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Abstract

Impairment in glutamate neurotransmission mediates the development of dependence upon 

nicotine (NIC) and ethanol (EtOH). Previous work indicates that continuous access to EtOH or 

phasic exposure to NIC reduces expression of the glutamate transporter-1 (GLT-1) and cystine/

glutamate antiporter (xCT) but not the glutamate/aspartate transporter (GLAST). Additionally, 

metabotropic glutamate receptors (mGluRs) expression was affected following exposure to EtOH 

or NIC. However, little is known about the effects of EtOH and NIC co-consumption on GLT-1, 

xCT, GLAST, and mGluR1 expression. In this study, peri-adolescent female alcohol preferring (P) 

rats were given binge-like access to water, sucrose (SUC), SUC-NIC, EtOH, or EtOH-NIC for 

four weeks. The present study determined the effects of these reinforcers on GLT-1, xCT, GLAST, 

and mGluR1 expression in the nucleus accumbens (NAc), hippocampus (HIP) and prefrontal 

cortex (PFC). GLT-1 and xCT expression were decreased in the NAc following both SUC-NIC and 

EtOH-NIC. In addition, only xCT expression was downregulated in the HIP in both of these latter 

groups. Also, glutathione peroxidase (GPx) activity in the HIP was reduced following SUC, SUC-

NIC, EtOH, and EtOH-NIC consumption. Similar to previous work, GLAST expression was not 

altered in any brain region by any of the reinforcers. However, mGluR1 expression was increased 

in the NAc in the SUC-NIC, EtOH, and EtOH-NIC groups. These results indicate that peri-

adolescent binge-like drinking of EtOH or SUC with or without NIC may exert differential effects 

on astroglial glutamate transporters and receptors. Our data further parallel some of the previous 

findings observed in adult rats.
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1. Introduction

Recent evidence indicates a significant increase in ethanol (EtOH) and tobacco consumption 

in adolescents worldwide (Primack et al., 2015; Xi et al., 2016; Esser, 2017; Miech et al., 

2017; Wang et al., 2017). Additionally, EtOH consumption has been shown to increase 

pleasure from cigarettes smoking in young adults (Gubner et al., 2017). Moreover, several 

clinical studies indicate that EtOH abusers are more likely to abuse tobacco (Bierut et al., 

2000; Falk et al., 2008). Similarly, studies have reported that EtOH drinking increases 

tobacco use, and conversely tobacco use increases EtOH intake (Bobo and Husten, 2000; 

Grant et al., 2004; Falk et al., 2006; Falk et al., 2008). Thus, it appears that EtOH and 

nicotine (NIC) modulate, at least some, common reinforcing/rewarding neurocircuits, which 

result in increased intake when both compounds are available concurrently (Griffiths et al., 

1976; Bito-Onon et al., 2011). Delineating the pharmacological mechanisms involved in the 

development of EtOH and NIC co-dependence could lead to the discovery of molecular 

targets for pharmacotherapeutic intervention, in particular targets within the central 

glutamatergic reward neurocircuitry.

Within the mesocorticolimbic reward pathway, the nucleus accumbens (NAc) receives 

glutamatergic inputs from different brain regions, including the prefrontal cortex (PFC) and 

hippocampus (HIP) (Floresco et al., 2001; Kalivas and Volkow, 2005). These glutamatergic 

projections to the NAc have been implicated in the development of drug-seeking and drug-

taking behavior (LaLumiere and Kalivas, 2008). The HIP also receives input from, and 

sends glutamatergic projections to, the PFC, which appears to mediate the development of 

drug dependence as well [for review see (Feduccia et al., 2012)]. Thus, it is important to 

investigate the effects of binge-like drinking of EtOH or sucrose (SUC) with or without NIC 

on the glutamatergic system in these three brain areas. Importantly, exposure to EtOH or 

NIC has been associated with significant increases in total extracellular glutamate 

concentrations in these critical reward-related brain regions (Floresco et al., 2001; Lambe et 

al., 2003; Saellstroem Baum et al., 2006; Bancila et al., 2009). For instance, a recent study 

from Deehan et al. (2015) reported that female P rats exposed to EtOH-NIC showed 

significant increases in extracellular glutamate concentrations compared with EtOH, 

saccharin-NIC or saccharin self-administered groups. However, the effects of co-exposure of 

NIC and EtOH on astroglial glutamate transporter and metabotropic glutamate receptor-1 

(mGluR1) expression in the mesocorticolimbic neurocircuit have not been studied yet.

Glutamate uptake is primarily regulated by the glutamate transporter-1 (GLT-1), of which 

the excitatory amino acid transporter 2 (EAAT2) is the human homolog (Danbolt, 2001). 

Previous work indicates that EtOH drinking for five weeks or intravenous NIC self-

administration for 21 days reduced the expression of GLT-1 in the NAc (Knackstedt et al., 

2009; Goodwani et al., 2015). In addition, repeated oral gavage of high dose of EtOH 

reduced GLT-1 expression in the HIP (Alshehri et al., 2017). This suggests that long-term 
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exposure to EtOH or NIC may induce a marked increase in the total extracellular glutamate 

concentrations in the mesocorticolimbic brain areas, including the NAc, PFC and HIP. 

