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Abstract

Hydrocodone (HYD) is one of the most widely prescribed opioid analgesic drugs. Several 

neurotransmitters are involved in opioids relapse. Among these neurotransmitters, glutamate is 

suggested to be involved in opioid dependence and relapse. Glutamate is regulated by several 

glutamate transporters, including glutamate transporter 1 (GLT-1) and cystine/glutamate 

transporter (xCT). In this study, we investigated the effects of ceftriaxone (CEF) (200 mg/kg, i.p.), 

known to upregulate GLT-1 and xCT, on reinstatement to HYD (5 mg/kg, i.p.) using the 

conditioned place preference (CPP) paradigm in alcohol-preferring (P) rats. Animals were divided 

into three groups: 1) saline-saline group (SAL-SAL); 2) HYD-SAL group; and 3) HYD-CEF 

group. The CPP was conducted in four sessions: habituation phase, conditioning phase with HYD 

(i.p.) injections every other day for four sessions, extinction phase with CEF (i.p.) injections every 

other day for four sessions, and reinstatement phase with one priming dose of HYD. Time spent in 

the HYD-paired chamber after conditioning training was increased as compared to pre-

conditioning. There was an increase in time spent in the HYD-paired chamber with one priming 

dose of HYD in the reinstatement test. HYD exposure downregulated xCT expression in the 

nucleus accumbens (NAc) and hippocampus (HIP), but no effects were observed in the 

dorsomedial prefrontal cortex (dmPFC) and amygdala (AMY). Importantly, CEF treatment 

attenuated the reinstatement effect of HYD and normalized xCT expression in the affected brain 

regions. These findings demonstrate that the attenuating effect of HYD reinstatement with CEF 

might be mediated through xCT.
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Introduction

Opioids have long been used in pain management (1). However, their non-medical use has 

grown rapidly in the last few years. Hydrocodone (HYD) is one of the most widely used 

short-acting opioids; with over 136.7 million prescriptions in 2011 (2). HYD is a semi-

synthetic opioid used for analgesic and antitussive purposes. However, data shows that the 

nonmedical use of HYD was one of the most common causes of emergency medical visits 

between 2004 and 2008 (3). HYD abuse liability and relative potency have been shown to be 

similar to those of oxycodone and hydromorphone (4). In addition, a study suggested that 

HYD has similar effects to those of oxycodone and morphine when administered 

intravenously (i.v) (5).

Relapse after a long period of abstinence is a major problem in the treatment of drug 

dependence (6). The high rate of relapse associated with opioids remains as one of the most 

challenging clinical problems in opioid dependence. It has been suggested that the 

glutamatergic system has regulatory effects on opioid dependence (7), withdrawal (8) and 

relapse in animals (9). Indeed, memantine (N-methyl-D-aspartate receptor blocker) 

attenuated reinstatement to morphine, while dopaminergic blockers failed (10). Studies have 

found an increase in extracellular glutamate concentration in the nucleus accumbens (NAc) 

with exposure to heroin (11), nicotine (12) and cocaine (13).

The extracellular glutamate is maintained via several glutamate transporters (also called the 

excitatory amino acid transporters, EAATs), including glutamate transporter 1 (GLT-1, 

EAAT2), glutamate/aspartate transporter (GLAST, EAAT1) and glutamate transporter 

(EAAT3). GLT-1 is a major glutamate transporter that regulates the uptake of the majority of 

glutamate (14, 15). It has been demonstrated that chronic exposure to morphine can lead to 

reduction of GLT-1 mRNA expression in the NAc, striatum, thalamus, and hippocampus 

(HIP) (7). Relapse to heroin was shown to be associated with increase in the extracellular 

glutamate concentration in the NAc (16). Thus, restoring the glutamate uptake may have 

beneficial therapeutic effect in attenuating opioid relapse. In regards to GLAST, this protein 

transports both glutamate and aspartate, and expressed mostly in the cerebellum and spinal 

cord (17). Several studies have suggested that the loss of morphine analgesic effect after 

repeated exposure to morphine might be due to reduction in GLAST expression as well as 

glutamate uptake in the spinal cord (18, 19). The EAAT3 is a neuronal glutamate transporter, 

expressed mainly in the HIP, basal ganglia and cerebellum (20). It has been shown that 

chronic exposure to morphine could downregulate the expression of EAAT3 in the HIP 

neuronal culture (21). In addition, recent report suggested that EAAT3 is important in 

morphine-induced conditioned place preference (CPP), but not in reinstatement (22).

Furthermore, cystine/glutamate transporter (xCT) is another transporter that regulates 

extracellular glutamate through the exchange of cystine with glutamate (14, 23, 24). 

