless, CEF treatment normalized 

GLT-1 protein levels in NAc and is consistent with earlier reports showing GLT-1 

upregulation in NAc by CEF (Rothstein et al., 2005, Sari et al., 2010, Sari et al., 2011, 

Qrunfleh et al., 2013, Sari et al., 2013a, Sari et al., 2013b, Abulseoud et al., 2014, Rao and 

Sari, 2014).

Furthermore, we report here that CEF treatment did not show any significant effect on GS 

activity in PFC of P rats. But CEF treatment significantly increased GS activity in NAc of 

EtOH-CEF treated rats as compared to ethanol exposed rats. GS is present in astrocytes and 

converts imported glutamate (via EAATs) into glutamine (Miguel-Hidalgo, 2006). 

Although, GS activity is decreased in astrocytes by ethanol treatment (Davies and 

Vernadakis, 1984), we did not observe any significant difference in GS activity in NAc 

between WD-Sal and EtOH-Sal P rats. This discrepancy might be due to neuroadaptative 

changes which occurred during the five-week of voluntary ethanol drinking. Our finding is 

consistent with another report that showed no significant difference in packing density of 

GS-immunoreactive astrocytes between water drinking and ethanol drinking P rats for 2 

months (Miguel-Hidalgo, 2006). It has been shown that activation of EAATs stimulates the 

release of astrocytic glutamine, a converted product of glutamate by GS (Uwechue et al., 

2012). Therefore, the increased GS activity in NAc with CEF treatment might be due to 

normalization of glutamate inflow through GLT-1 within astrocytes. We previously showed 

that GLT-1 expression was not significantly altered in PFC of P rats following five weeks of 

ethanol drinking (Sari and Sreemantula, 2012). Thus the unaltered GS activity in PFC might 

be correlated with unaltered GLT-1 level in PFC. Further studies are required to investigate 

the underlying direct mechanisms of action of CEF on GS activity in NAc of P rats.

In summary, consecutive five-day CEF treatment attenuated voluntary ethanol drinking as 

well as ethanol preference in male P rats. Five-week voluntary ethanol drinking was 

associated with the increase in extracellular glutamate concentrations in NAc that was 

reversed by CEF treatment. Blockade of GLT-1 by DHK reversed the effect of CEF 

treatment in extracellular glutamate suggesting the involvement of GLT-1 in the mechanism 

of CEF. Furthermore, ethanol-induced higher extracellular glutamate was associated, in part, 

with decreased expression of GLT-1 in NAc in a manner reversed by CEF treatment. In 

addition, CEF treatment increased GS activity in NAc of EtOH-CEF rats compared to 

EtOH-Sal rats. Overall, our present study suggests that CEF prevented ethanol drinking 

through normalization of extracellular glutamate concentrations in NAc via restoration of 

GLT-1 levels.
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Highlights

Ceftriaxone treatment blocked the increase of extracellular glutamate. > Blockade of 

GLT-1 by DHK reversed the effects of ceftriaxone. > Ceftriaxone treatment increased 

glutamine synthetase activity in NAc.
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Figure 1. 
Effect of CEF treatment on ethanol intake and ethanol preference in male P rats. P rats had 

free access to ethanol (15% and 30%, concurrently) and/or water for five weeks. P rats were 

treated with CEF (100 mg/kg/day, i.p.) or saline (i.p.) for five consecutive days during week 

six. Ethanol and water intake were measured during the last two weeks and served as 

baseline intake. A. CEF treatment significantly reduced ethanol intake in EtOH-CEF group 

during treatment period (day 1 through day 5) compared to the EtOH-Sal group (#, 

p<0.0001). B. CEF treatment significantly decreased ethanol preference in EtOH-CEF group 

during treatment period (day 1 through day 5) compared to the EtOH-Sal group (&, 

p<0.001; #, p<0.0001). All data are expressed as mean ± SEM. n=8/ group. EtOH, ethanol; 

Sal, Saline; CEF, ceftriaxone.
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Figure 2. 
Coronal slices of rat brains showing microdialysis probe tips in NAc. The dots in bottom 

pictures [adapted from Paxinos G and Watson C. (1998)] represent the microdialysis probe 

tips of rats included in the study.
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Figure 3. 
Effect of chronic ethanol-drinking and CEF treatment on extracellular glutamate 

concentration in NAc of P rats. A. CEF (100 mg/kg, i.p., every 24h×5) treatment restored 

extracellular glutamate concentration in NAc, and the effect of CEF was reversed by intra-

NAc infusion of DHK (500 μM). B. Extracellular glutamate concentration in EtOH-Sal was 

significantly increased in NAc following five-week of voluntary ethanol drinking as 

compared to the water drinking saline-treated (WD-Sal) group. CEF treatment restored 

glutamate concentration in NAc. In addition, intra-NAc infusion of DHK (500 μM) 

significantly increased extracellular glutamate concentration in EtOH-CEF group. C. EtOH-

Sal group displayed reduced slope of the line of regression compared to WD-Sal animals, 

and CEF-treated animals increased slope of the line of regression compared to the EtOH-Sal 

group. Intra-NAc infusion of DHK reversed slope of the line of regression in EtOH-CEF 

animals. *p<0.05; **p<0.01; and ***p<0.001. n= 6-8/group. WD, water drinking; Sal, 

saline; EtOH, ethanol; CEF, ceftriaxone; DHK, dihydrokainate.
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Figure 4. 
Effect of voluntary ethanol drinking and CEF treatment on GLT-1 expression level in NAc. 

A. Representative Western blots for GLT-1 and β-tubulin as loading control. B. GLT-1 level 

was significantly downregulated in NAc of EtOH-Sal group compared to WD-Sal group. 

CEF treatment restored GLT-1 level in NAc of EtOH-CEF group compared to EtOH-Sal 

group. *p<0.05, **p<0.01 (n=8/group). WD, water drinking; Sal, saline; EtOH, ethanol; 

CEF, ceftriaxone.
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Figure 5. 
Effect of chronic ethanol-drinking and CEF treatment on glutamine synthetase (GS) activity. 

A. GS activity was not significantly different among WD-Sal, EtOH-Sal and EtOH-CEF 

groups in PFC. B. GS activity was not significantly altered following five weeks of 

voluntary ethanol drinking in NAc of EtOH-Sal group compared to WD-Sal group. 

However, CEF increased GS activity in NAc of EtOH-CEF group compared to the EtOH-

Sal group. *p<0.05 (n=7-8/group). WD, water drinking; Sal, saline; EtOH, ethanol; CEF, 

ceftriaxone.
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