However, less is known about the effects of EtOH and NIC co-consumption on GLT-1 

expression in these mesocorticolimbic nuclei. Additionally, cystine/glutamate antiporter 

(xCT) has an important role in regulating glutamate homeostasis [for review see (Bridges et 

al., 2012)], where extracellular glutamate is exchanged for intracellular cystine (Baker et al., 

2002; Shih et al., 2006). The glutamate/aspartate transporter (GLAST) is another glutamate 

transporter co-localized with GLT-1 and xCT in astroglia. Regarding Group I metabotropic 

glutamate receptors (mGluRs), mGluR1 is upregulated in animals exposed to EtOH or NIC 

(Kane et al., 2005; Obara et al., 2009). Moreover, it has been shown that mGluR1 

antagonists significantly attenuate both EtOH- and NIC-seeking behavior in animals 

(Dravolina et al., 2007; Besheer et al., 2008; Lum et al., 2014; Goodwani et al., 2017) 

suggesting a potential role for mGluR1 in regulating the reinforcing effects of EtOH and 

NIC. However, the effect of EtOH-NIC co-exposure on the expression of GLAST or 

mGluR1 has not been directly investigated.

Interestingly, xCT has shown neuroprotective and antioxidant effects in part by stimulating 

the biosynthesis of glutathione (Shih et al., 2006; Albrecht et al., 2010). Intracellular cystine 

is converted to cysteine, which is involved in glutathione synthesis and inhibition of 

oxidative stress (Shih et al., 2003; Amin et al., 2014). Importantly, oxidized glutathione is 

formed by the oxidation of glutathione via glutathione peroxidase (GPx), which is widely 

used as a biomarker for neuroprotection (Deponte, 2013). However, the association between 

GPx activity and xCT expression has not been yet evaluated in the context of co-

consumption of NIC and EtOH.

In the present study, we investigated changes in the expression of glutamate transporters 

(GLT-1, xCT and GLAST) and mGluR1 in the NAc, HIP, and PFC of female P rats exposed 

to a free-choice, binge-like drinking protocol with SUC, SUC-NIC, EtOH, or EtOH-NIC as 

the reinforcers. Since NIC has a bitter taste, SUC and EtOH were mixed with NIC to 

stimulate NIC drinking in P rats. Thus, the effects of SUC or EtOH, SUC-NIC and EtOH-

NIC on astroglial glutamate transporter and mGluR1 expression were investigated to 

determine any significant interactions between these reinforcers on the glutamatergic 

system. Additionally, GPx activity in the HIP was assessed. The rationale for using female, 

rather than male, P rats in this study is based on reported literature indicating heightened 

EtOH and NIC seeking behavior in female, compared with male, animals and humans 

(Donny et al., 2000; Torres et al., 2014; Frydenberg et al., 2015). A positive correlation has 

been associated between levels of estrogen and EtOH consumption in female humans 

(Frydenberg et al., 2015). In addition, female rats have been shown to have greater 

motivation to consume NIC or EtOH compared to female ovariectomized or male rats 

(Torres et al., 2014; Flores et al., 2016). The reason for using P rat model in this study is that 

these rats have several alcoholic phenotypes such as physiological, neurochemical and 

behavioral characteristics (Murphy et al., 2002; Bell et al., 2011; Bell et al., 2016; Bell et al., 

2017). Additionally, female P rats were previously used in a study from our laboratory that 

found upregulating GLT-1 levels and/or function by ceftriaxone attenuated drinking behavior 

of EtOH, SUC and NIC (Sari et al., 2016). Thus, these animals have an avidity to consume 

EtOH, SUC and NIC.
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A prior study reported that chronic NIC exposure reduced glutamate content in the NAc of 

female adult rats exposed to EtOH, but not similarly treated adolescents (Lallemand et al., 

2009). Given most studies investigated the effects of chronic exposure to EtOH or NIC on 

glutamatergic in adult animals, it is imperative that this research question also be 

investigated during the adolescent stage of development. Owing to the clinically and 

physiologically relevance to human exposure, a multiple scheduled binge-like drinking of 

EtOH or SUC with or without NIC procedure was used in this study to simulate binge-like 

drinking (Bell et al., 2011; Bell et al., 2014). Overall, this study was designed to provide 

evidence regarding the differential or synergistic effects of binge-like EtOH with or without 

NIC consumption on the glutamatergic system relative to neutral-(water) and positive-

control (Ryu et al.) conditions.

2. Materials and methods

2.1. Animals and drinking protocol

Female P rats used in this study were maintained in a facility fully accredited by the 

Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC). 

All research protocols were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the Indiana University School of Medicine (IUSM, Indianapolis, IN) and were 

in accordance with the guidelines of the IACUC of the National Institutes of Health (NIH) 

and the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal 

Resources, Commission on Life Sciences, National Research Council 1996). Animals were 

weaned at 21 days old [post-natal day (PND) 21] and group housed by sex. At PND 25, 

animals were transferred to a vivarium room maintained on a 12/12 h reverse dark/light 

cycle with light offset at 10:00 a.m.