Although there is less known about the role of xCT in opioid relapse, one study has 
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demonstrated that restoring xCT function with N-acetylcysteine can attenuate heroin relapse 

in animals (25). N-acetylcysteine is known to improve the function of xCT, which might 

attenuate heroin relapse by increasing the glutamatergic tone on the pre-synaptic 

metabotropic glutamate receptor (mGluR2/3) (26). Thus, xCT might be a target candidate 

for the treatment of opioids dependence. Therefore, in this study, we investigated the effect 

of HYD reinstatement on the glial glutamate transporters such as GLT-1, xCT and GLAST.

In this study, we investigated the effects of HYD in alcohol-preferring (P) rats using the CPP 

paradigm. We used P rats due to the fact that they have higher density of mu opioid receptors 

than non-preferring (NP) rats (27). Similarly, others have found that alcohol-preferring Alko 

Alcohol (AA) rats express higher amount of opioid peptides and receptors as compared to 

alcohol-avoiding Alko Non-Alcohol (ANA) rats in several brain regions, including the NAc 

and ventral tegmental area (VTA) (28, 29). Also, AA rats have shown to be more susceptible 

to drug-induced behavioral sensitization in response to morphine than ANA rats (30). 

Therefore, high ethanol drinking rats may have a potential benefit over low ethanol drinking 

rats in testing opioids dependence and relapse. In this study, we tested a lower dose of HYD 

(5 mg/kg, i.p.) in P rats as sensitive bred to induce the conditioning and the reinstatement 

effects of HYD.

The β-lactam compounds, including ceftriaxone (CEF), have shown to attenuate drug-

seeking in several drugs of abuse including methamphetamine (31), cocaine (32, 33), 

nicotine (34) and morphine (35). Moreover, in our laboratory, we have shown that CEF can 

reduce chronic alcohol drinking via upregulating both the expressions of GLT-1 and xCT in 

P rats (36, 37). Therefore, we hypothesized here that the administration of CEF during the 

extinction phase would attenuate HYD reinstatement by modulating these transporters. 

Thus, several important brain rewards regions involved in the glutamatergic transmission 

were investigated such as the dorsomedial prefrontal cortex (dmPFC), NAc, HIP and 

amygdala (AMY).

Materials and methods

Drugs

HYD (+)-bitartrate salt was purchased from Sigma-Aldrich (St. Louis, MO). CEF (Sandoz 

Inc., Princeton, NJ) was purchased from the pharmacy at the University of Toledo Medical 

Center. Saline (SAL) solution (0.9% NaCl) was used as vehicle to dissolve both drugs.

Animals and drug dosing

Male P rats were used to investigate the effects of HYD reinstatement on glutamate 

transporters: GLT-1, xCT and GLAST using the CPP paradigm. P rats were obtained from 

Indiana University, School of Medicine, Indianapolis, IN. Rats were housed in single plastic 

cages with free access to food and water. Housing room temperature was maintained at 21°C 

and humidity at 50%. Rats were on a 12:12-hour light-dark cycle throughout the whole 

study. All the proposed experiments were approved by the Institutional Animal Care and 

Use Committee (IACUC) at The University of Toledo and adhered to the guidelines of the 

Institutional Animal Care and Use Committee of the National Institutes of Health and the 
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Guide for the Care and Use of Laboratory Animals. The HYD dose was selected based 

previous study investigated HYD’s reward using CPP in rats (38) and the similarity between 

HYD and morphine rewarding effects (39). The use of CEF was based on previous studies 

that demonstrated that this drug attenuated morphine tolerance after its prolonged use (40). 

The dosing schedule of CEF was chosen based on recent study from our laboratory, which 

found that β-lactam compounds were able to attenuate cocaine reinstatement when given 

every other day during the extinction phase in P rats (33).

Apparatus

The apparatus consists of two chambers (40 cm × 40 cm × 40 cm) separated by smaller 

middle chamber (30 cm × 40 cm × 40 cm). The first chamber was distinguished with black 

and white horizontal stripes and textured floor. The second chamber was distinguished with 

black and white vertical stripes and smooth floor. The middle chamber was neutral. Time 

spent in either of the chambers was calculated by an observer who was blind to the 

experimental designs.

Experimental procedure

The CPP paradigm in this study was performed as described in a recent study from our 

laboratory (33). For acclimating purposes, animals were handled three days prior to starting 

the experiments. Rats were divided into three groups: 1) SAL-SAL group; 2) HYD-SAL 

group; and 3) HYD-CEF group in an unbiased manner as shown in (Table 1). The CPP was 

conducted in four phases: habituation, conditioning, extinction and reinstatement, as shown 

in (Figure 1). In the habituation phase, animals were allowed to explore the apparatus freely 

for 20 minutes a day, for three days to minimize stress and initial bias. On Day 4, animals 

were tested for initial preference (pre-conditioning test); animals were placed in the middle 

chamber with doors locked for three minutes. Then, both doors were opened for the animals 

to explore the apparatus for 20 minutes. The initial preference was calculated based on the 

time spent in the first and second chamber. Animals that showed more than 67% preference 

to one of the chambers were excluded from the study (41). In the conditioning phase, SAL 

(i.p) was administered in the SAL-SAL group and animals were placed in the assigned 

chamber alternatively for 30 minutes for a total of four sessions. Animals in the HYD-SAL 

group were given either HYD (5 mg/kg) or SAL (i.p.), alternatively, in the assigned chamber 

for 30 minutes for a total of four sessions. On Day 13, animals were tested for preference 

(post-conditioning test). In the extinction phase, SAL (i.p) was administered to the SAL-

SAL group in the assigned chamber for 30 minutes for a total of four sessions. In the HYD-

SAL group, animals were given SAL alternatively in the assigned chamber for 30 minutes 

for a total of four sessions. However, in the HYD-CEF group, animals were given CEF (200 

mg/kg) or SAL (i.p.), alternatively, in the assigned chamber for 30 minutes for a total of four 

sessions. On Day 22, animals were tested for preference (extinction test). A 25% reduction 

in time spent in the HYD-paired chamber was set as a criteria for extinction, and any animal 

that did not meet that criteria was excluded, as was performed in previous studies from ours 

and others (31, 33). In the reinstatement phase, on Day 23, animals were challenged with 

one single dose of SAL (i.p.) in the SAL-SAL group and HYD (5 mg/kg, i.p.) in both groups 

(HYD-SAL and HYD-CEF) and placed in the assigned chamber for 30 minutes. Then, on 

Day 24, animals from all groups were given one dose of SAL (i.p.) and placed in the 
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assigned chamber for 30 min. On Day 25, animals were tested for preference (reinstatement 

test) and euthanized on the same day.

Brain tissue extraction

Animals were euthanized, and the brain samples were dissected after the reinstatement test 

on Day 25. The NAc (core and shell), dmPFC (cingulate cortex and prelimbic cortex), HIP 

(cornu ammonis, CA, subfield: CA1, CA2 and CA3) and AMY (central amygdala, 

basomedial amygdala and basolateral amygdala) were extracted using a cryostat machine 

(Leica CM1950). All brain regions were removed using the Brain Rat Atlas (42). All the 

samples were stored at −80°C for subsequent immunoblotting.

Immunoblots procedure

Samples were lysed using lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, 0.5% 

NP-40, 1% Triton, 0.1% SDS) with phosphatase and protease inhibitors. Glutamate 

transporters expression in this study represents the whole cell lysate of both membrane-

bound and cytoplasmic protein fractions. Several studies have tested the effect of β-lactam 

compounds, using the whole cell lysate, on glutamate transporters in several drugs of abuse 

from ours and others (33, 43–48). Protein quantification was performed to measure the 

amount of protein in the lysed samples. Samples were loaded onto 10–15% Tris-glycine gel 

to separate the proteins via electrophoresis. Then, proteins were transferred to PVDF 

membranes. The membranes were then blocked with 3% fat-free milk in 10% Tris-buffered 

with Tween 20 (TBST) for 30–60 minutes. Membranes were incubated overnight at 4°C 

with the primary antibodies: anti Guinea pig GLT-1 (Millipore Sigma; 1:5000 dilution), anti-

Rabbit xCT (Abcam; 1:1000 dilution), anti-Rabbit GLAST (Abcam; 1:5000 dilution) and 

anti-mouse β-tubulin (Covance;1:5000 dilution) as a loading control. Membranes were 

blocked with 3% fat-free milk in TBST for 30 minutes and incubated with the secondary 

antibodies for 90 minutes. Then, membranes were incubated with a Chemiluminescent kit 

(SuperSignal West Pico) and developed using X-Ray film processor (Konica SRX101A – 

Tabletop). Immunoblots were quantified using MCID Digital Imaging Software. The data 

were presented as a percentage of the ratio of the targeted proteins (GLT-1, xCT or GLAST)/

β-tubulin. The control group was reported as 100% to measure the changes in the expression 

of GLT-1, xCT and GLAST after HYD and CEF treatment as performed in previous studies 

from ours and others (43, 49–52).