At PND 30 ± 2, animals were transferred to hanging stainless steel wire-mesh cages and 

given ad lib access to food and water until tissue harvesting. On the third day that the rats 

were housed in hanging stainless steel wire-mesh cages, each animal was randomly assigned 

to one of the five different treatment groups. All groups experienced a binge-like drinking-

in-the-dark—multiple-scheduled-access procedure (Bell et al., 2011) of two 1-hour (h) 

sessions separated by 2 h, with the first session occurring during the first h of the dark cycle. 

Access to the respective solutions occurred five days a week (Monday through Friday) for 

four weeks. Rats were grouped into five groups and were given free-choice access to three 

bottles [three bottle-choice (3BC)] as follows: a water bottle and concurrent access to (1) 

two bottles of water, (2) a bottle of 15% as well as a bottle of 30% EtOH, (3) a bottle of 15% 

EtOH and 0.07 mg/mL NIC as well as a bottle of 30% EtOH and 0.14 mg/mL NIC, (4) a 

bottle of 10% SUC and 0.07 mg/mL NIC as well as a bottle of 10% SUC and 0.14 mg/ml 

NIC, and finally (5) a bottle of 10% SUC as well as a bottle of 10% SUC. Each treatment 

group had nine animals and the treatment groups are depicted in Fig. 1. NIC was mixed with 

either EtOH or SUC to stimulate NIC drinking in P rats and avoid unpleasant taste of NIC. 

The NIC concentrations (0.07 mg/mL and 0.14 mg/mL) were chosen based on studies 

showing that the intake of NIC (mg/kg/day) using these concentrations results in blood NIC 

levels that are comparable to non-dependent chronic smokers (Benowitz, 1984; Hauser et al., 

2012).
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2.2. Brain harvesting

Approximately 2 h after the last binge-like access period, rats were euthanized and brains 

were immediately extracted and immediately stored at −80 °C for immunoblotting assay. 

Brain regions (NAc, PFC, and HIP) were dissected using a Cryostat machine maintained at 

−20 °C. The Paxinos and Watson Atlas was used to determine the boundaries of these brain 

regions (Paxinos and Watson, 2007). In this study, we dissected (freehand) these brain 

regions such as NAc (~1 mm of thickness), HIP (~2 mm of thickness) and PFC (~2 mm of 

thickness). Random samples were chosen from each group (n = 6, for each group) for 

Western Blotting.

2.3. Western Blot analyses

Western Blot assay was performed to determine changes in expression of GLT-1, xCT, 

GLAST, mGluR1, and GAPDH in the NAc, HIP, and PFC as described previously (Alasmari 

et al., 2016b; Hammad et al., 2017). Briefly, brain tissue samples were homogenized gently 

using lysis buffer-containing protease inhibitor. For protein quantification, Bio-Rad 

quantification reagents (Bio-Rad, Hercules, CA, USA) were used to determine the total 

protein in each tissue sample. Specific volume from each sample of tissue was mixed with 

laemmli dye and then loaded on polyacrylamide gels (10–20%). Subsequently, a transfer 

apparatus system was used to transfer proteins from each gel onto a PVDF membrane. 

Subsequently, membranes were blocked using 3% free fat milk in Tris-buffered saline 

Tween-20 (TBST) for 30 min to 1 h at room temperature. The PVDF membranes were 

incubated with the desired primary antibodies (overnight) at 4 °C. The primary antibodies 

used in this study included guinea pig anti-GLT-1 (1:5000, Millipore), rabbit anti-xCT 

antibody (1: 1000; Abcam), rabbit anti-GLAST antibody (1: 5000; Abcam), and rabbit anti-

mGluR1 (1: 3000; Millipore Bioscience Research Reagents). These antibodies have been 

used in our previous studies (Hammad et al., 2017). The control loading protein used in this 

study was mouse anti-GAPDH (1:5000, Millipore). On the second day, all membranes were 

washed five times with TBST followed by 30-minute blocking in 3% free fat milk. 

Subsequently, membranes were incubated with the appropriate secondary antibody [anti-rat 

IgG, anti-guinea pig IgG, anti-rabbit IgG or anti-mouse IgG, respectively] at a dilution of 

1:3000 for 90 min. This was followed by five washes with TBST and drying. To detect 

proteins, the dried membranes were incubated with the developing Chemiluminescent kit 

(Super Signal West Pico, Pierce Inc.). Membranes exposed to HyBlot CL Film (Thermo 

Fisher Scientific) were then developed using SRX-101A processor. An MCID machine was 

used to quantify and analyze the expression of GLT-1, xCT, GLAST, mGluR1, and GAPDH 

on digitized blot images. In each run of the gels, we loaded the gels as follows: 1) Water, 

SUC, and SUC-NIC; and 2) Water, EtOH, and EtOH-NIC. Thus, each group was compared 

for changes in the expression of GLT-1, xCT, GLAST, and mGluR1 in the NAc, PFC, and 

HIP. The data for the water-control group were expressed as 100% to determine significant 

changes in expression of these proteins (relative to water control group) in these 

mesocorticolimbic brain regions of animals exposed to binge-like access to different 

drinking solutions as performed previously (Li et al., 2003; Raval et al., 2003; Miller et al., 