Statistical analyses

Time spent in the conditioning chambers after each phase in CPP were analyzed using two-

way repeated measures ANOVA (Time × Chamber). Tukey’s post hoc test was used 

whenever a significant effect was found. The immunoblot data of GLT-1, xCT and GLAST 

were analyzed using one-way ANOVA followed by Newman-Keuls multiple comparison 

tests. All statistical analyses in this study were performed using GraphPad Prism with p < 

0.05 as a level of significance.
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Results

Effect of SAL administration on animal preference using CPP

The effect of SAL administered alone was tested in CPP. Animals were habituated for three 

days to explore the CPP apparatus. Then, the initial preference was measured and considered 

as baseline. Animals were given SAL (i.p) during the conditioning, extinction and 

reinstatement phases every other day in chamber one and chamber two, alternately. Two-way 

repeated measures ANOVA showed no significant difference in time spent when SAL (i.p) 

was administered during conditioning, extinction and reinstatement (Figure 2). There were 

no significant effects of time [F (3, 18) = 1.289″, p = 0.3085], chamber effect [F (1, 6) = 

1.194, p = 0.3165], nor time × chamber effect [F (3, 18) = 0.01702, p = 0.9969].

Effect of CEF on HYD-induced reinstatement using CPP

Time spent in the HYD-SAL group was analyzed using two-way repeated measures ANOVA 

(Figure 3A) with main significant effect of time [F (3, 18) = 18.49, p < 0.0001], significant 

effect of chamber [F (1, 6) = 399.7, p < 0.0001] and significant interaction between time × 

chamber [F (3, 18) = 15.87, p < 0.0001]. Tukey’s post hoc test showed significant increase 

in time spent in the HYD-paired chamber following conditioning training with HYD (5 

mg/kg, i.p.) (p < 0.05, Figure 3A). This difference was eliminated in extinction. Time spent 

in the HYD-paired chamber was increased significantly after the reinstating the animals with 

one priming dose of HYD (5 mg/kg, i.p.) in the reinstatement phase (p < 0.05, Figure 3A).

Two-way repeated measures ANOVA analysis in the HYD-CEF group (Figure 3B) showed a 

significant main effect of time [F (3, 24) = 13.73, p < 0.0001], a significant effect of 

chamber [F (1, 9) = 20.5, p = 0.0019] and a significant interaction between time × chamber 

[F (3, 24) = 30.73, p < 0.0001]. Tukey’s post hoc test showed significant increase in time 

spent in the HYD-paired chamber after conditioning training with HYD (5 mg/kg, i.p.) (p < 

0.05, Figure 3B). This effect was again eliminated after extinction. However, no significant 

effect on time spent in the HYD-paired chamber was observed after reinstating the animals 

with one priming dose of HYD (5 mg/kg, i.p.) in the reinstatement phase (p > 0.05, Figure 

3B).

Effect of CEF on the expression of GLT-1, xCT and GLAST in the NAc and dmPFC in HYD-
induced reinstatement

We investigated the effects of CEF on the expression of GLT-1, xCT and GLAST in the NAc 

and dmPFC in HYD reinstatement in P rats. One-way ANOVA showed no significant main 

effect on GLT-1 expression among the SAL-SAL, HYD-SAL and HYD-CEF groups in the 

NAc [F (2, 18) = 1.342, p = 0.2863, Figure 4A] or in the dmPFC [F (2, 18) = 0.7658, p = 

0.4795, Figure 5A]. However, one-way ANOVA showed a significant main effect on xCT 

expression in the SAL-SAL, HYD-SAL and HYD-CEF groups in the NAc [F (2, 18) = 

5.007, p = 0.0187, Figure 4B], but no effect in the dmPFC [F (2, 18) = 1.18, p = 0.3299, 

Figure 5B]. Further analysis with Newman-Keuls multiple comparison tests showed a 

significant downregulation in xCT expression in the HYD-SAL group compared to the SAL-

SAL group in the NAc (p < 0.05, Figure 4B). However, statistical analysis showed a 

significant upregulation in xCT expression in the HYD-CEF group compared to the HYD-
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SAL group in the NAc (p < 0.05, Figure 4B). One way ANOVA showed no significant main 

effect on GLAST expression among the SAL-SAL, HYD-SAL and HYD-CEF groups in the 

NAc [F (2, 15) = 0.713, p = 0.5061, Figure 4C] and in the dmPFC [F (2, 15) = 0.8653, p = 

0.4409, Figure 5C].