2008; Zhang and Tan, 2011; Devoto et al., 2013; Alasmari et al., 2015). Thus, we 

normalized all the expression of proteins of interest in each treatment groups to the matched 

water control group that was run in the same gel set.
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2.4. Glutathione peroxidase activity (GPx)

Glutathione peroxidase (GPx) activity in the HIP region of the treated rats was determined 

using the commercially available glutathione peroxidase kit (Cayman Chemical, Ann Arbor, 

USA). To examine GPx activity, the frozen brain tissue samples were retrieved from −80° C 

and homogenized in ice-cold PBS (pH 7.4) supplemented with 1 mM EDTA. The 

homogenate was centrifuged at 22,000g for 30 min at 4 °C and the supernatant was assessed 

immediately for GPx activity using the kit protocol. Briefly, the rate of change in absorbance 

at 340 nm (A340) over 1 to 6 min was determined for the background wells, positive control 

and the collected brain tissue samples in duplicate. The GPx activity was then determined 

using the rate change of A340 and the NADPH extinction coefficient. Protein concentration 

of samples was determined using a Pierce BCA Protein Assay Kit (ThermoFisher Scientific, 

Waltham, USA).

2.5. Statistical analyses

2.5.1. Drinking-solution data—The average intake of SUC, EtOH, and NIC for the 

last five sessions of the four-week binge-like scheduled drinking procedure was calculated 

and analyzed using unpaired t-test. We used in this experiment, unpaired t-test, to compare 

between SUC (g/kg) or EtOH (g/kg) drinking with or without addition of NIC. In addition, 

we used unpaired t-test to determine the effects of EtOH and SUC on NIC intake (mg/kg). It 

is important to consider that SUC or EtOH and NIC were used with different concentrations 

and the drinking was measured with different units of amount (e.g., g/kg/time for EtOH).

2.5.2. Western Blot and glutathione peroxidase (GPx) data—Data obtained from 

the Western Blot assays, for the proteins of interest, were analyzed as a percentage ratio, of 

water-control group, relative to the control-loading protein (GAPDH) using one-way 

ANOVA followed by Newman Keuls post-hoc multiple comparison tests. The percentage of 

GPx activity was also analyzed using a one-way ANOVA followed by Newman Keuls 

multiple comparisons. The densities of immunoblot bands and GPx activity obtained from 

the water control group served as the 100% bench-mark. All data are shown for a p < 0.05 

level of significance. The sample sizes differed between the behavioral studies (n = 9) and 

Western Blot studies (n = 6) due to the greater effect sizes observed in Western Blot studies.

3. Results

3.1. Average intake of SUC, SUC-NIC, EtOH, or EtOH-NIC

Independent t-test analysis revealed that addition of NIC significantly reduced SUC intake 

[p < 0.0001, (Fig. 2A)]. An unpaired t-test showed that the average intake of NIC (mg/kg) 

was significantly lower in animals exposed to the binge-like schedule of EtOH-NIC drinking 

compared with the SUC-NIC group [p < 0.0001, (Fig. 2B)]. However, no significant 

differences were observed for the average intake of EtOH relative to EtOH-NIC [p > 0.05, 

(Fig. 2C)].
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3.2. Effects of binge-like drinking of SUC or SUC-NIC on GLT-1, xCT, GLAST and mGluR1 
expression in the NAc

One-way ANOVA showed a significant difference among water control, SUC, and SUC-NIC 

groups in GLT-1 expression [F (2, 15) = 10.99, p = 0.0011, (Fig. 3A)], xCT expression [F (2, 

15) = 6.91, p = 0.0075, (Fig. 3B)], and mGluR1 expression [F (2, 15) = 4.53, p = 0.028, 

(Fig. 3D)], but not in GLAST expression [F (2, 15) = 0.63, p = NS, (Fig. 3C)] in the NAc. 

Newman-Keuls multiple comparison post-hoc tests revealed that while there was no 

significant changes in GLT-1 expression between SUC and water groups in the NAc, SUC-

NIC drinking reduced GLT-1 and xCT expression and increased mGluR1 expression in the 

NAc compared to water and SUC groups, neutral- and positive-control groups respectively.

3.3. Effects of binge-like drinking of EtOH or EtOH-NIC on GLT-1, xCT, GLAST, and 
mGluR1 expression in the NAc

We further determined the effects of four-week binge-like access drinking of EtOH and 

EtOH-NIC on the expression of GLT-1, xCT, GLAST, and mGluR1 in the NAc. One-way 

ANOVA showed a significant difference among these groups in the NAc in GLT-1 

expression [F (2,15) = 5.28, p = 0.018, (Fig. 4A)], xCT expression [F (2, 15) = 7.26, p = 

0.0062, (Fig. 4B)], and mGluR1 expression [F (2,15) = 4.58, p = 0.028, (Fig. 4D)], but not 

in GLAST expression [F (2, 15) = 0.55, p = NS, (Fig. 4C)]. Newman-Keuls multiple 

comparisons showed that while there were no significant changes in GLT-1 and xCT 

expression between water control and EtOH groups in the NAc, EtOH-NIC, exposure 

reduced GLT-1 and xCT expression compared to water control and EtOH groups in the NAc. 