Effect of CEF on the expression of GLT-1, xCT and GLAST in the HIP and AMY in HYD-
induced reinstatement

We investigated the effects of CEF on the expression of GLT-1, xCT and GLAST in the HIP 

and AMY in HYD reinstatement in P rats. One way ANOVA revealed no significant main 

effect on GLT-1 expression among the SAL-SAL, HYD-SAL and HYD-CEF groups in the 

HIP [F (2, 18) = 0.6305, p = 0.5437, Figure 6A] or the AMY [F (2, 18) = 0.6376, p = 

0.5401, Figure 7A]. However, one-way ANOVA showed a significant main effect on xCT 

expression among the SAL-SAL, HYD-SAL and HYD-CEF groups in the HIP [F (2, 18) = 

5.837, p = 0.0111, Figure 6B], but no effect in the AMY [F (2, 18) = 0.03411, p = 0.9665, 

Figure 7B]. In addition, Newman-Keuls multiple comparison tests revealed a significant 

downregulation in xCT expression in the HYD-SAL group compared to the SAL-SAL group 

in the HIP (p < 0.05, Figure 6B). However, statistical analysis showed a significant 

upregulation in xCT expression in the HYD-CEF group compared to the HYD-SAL group 

in the HIP (p < 0.05, Figure 6B). One way ANOVA showed no significant main effect on 

GLAST expression among the SAL-SAL, HYD-SAL and HYD-CEF groups in the HIP [F 

(2, 15) = 0.171, p = 0.8445, Figure 6C] and the AMY [F (2, 18) = 1.261, p = 0.3072, Figure 

7C].

Discussion

The CPP paradigm has been used to measure opioid rewards, including heroin (53, 54), 

morphine (55, 56), HYD (38) and other drugs of abuse. In this study, the CPP paradigm was 

adopted from previous work in our laboratory on cocaine reinstatement (33). Several studies 

have focused on the association between the glutamatergic system and the reinstatement of 

morphine and heroin (10, 11). However, to the best of our knowledge, the association 

between HYD reinstatement and the glutamatergic system has not been thoroughly 

investigated, especially in P rats. In this study, we used HYD (5 mg/kg, i.p.) to produce the 

preference and reinstatement in P rats. Importantly, we found that HYD reinstatement was 

associated with downregulation of xCT in the NAc and HIP and these effects were 

attenuated with CEF treatment.

This study investigated the NAc (both core and shell), since this brain region is involved in 

opioid rewards (57), withdrawal (58) and tolerance (59). It has been found that blocking the 

mu-opioid receptor in the NAc diminished heroin rewards in rats (57). Moreover, high 

extracellular concentration of glutamate in the NAc core has been linked to heroin-seeking 

behavior and relapse (11). Also, it has been shown that injecting mGluR2/3 agonist 

(LY379268) into the NAc shell, but not NAc core, attenuated heroin-seeking behavior (60). 

Both NAc core and shell receive projections from the dmPFC [for review, see (61)]. It is 

important to note that glutamatergic projections from the PFC to NAc are suggested to be 

involved in cocaine- and heroin-seeking behavior (11, 62).
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In this study, we also focused on the dmPFC, which included the cingulate cortex and 

prelimbic cortex. The activation of the cortex area in drug addiction was shown in 

neuroimaging studies during intoxication and craving, but not in withdrawal [for review see 

ref. (63)]. The mPFC appears to be involved in the acquisition of morphine, not the 

reinstatement (64). It has been suggested that there is a link between the PFC and cue-

induced heroin-seeking (65). The cingulate cortex was reported to be activated following 

exposure to psychostimulant drugs such as cocaine (66, 67). In addition, it was reported that 

the cingulate cortex neural activity was altered in heroin users using the functional magnetic 

resonance imaging (68). The inactivation of the prelimbic cortex was shown to block the 

reinstatement of heroin (11, 69) and methamphetamine (70). Moreover, others have shown 

that activating the prelimbic cortex could facilitate heroin reinstatement (71). Moreover, the 

projections from the VTA to the NAc were suggested to be more important in opioid 

reinstatement as compared to the PFC (72), which might explain why this latter brain region 

was not affected in HYD reinstatement.

The HIP was investigated which included (CA1, CA2 and CA3). This brain region is 

involved in learning and memory function (73). Studies have reported that HIP is implicated 

in the association between the environmental context and unconditioned stimuli (foot-shock) 

(74, 75). A number of studies have demonstrated that the HIP is crucial for drug-seeking 

behavior (76–78). This brain region is believed to be associated with negative contextual 

experience associated with withdrawal from several drugs of abuse [for review, see ref (79). 