In addition, EtOH and EtOH-NIC exposure increased mGluR1 expression in the NAc 

compared to the water-control group and there were significant changes in mGluR1 

expression in the NAc between EtOH and EtOH-NIC groups.

3.4. Effects of binge-like drinking of SUC or SUC-NIC on GLT-1, xCT, GLAST and mGluR1 
expression in the HIP

One-way ANOVA demonstrated a significant difference in xCT expression among water 

control, SUC, and SUC-NIC groups in the HIP [F (2, 15) = 9.05, p = 0.0026, (Fig. 5B)]. The 

statistical analysis did not show any significant differences among water control, SUC, and 

SUC-NIC groups in GLT-1 expression [F (2, 15) = 0.70, p = NS, (Fig. 5A)], GLAST 

expression [F (2, 15) = 0.98, p = NS, (Fig. 5C)], and mGluR1 expression [F (2, 15) = 0.65, p 
= NS, (Fig. 5D)]. Newman-Keuls analysis revealed that SUC-NIC drinking reduced xCT 

expression significantly in the HIP compared to the SUC and water control groups, with no 

difference between the SUC and water control groups.

3.5. Effects of binge-like drinking of EtOH or EtOH-NIC on GLT-1, xCT, GLAST, and 
mGluR1 expression in the HIP

We further investigated expression of GLT-1, xCT, GLAST, and mGluR1 between water, 

EtOH, and EtOH–NIC groups. One-way ANOVA revealed a significant change in xCT 

expression among these groups in the HIP [F (2, 15) = 5.08, p = 0.021, (Fig. 6B)], but not in 

GLT-1 expression [F (2, 15) = 0.37, p = NS, (Fig. 6A)], GLAST expression [F (2, 15) = 

0.11, p = NS, (Fig. 6C)], or mGluR1 expression [F (2, 15) = 0.25, p = NS, (Fig. 6D)]. 
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Newman-Keuls multiple comparisons revealed that there was no significant changes in xCT 

expression in the HIP following binge-like EtOH drinking as compared to the water control 

group. However, EtOH–NIC drinking decreased xCT expression significantly in the HIP 

compared to EtOH and water control groups.

3.6. Effects of binge-like drinking of SUC or SUC-NIC on GLT-1, xCT, GLAST and mGluR1 
expression in the PFC

One-way ANOVA did not revealed any significant differences in GLT-1 expression [F (2, 

15) = 0.14, p = NS, (Fig. 7A)], xCT expression [F (2, 15) = 0.48, p = NS, (Fig. 7B)], 

GLAST expression [F (2, 15) = 0.20, p = NS, (Fig. 7C)] and mGluR1 expression [F (2, 15) 

= 0.37, p = NS, (Fig. 7D)] among water control, SUC and SUC-NIC groups expression in 

the PFC.

3.7. Effects of binge-like drinking of EtOH, or EtOH-NIC on GLT-1, xCT, GLAST and 
mGluR1 expression in the PFC

We further determined the expression of GLT-1, xCT, GLAST and mGluR1 between water 

control, EtOH and EtOH–NIC groups in all studied brain regions. One-way ANOVA did not 

demonstrate any significant differences in GLT-1 expression [F (2, 15) = 0.41, p = NS, (Fig. 

8A)], xCT expression [F (2, 15) = 0.35, p = NS, (Fig. 8B)], GLAST expression [F (2, 15) = 

0.15, p = NS, (Fig. 8C)] and mGluR1 expression [F (2, 15) = 0.26, p = NS, (Fig. 8D)] 

among these groups in the PFC.

3.8. Effects of SUC, SUC-NIC, EtOH, or EtOH-NIC drinking on GPx activity in the HIP

One-way ANOVA followed by Newman-Keuls analysis indicated a significant reduction in 

GPx activity in the HIP of SUC and SUC-NIC groups as compared to the water control 

group [F (2,15) = 5.06, p = 0.021, (Fig. 9A)]. In addition, one-way ANOVA followed by 

Newman-Keuls multiple comparisons showed that % of GPx activity was also significantly 

reduced in EtOH and EtOH-NIC groups compared to the water control group in the HIP [F 

(2,15) = 4.19, p = 0.035, (Fig. 9B)].

4. Discussion

The present study examined the effects of binge-like drinking of EtOH with or without NIC 

on astroglial glutamate transporters and mGluR1 expression in three brain regions of female 

P rats. In addition, the study investigated the effects of SUC on GLT-1, xCT, GLAST and 

mGluR1 expression to determine whether there is an interaction between SUC and NIC on 

the glutamatergic transporters and receptor (i.e., SUC as the positive-control). The findings 

indicate that binge-like SUC-NIC drinking decreased GLT-1 and increased mGluR1 

expression in the NAc, while xCT expression was decreased in both the NAc and the HIP 

compared to the water and SUC control groups. In addition, binge-like EtOH drinking did 

not affect astroglial glutamate transporter expression in the brain regions examined but did 

increase mGluR1 expression in the NAc compared to the water control group. Moreover, 

binge-like EtOH-NIC drinking reduced GLT-1 in the NAc and xCT in both the NAc and 