It has also been found that heroin can increase the amount of polysialic acid-neural cell 

adhesion molecule expression in glial cells, which could explain the damage found in the 

HIP area in postmortem heroin addicts (80). On the other hand, we investigated the AMY 

which included (central amygdala, basomedial amygdala and basolateral amygdala). It has 

been suggested that the AMY facilitates the drug reward and learning seeking behavior in 

rats (81). In addition, lesions in the AMY were shown to prevent cocaine reinstatement (82). 

Also, It has been found that inactivation of AMY using tetrodotoxin, potent neurotoxin, 

blocked the heroin-seeking behavior in rats (83).

Several studies have shown that regulation of glutamate homeostasis is critical in relapse to 

many drugs of abuse (84, 85). Glutamate is transported by GLT-1, which accounted for 

about 90% of glutamate clearance from the synaptic cleft (14, 15). CEF is known to produce 

its effects through GLT-1 upregulation. However, in this study, we found that CEF treatment 

was not associated with changes in GLT-1 expression in all tested brain areas. While no 

change in GLT-1 expression has been shown, there is a great possibility that CEF could 

improve the function of GLT-1 without changing its expression. Further studies are 

warranted to determine the activity of GLT-1 after CEF treatment in HYD-seeking behavior, 

for example, measuring extracellular glutamate concentrations using microdialysis 

technique. Another possibility is that the expression of GLT-1 might be different between 

sub-regions, where the effect in one area could be masked by the other. Future studies are 

still needed to determine subregion differential effects in GLT-1 expression. Studies have 

shown that chronic exposure to morphine reduced the expression of GLT-1 mRNA in the 

NAc, striatum, and thalamus (7). In addition, most of morphine studies, with regard to the 

glutamatergic system, were investigated in the cerebellum and spinal cord, which are more 

related to pain management, not relapse (86–88). Thus, more studies are required to 
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investigate the effect of HYD with different doses and strains to examine the relationship 

between GLT-1 expression and other glutamate transporters in HYD exposure and 

reinstatement.

Although no changes were observed in GLT-1 expression with HYD reinstatement, we 

found that the xCT expression was downregulated in the NAc and HIP. Cellular mechanistic 

events involve xCT, GLT-1 and other glutamatergic receptors in several brain regions (e.g. 

NAc and HIP) to modulate HYD-seeking behavior are demonstrated in (Figure 8). To the 

best of our knowledge, little is known about the function of xCT in opioid dependence and 

relapse. However, it was reported that N-acetylcysteine can restore the function of xCT 

system and attenuate drug-seeking behavior in animals (89). Dysfunction of xCT can occur 

after cocaine self-administration, which was associated with a reduction in basal glutamate 

concentration in the NAc (90, 91). Similarly, repeated morphine exposure was associated 

with low basal glutamate concentration in the HIP in mice (92). It is important to note that 

restoring the xCT function can attenuate cocaine (90, 91) and heroin seeking behavior (25). 

Moreover, it has been shown that repeated administration of morphine can lead to behavioral 

sensitization in animals. Thus, morphine-sensitized rats have been shown to have high level 

of extracellular glutamate in the HIP, when they were challenged with morphine after 

prolonged abstinence (93). Therefore, restoring xCT function was assumed to improve the 

glutamatergic tone on mGluR2/3 and attenuate the seeking behavior as previously reported 

in cocaine (26). Here, we assumed that the downregulation of xCT expression in the NAc 

and HIP might be associated with reinstatement to HYD in P rats. Therefore, restoring xCT 

expression in these brain regions with CEF could, in part, attenuate HYD reinstatement 

(Figure 8).

Furthermore, our study investigated another glial glutamate transporter called GLAST. 

GLAST expression was not changed in HYD reinstatement in all tested groups. This is in 

accordance with a previous study, which demonstrated that GLAST mRNA expression was 

not altered after morphine administration in the thalamus, hypothalamus, cerebral cortex, 

HIP, striatum, midbrain, cerebellum, and pons-medulla (7). Although other studies have 

shown that morphine administration is associated with reductions in GLAST and EAAT3 

expression in the spinal cord (18, 19). In fact, GLAST is highly expressed in the cerebellum 

and spinal cord and less expressed in other brain regions (17) Together, these data suggest 

that GLAST is less involved. in HYD reinstatement.

The third-generation cephalosporin antibiotics can cross the blood brain barrier (BBB) (94). 

In addition, several studies have shown that CEF can also cross the BBB (95, 96) through a 

facilitated transport process (95). However, due to the fact that CEF has poor bioavailability 

when taken orally, CEF must be given through the parenteral route for maximum effects. 