HIP, while increasing mGluR1 expression in the NAc compared to the water control group.
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In the present study, the addition of NIC in the SUC solution resulted in a significant 

reduction in SUC consumption. However, EtOH intake was not significantly changed by the 

addition of NIC, although it did decrease slightly. This indicates that the bitter taste of NIC 

may reduce SUC consumption but not necessarily EtOH intake. It important to note that the 

present study used a binge-like drinking procedure in peri-adolescent P rats, whereas 

previous work has generally been done in adult rats given continuous access to EtOH and/or 

NIC. In addition, the present findings indicate that NIC intake was significantly higher in the 

group given binge-like scheduled access to SUC-NIC compared to those given access to 

EtOH-NIC. This effect was probably due to the significantly higher consumption of SUC 

relative to EtOH (Fig. 2). Previous work has revealed conflicting results for the effects of 

NIC exposure on SUC and EtOH consumption (Bito-Onon et al., 2011; Grimm et al., 2012; 

Sari et al., 2016). One reason for these inconsistent findings may be the route of NIC 

administration. For instance, oral NIC self-administration reduced SUC and EtOH intake 

(Sari et al., 2016) in one study, while others have reported that EtOH and SUC consumption 

are increased following i.p. injections of NIC (Bito-Onon et al., 2011; Grimm et al., 2012).

A prior study from our group reported that upregulating GLT-1 in the NAc and the PFC by 

ceftriaxone treatment led to an attenuation of EtOH and/or NIC drinking behavior in female 

P rats (Sari et al., 2016). This indicates that astroglial glutamate transporters, mainly GLT-1, 

plays a critical role in regulating EtOH or NIC seeking [for review see (Alasmari et al., 

2016a, Goodwani et al., 2017)]. In the present work, for the first time, we found that peri-

adolescent binge-like scheduled access to SUC-NIC downregulated GLT-1 in the NAc 

compared to water and SUC control groups, while peri-adolescent EtOH-NIC binge-like 

drinking reduced GLT-1 expression in the NAc compared to the water control and EtOH 

groups. However, neither SUC nor EtOH binge-like scheduled drinking altered the 

expression of GLT-1 in the NAc. Previously, continuous exposure to EtOH for five weeks 

and phasic exposure to NIC for 21 days reduced GLT-1 expression in the NAc of adult rats 

(Knackstedt et al., 2009; Alhaddad et al., 2014b; Goodwani et al., 2015). However, others 

have shown that chronic limited access to EtOH did not induce any changes in GLT-1 or 

xCT expression in adult animals (Griffin et al., 2015; Pati et al., 2016; Stennett et al., 2017). 

Together these findings indicate that continuous (i.e., not-scheduled) exposure to EtOH 

reduces the expression of GLT-1 in the NAc. Our data also suggest that multiple scheduled 

NIC self-administrations are able to decrease the expression of GLT-1 in the NAc. Although 

continuous five-week EtOH consumption reduced GLT-1 expression in the HIP (Aal-Aaboda 

et al., 2015), we did not observe any changes in GLT-1 expression in the HIP following 

binge-like drinking of EtOH with or without NIC using a limited access procedure. A 

previous study reported that phasic exposure to electronic cigarettes (i.e., vapors-containing 

NIC) for six months did not reduce GLT-1 in the HIP (Alasmari et al., 2017). Our present 

data are in agreement with previous findings using adult rats wherein EtOH or NIC exposure 

did not cause any changes in GLT-1 expression in the PFC (Knackstedt et al., 2009; 

Goodwani et al., 2015). In addition, a recent study found that blocking GLT-1 in the NAc did 

not attenuate reinstatement of SUC seeking (Bobadilla et al., 2017). It is noteworthy that the 

present study provided some corroboration for the latter finding, such that chronic exposure 

to SUC did not affect GLT-1 expression in the NAc, HIP, or PFC.
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Several studies, using adult rats, have reported that chronic exposure to EtOH or NIC led to 

a reduction in xCT expression in specific brain regions, including the NAc, HIP, and ventral 

tegmental area (Knackstedt et al., 2009; Alhaddad et al., 2014b; Aal-Aaboda et al., 2015). In 

this study, for the first time, we investigated the effects of peri-adolescent binge-like 

drinking of EtOH, SUC, SUC-NIC, or EtOH-NIC on xCT expression in the NAc, PFC, and 

HIP. We found that SUC-NIC or EtOH-NIC intake induced a significant downregulation of 

xCT expression in the NAc and HIP. This effect was not observed in the group exposed to 

EtOH drinking. Previous work showed that xCT expression was reduced after scheduled 

phasic exposure to NIC but not EtOH in the NAc, dorsal striatum, and HIP (Knackstedt et 

al., 2009; Griffin III et al., 2014; Alasmari et al., 2017; Stennett et al., 2017). Additionally, 

previously reported studies and our data have not demonstrated any significant reductions in 

the expression of xCT in the PFC following chronic exposure to NIC (Knackstedt et al., 

2009; Alasmari et al., 2017). The present data indicated that scheduled binge-intake of EtOH 

did not affect the expression of xCT in the PFC, although continuous consumption of EtOH 

has been shown to reduce xCT expression in the PFC (Alhaddad et al., 2014a). Thus, adult 

and peri-adolescent EtOH, with or without NIC, binge-like exposure may have differential 

effects, relative to continuous exposure, on the expression of astroglial glutamate 

transporters.

In this study, we did not observe any changes in GLAST expression following binge-like 

scheduled drinking of EtOH, SUC-NIC, or EtOH-NIC for four weeks. Although GLAST is 

localized throughout the brain, GLAST is highly expressed in the cerebellum rather than the 

forebrain (Lehre and Danbolt, 1998; Danbolt, 2001). Moreover, GLAST was found highly 

expressed in the retina (Lehre and Danbolt, 1998). Continuous EtOH drinking for five weeks 

or chronic NIC inhalation did not alter the expression of GLAST in the NAc, dorsal 

striatum, or PFC (Hakami et al., 2016; Alasmari et al., 2017).

The expression of mGluR1 was also determined in the NAc, HIP, and PFC following peri-

adolescent multiple scheduled binge-like intakes of EtOH with or without NIC. We report 

that limited access to EtOH and/or NIC upregulated mGluR1 expression in the NAc. This is 

in agreement with a previous study that revealed that exposure to EtOH for six months 

increased mGluR1 expression in the NAc core of P rats (Obara et al., 2009). This suggests 

that mGluR1 activity in the NAc of P rats is affected by EtOH and/or NIC consumption. In 

addition, mGluR1 expression in the amygdala was found to be increased in animals exposed 

to binge-like drinking of EtOH (Cozzoli et al., 2014). Other reports have indicated that 

selectively bred High Drinking-in-the-Dark mice showed a significant increase in mGluR1 

expression of the NAc (Cozzoli et al., 2009; Cozzoli et al., 2012). However, less is known 

about the effects of EtOH and NIC co-exposure on the expression of mGluR1 in central 

reward brain areas. The present study indicated that co-exposure of EtOH and NIC increased 

mGlurR1 expression in the NAc. Studies have found that phasic exposure to EtOH or NIC 

resulted in a marked increase in the total extracellular concentrations of glutamate, which 

might indicate increased firing of medium spiny neurons (Griffin III et al., 2014; Griffin et 

al., 2015; Ryu et al., 2017). We suggest that this effect might increase the expression of post-

synaptic glutamate receptors such as mGluR1 as a compensatory mechanism. However, we 

did not observe any changes in the expression of mGluR1 in the HIP or PFC regions. Since 

little is known about the effects of intermittent exposure to EtOH or NIC on the mGluR1 
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expression and synaptic glutamate concentrations in the HIP and PFC, further studies are 

required to delineate the relationship between extracellular glutamate concentrations and the 

expression of post-synaptic glutamate receptors, including mGluR1 in these brain regions.

Several drugs of abuse, including EtOH, are well-known inducers of oxidative stress in the 

HIP (Pant et al., 2017). Since the activity of GPx has a direct impact on the ability of cells to 

defend against oxidative stress, recent studies have focused on examining the impact of drug 

abuse on GPx activity (Biala et al., 2017; Gong et al., 2017). Exposure to water pipe smoke, 

for instance, was found to reduce the activity of GPx in the HIP (Alzoubi et al., 2015). This 

study also found a significant impairment in the memory and learning of these male Wistar 

rats. Intuitively, an increase in GPx activity would be associated with protective effects 

against oxidative stress in animals (Miyamoto et al., 2003). A prior study reported that 

ceftriaxone, a GLT-1 and xCT upregulator, was able to normalize glutathione content (Amin 

et al., 2014) suggesting a strong association between glutathione system and astroglial 

glutamate transporter activity. In this study, we found that SUC-NIC and EtOH-NIC 

drinking decreased both xCT and GPx activity in the HIP compared to the water control 

group suggesting a possible correlation between reduction of xCT expression and 

attenuation of GPx activity in NIC treated rats. Interestingly, exposure to SUC or EtOH 

reduced GPx activity but had no effect on xCT expression compared to the water control 

group. This indicates that SUC and EtOH might affect the activity of GPx through other 

mechanisms, including the generation of free radicals (Oh et al., 1998; Rosas-Villegas et al., 

2017). Thus, our data do not provide conclusive evidence suggesting a direct link between 

expression of xCT and the activity of GPx in the HIP following exposure to NIC and/or 

EtOH.

In summary, our work indicates that peri-adolescent binge-like co-access to EtOH and NIC 

induces significant changes in the expression of astroglial glutamate transporters and 

mGluR1 in the NAc and the HIP. Future studies are needed to investigate the effects of these 

drugs of abuse on the glutamatergic system in NAc subregions such as NAc shell and core. 