CEF is highly bound to plasma proteins (95, 97), and most of CFE is eliminated in urine and 

biliary excretion [for review see Ref. (98)]. It is known that CEF can increase GLT-1 and 

xCT expression in the brain; therefore, different studies have investigated different possible 

mechanisms behind it. For instance, a study found that CEF treatment can facilitate the 

nuclear P65 translocation and activate the nuclear factor-κB (NF-κB) signaling pathway 

when tested in primary human fetal astrocytes (99). Moreover, it was reported that CEF 

increased the expression of NF-κB and the phosphorylation of Akt in the NAc and PFC in P 
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rats (37). In addition, CEF was also found to activate the nuclear factor erythroid 2-related 

factor2 (Nrf2), which was suggested to increase the expression of xCT in the HIP cell line 

(100).

In this study, we used CEF (200 mg/kg, i.p.) to attenuate HYD reinstatement. Indeed, studies 

have found that CEF can attenuate reinstatement of morphine (35), heroin (16), 

methamphetamine (31), cocaine (32) and nicotine (34). In addition, several studies from our 

lab revealed that CEF (200 mg/kg, i.p.) attenuated chronic alcohol drinking in P rats (36, 37, 

101, 102). Lower doses of CEF were not considered in this study due to the fact that it was 

administered every other day during the extinction phase. We have tested CEF at lower dose 

(50 mg/kg, i.p.) to attenuate cue-induced reinstatement to cocaine-seeking behavior (103). 

However, CEF at high dose (200 mg/kg, i.p.) attenuated cue-induced reinstatement to 

cocaine-seeking behavior and this effect was associated with upregulation of GLT-1 

expression in the NAc and PFC. In fact, CEF at lower dose (50 mg/kg, i.p.) did not 

upregulate the expression of GLT-1, which suggests the non-attenuating effect of this dose in 

cocaine-seeking behavior. Furthermore, it has been suggested that CEF (200 mg/kg, i.p.) is 

equivalent to 13 g/day in clinical setting, where the normal dose of CEF is around 2 g/day 

(104). Also, it has been proposed that this dose could produce CNS concentration equivalent 

to the concentration needed to modulate GLT-1 expression (3.5 uM) in vitro (105). In 

general, high doses of CEF may cause unspecific adverse effects when used for a long 

period of time. However, several studies have used CEF to attenuate the reinstatement of 

other drugs of abuse for more than five consecutive days without reporting serious adverse 

effects (16, 31, 32, 34, 35).

In conclusion, this study showed for the first time that using HYD (5 mg/kg, i.p.) can 

produce conditioning and reinstatement effects in P rats using the CPP paradigm. Also, 

HYD reinstatement was associated with reduction in xCT expression in the NAc and HIP, 

but not in the dmPFC and AMY. Expressions of GLT-1 and GLAST were not affected in the 

HYD reinstatement. CEF (200 mg/kg, i.p.) prevented HYD reinstatement in P rats, in part, 

through modulating xCT expression in the NAc and HIP. Together, these data demonstrate 

that xCT has a vital role in HYD reinstatement in P rats.
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Highlights

• Hydrocodone exposure downregulated xCT in nucleus accumbens and 

hippocampus.

• Ceftriaxone attenuated the reinstatement effect of HYD.

• Ceftriaxone attenuated hydrocodone-induced reduction in xCT.
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Figure 1. 
Timeline of the experimental procedure during the conditioning, extinction and 

reinstatement phases.
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Figure 2. 
Effect of SAL (i.p.) administration alone on CPP. No significant difference was found in 

time spent in preference test after the conditioning, extinction and reinstatement phases. 

Values are shown as means ± S.E.M (*p < 0.05) (n = 7). PRE = pre-conditioning, POST = 

postconditioning, EXT = extinction and RE = reinstatement.
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Figure 3. 
Time spent in the conditioning chamber during pre-conditioning, and in the 

postconditioning, extinction and reinstatement tests. Statistical analysis showed an increase 

in time spent in the HYD-paired chamber following conditioning compared to pre-

conditioning in the HYD-SAL (A) and HYD-CEF (B) groups. Time spent in the HYD-

paired chamber decreased in extinction in comparison with post-conditioning in the HYD-

SAL and HYD-CEF groups. Time spent in the HYD-paired chamber increased in the 

reinstatement test in the HYD-SAL group, but not in the HYD-CEF group, in comparison to 

the extinction test. Values are shown as means ± S.E.M. *p < 0.05, **p < 0.01, and ****p < 

0.0001. (n = 7–9 for each group). PRE = preconditioning, POST = post-conditioning, EXT = 

extinction and RE = reinstatement.
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Figure 4. 
Effects of HYD (5 mg/kg, i.p.) reinstatement and CEF (200 mg/kg, i.p.) on the expression of 