These data further confirmed previous findings observed in studies using adult animals. In 

the future, the differential and/or similar effects of these drugs of abuse on glutamatergic 

transporters and receptors in adolescent vs adult mesocorticolimbic brain regions are 

warranted further investigation. It is important to note that adolescents and young adults 

have high rates of EtOH-NIC co-abuse, which highlights the need for more knowledge on 

the long-term biological and physiological effects of these drugs. In addition, further studies 

are needed to investigate the effects of EtOH and/or NIC on oxidative stress parameters in 

these mesocorticolimbic nuclei.
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Fig. 1. 
Time-line and group conditions for binge-like drinking of SUC or EtOH with or without 

NIC in female P rats.
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Fig. 2. 
Average last five sessions binge-like drinking of; (A) SUC (g/kg of average body weight) 

and SUC-NIC (g/kg of body weight), (B) NIC (Ryu et al.) (mg/kg of body weight) and NIC 

(EtOH) (mg/kg of body weight) NIC (mg/kg of body weight) in female P rats, and (C) EtOH 

(g/kg of body weight) and EtOH-NIC (g/kg of body weight). Unpaired t-test revealed that 

addition of NIC reduced SUC consumption, however, the analysis did not show any change 

in EtOH consumption following addition of NIC. Unpaired t-test revealed that NIC 

consumption was higher in SUC-NIC group compared to EtOH-NIC group. Data are 

represented as mean ± SEM (n = 9 for each group), (# p < 0.0001).
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Fig. 3. 
Effects of binge-like drinking of SUC and SUC-NIC on relative expression (R) of (A) 

GLT-1, (B) xCT, (C) GLAST, and (D) mGluR1 in the NAc. One way ANOVA followed by 

Newman-Keuls analysis revealed that SUC-NIC but not SUC exposure reduced GLT-1/

GAPDH and xCT/GAPDH ratios in the NAc. The analysis did not show any significant 

reduction in GLAST/GAPDH ratio in the NAc. One way ANOVA followed by Newman-

Keuls analysis revealed that SUC-NIC but not SUC exposure increased mGluR1/ratio in the 

NAc. Data are represented as mean ± SEM (n = 6 for each group), (* p < 0.05 and ** p < 

0.01).
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Fig. 4. 
Effects of binge-like drinking of EtOH and EtOH-NIC on relative expression (R) of (A) 

GLT-1, (B) xCT, (C) GLAST, and (D) mGluR1 in the NAc. One way ANOVA followed by 

Newman-Keuls analysis revealed that EtOH-NIC but not EtOH exposure reduced GLT-1/

GAPDH and xCT/GAPDH ratios in the NAc. The analysis did not show any significant 

reduction in GLAST/GAPDH ratio between the groups in the NAc. One way ANOVA 

followed by Newman-Keuls analysis revealed that EtOH-NIC and EtOH exposure increased 

mGluR1/GAPDH ratio in the NAc. Data are represented as mean ± SEM (n = 6 for each 

group), (* p < 0.05 and ** p < 0.01).
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Fig. 5. 
Effects of binge-like drinking of SUC and SUC-NIC on relative expression (R) of (A) 

GLT-1, (B) xCT, (C) GLAST, and (D) mGluR1 in the HIP. One way ANOVA followed by 

Newman-Keuls analysis revealed that SUC-NIC but not SUC exposure reduced xCT/

GAPDH ratio in the HIP. The analysis did not show any significant reduction in GLT-1/

GAPDH, GLAST/GAPDH and mGluR1/GAPDH ratios between all groups in the HIP. Data 

are represented as mean ± SEM (n = 6 for each group), (* p < 0.05 and ** p < 0.01).
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Fig. 6. 
Effects of binge-like drinking of EtOH and EtOH-NIC on relative expression (R) of (A) 

GLT-1, (B) xCT, (C) GLAST and (D) mGluR1 in the HIP. One way ANOVA followed by 

Newman-Keuls analysis revealed that EtOH-NIC but not EtOH exposure reduced xCT/

GAPDH ratio in the HIP. The analysis did not show any significant reduction in GLT-1/

GAPDH, GLAST/GAPDH and mGluR1/GAPDH ratios between the groups in the HIP. Data 

are represented as mean ± SEM (n = 6 for each group), (* p < 0.05).
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Fig. 7. 
Effects of binge-like drinking of SUC and SUC-NIC on relative expression (R) of (A) 

GLT-1, (B) xCT, (C) GLAST, and (D) mGluR1 in the PFC. One way ANOVA followed by 

Newman-Keuls analysis did not show any significant reduction in GLT-1/GAPDH, xCT/

GAPDH GLAST/GAPDH and mGluR1/GAPDH ratios between all groups in the PFC. Data 

are represented as mean ± SEM (n = 6 for each group).
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Fig. 8. 
Effects of binge-like drinking of EtOH and EtOH-NIC on relative expression (R) of (A) 

GLT-1, (B) xCT, (C) GLAST, and (D) mGluR1 in the PFC. One way ANOVA followed by 

Newman-Keuls analysis did not show any significant reduction in GLT-1/GAPDH, xCT/

GAPDH GLAST/GAPDH and mGluR1/GAPDH ratios between all groups in the PFC. Data 

are represented as mean ± SEM (n = 6 for each group).
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Fig. 9. 
Effects of binge-like drinking of SUC, SUC-NIC EtOH, or EtOH-NIC on the activity of 

GPx in the HIP. A) One way ANOVA followed by Newman-Keuls analysis revealed that 

SUC and SUC-NIC exposure reduced GPx activity the HIP. B) One way ANOVA followed 

by Newman-Keuls analysis revealed that EtOH and EtOH-NIC exposure reduced GPx 

activity in the HIP. Data are represented as mean ± SEM (n = 6 for each group), (* p < 0.05).
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