GLT-1, xCT and GLAST in the NAc. (A) Upper panel: immunoblots representing GLT-1 

expression and β-tubulin. Lower panel: statistical analysis showed no significant difference 

among all groups. (B) Upper panel: immunoblots representing xCT expression and β-

tubulin. Lower panel: statistical analysis showed significant downregulation in xCT 

expression in the HYD-SAL compared to the SAL-SAL group. However, statistical analysis 

showed upregulation of the HYD-CEF compared to the HYD-SAL. No statistical difference 

was found between the SAL-SAL and HYD-CEF groups. (C) Upper panel: immunoblots 

representing GLAST expression and β-tubulin. Lower panel: statistical analysis showed no 

significant difference among all groups. Values are shown as means± SEM (*p< 0.05) (n = 

6–7 for each group).
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Figure 5. 
Effects of HYD (5 mg/kg, i.p.) reinstatement and CEF (200 mg/kg, i.p.) on the expression of 

GLT-1, xCT and GLAST in the dmPFC. (A) Upper panel: immunoblots representing GLT-1 

expression and β-tubulin. Lower panel: statistical analysis showed no significant difference 

among all groups. (B) Upper panel: immunoblots representing xCT expression and β-

tubulin. Lower panel: statistical analysis showed no significant difference between all 

groups. (C) Upper panel: immunoblots representing GLAST expression and β-tubulin. 

Lower panel: statistical analysis showed no significant difference among all groups. Values 

are shown as means± SEM (*p <0.05) (n = 6–7 for each group).
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Figure 6. 
Effects of HYD (5 mg/kg, i.p.) reinstatement and CEF (200 mg/kg, i.p.) on the expression of 

GLT-1, xCT and GLAST in the HIP. (A) Upper panel: immunoblots representing GLT-1 

expression and β-tubulin. Lower panel: statistical analysis showed no significant difference 

among all groups. (B) Upper panel: immunoblots representing xCT expression and β-

tubulin. Lower panel: statistical analysis showed significant downregulation in xCT 

expression in the HYD-SAL compared to the SAL-SAL group. However, statistical analysis 

showed upregulation of the HYD-CEF group compared to the HYD-SAL group. No 

statistical difference was found between the SAL-SAL and HYD-CEF groups. (C) Upper 
panel: immunoblots representing GLAST expression and β-tubulin. Lower panel: 
statistical analysis showed no significant difference among all groups. Values are shown as 

means± SEM (*p< 0.05) (n = 6–7 for each group).
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Figure 7. 
Effects of HYD (5 mg/kg, i.p.) reinstatement and CEF (200 mg/kg, i.p.) on the expression of 

GLT-1, xCT and GLAST in the AMY. (A) Upper panel: immunoblots representing GLT-1 

expression and β-tubulin. Lower panel: statistical analysis showed no significant difference 

among all groups. (B) Upper panel: immunoblots representing xCT expression and β-

tubulin. Lower panel: statistical analysis showed no significant difference among all 

groups. (C) Upper panel: immunoblots representing GLAST expression and β-tubulin. 

Lower panel: statistical analysis showed no significant difference among all groups. Values 

are shown as means ± SEM (*p < 0.05) (n = 6–7 for each group).
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Figure 8. 
Proposed mechanistic events associated with changes in the xCT expression in the NAc and 

HIP for the attenuation of HYD-seeking behavior with CEF treatment. (1) HYD 

reinstatement was associated with reduction in the xCT expression in the NAc and HIP. This 

could be due to the effect of repeated exposure to HYD during the conditioning phase and 

HYD priming during the reinstatement phase. (2) The reduction in xCT expression may 

decrease the glutamatergic tone on mGluR2/3 and loss of the inhibitory mechanism on 

glutamate release. (3) High level of extracellular glutamate facilitates HYD reinstatement. 

(4) CEF treatment during the extinction phase increased xCT expression in the NAc and 

HIP, which could restore the glutamatergic tone on mGluR2/3. Restoring the inhibitory 

mechanism on glutamate release through mGluR2/3 could prevent high levels of 

extracellular glutamate and attenuate HYD reinstatement.
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Table 1

Animal groups and treatment during the conditioning, extinction and reinstatement phases.

Groups
CPP phase

SAL-SAL group HYD-SAL group HYD-CEF group

Conditioning SAL HYD/SAL HYD/SAL

Extinction SAL SAL CEF/SAL

Reinstatement SAL HYD/SAL HYD/SAL
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