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Abstract

Previously, we have reported that cefazolin and cefoperazone treatments attenuated ethanol
consumption, at least in part, through upregulation of GLT-1 expression in male alcohol-
preferring (P) rats. In this study, we determined the effects of these compounds on the expression
of GLT-1 isoforms (GLT-1a and GLT-1b), cysteine/glutamate exchanger (xCT), which is another
glial glutamate transporter co-localized with GLT-1, and glutamate/aspartate transporter
(GLAST). We found that cefazolin and cefoperazone treatments decreased ethanol intake and
upregulated both GLT-1 isoforms, GLT-1a and GLT-1b, in nucleus accumbens (NAc) and
prefrontal cortex (PFC) compared to saline treated group. In addition, cefazolin increased the
expression of XCT in NAc and PFC, while cefoperazone upregulated XCT expression only in NAc.
However, we did not find any significant differences in GLAST expression between the treated
and control groups. Overall, our findings suggest that cefazolin and cefoperazone may be
considered as potential compounds for the treatment of ethanol dependence.
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1. Introduction

Impairment in synaptic glutamate reuptake has been linked to drug addiction (Shen et al.,
2014). Glutamate receptors are known to modulate development of alcohol addiction
(Backstrom and Hyytia, 2004; Besheer et al., 2010). A marked increase in the total
extracellular glutamate concentration is associated with exposure to ethanol (Ding et al.,
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2012; Ding et al., 2013; Ward et al., 2009). In addition, studies have demonstrated the effect
of ethanol on glutamate transporters (Abulseoud et al., 2014; Alhaddad et al., 2014b).
Glutamate transporter 1 (GLT-1, its human homolog is excitatory amino acid transporter-2)
regulates majority of total extracellular glutamate concentration (Jensen et al., 2015; Tanaka
etal., 1997) and GLT-1 expression was found to be decreased following chronic exposure to
ethanol (Aal-Aaboda et al., 2015; Alhaddad et al., 2014a; Alhaddad et al., 2014b).
Therefore, GLT-1 upregulators are rationalized as potential treatment option for treating
alcohol addiction. Following the discovery by Rothstein et al. reported B-lactam antibiotics
as potent GLT-1 upregulators (Rothstein et al., 2005), we have shown that ceftriaxone, a p-
lactam antibiotic, reduced ethanol intake and relapse to ethanol intake presumably by
increasing the expression of GLT-1 in the mesocorticolimbic areas of the brain including
NAc and PFC (Alhaddad et al., 2014a; Qrunfleh et al., 2013; Rao and Sari, 2014; Rao et al.,
2015b). Similarly, other B-lactams, including cefazolin and cefoperazone at dose of 100
mg/kg/day for 5 consecutive days, were found to be effective in reducing ethanol intake in
male P rats (Rao et al., 2015a). While GLT-1 upregulation by these compounds has been
demonstrated, the effects of cefazolin and cefoperazone on modulating the expression of
other transporters regulating extracellular glutamate concentrations have not been
investigated.

GLT-1 is known to be expressed as three splice variants - GLT-1a, GLT-1b and GLT-1c -
and these isoforms are expressed differentially in the central nervous system (CNS). GLT-1a
is expressed in astrocytes as well as neurons, whereas GLT-1b is found to be expressed only
in astrocytes (Berger et al., 2005; Holmseth et al., 2009). It has been reported that GLT-1c is
localized mainly in the retina (Rauen et al., 2004). However, a difference in ability to
transport glutamate amongst these isoforms has not been confirmed (Sullivan et al., 2004).
Importantly, the expression of GLT-1 isoforms is known to change differentially depending
on the disease model. For example, in motor cortex of patients with amyotrophic lateral
sclerosis the expression of GLT-1a is downregulated while GLT-1b expression is
upregulated (Maragakis et al., 2004). Previous studies from our laboratory have
demonstrated that ceftriaxone-induced GLT-1a and GLT-1b expression in NAc and PFC,
and this effect was found associated with a significant decrease in continuous ethanol intake
and relapse-like ethanol drinking in male P rats (Alhaddad et al., 2014a; Rao et al., 2015b).
In order to investigate differential effects on GLT-1a and GLT-1b expression, in this study,
we tested the effects of both cefazolin and cefoperazone on GLT-1a and GLT-1b expression
in P rats exposed to free choice ethanol (15% and 30%). We did not test GLT-1c isoform
since it is mainly expressed in the retina (Rauen et al., 2004).

While GLT-1 is the major glutamate transporter in brain, the glutamate/aspartate transporter
(GLAST, its human homolog is excitatory amino acid transporter-1, EAAT1) is also known
to regulate synaptic glutamate homeostasis and is expressed in the cerebellum (Lehre and
Danbolt, 1998). Although GLAST is distributed throughout the brain (Schmitt et al., 1997),
the most common glutamate transporter in the inner ear and the retina is GLAST (Lehre and
Danbolt, 1998; Takumi et al., 1997). In this study, we determined the effects of cefazolin
and cefoperazone treatments on GLAST expression in NAc and PFC.
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In addition to GLT-1 and GLAST, cystine-glutamate antiporter (xCT) is also known to
regulate extracellular glutamate concentrations and plays a crucial role in neuroprotection
(For review, see Albrecht et al., 2010). Importantly, depletion in glutathione content is
associated with decreased XCT expression (Bell et al., 2011; Lewerenz et al., 2009).
Ceftriaxone treatment was shown neuroprotection by inducing nuclear factor-erythroid 2-
related factor (Nrf2)-mediated induction of XCT expression, leading to increase in
intercellular glutathione levels (Bell et al., 2011; Lewerenz et al., 2009). A critical role of
XCT has also been demonstrated in animal models of drug addiction. For instance, nicotine
and cocaine self-administration decreased xCT expression in NAc (Knackstedt et al., 2009;
Knackstedt et al., 2010). Similarly, xCT was found to be downregulated in NAc following
chronic and relapse-like exposure to free choice ethanol (15% and 30%) as compared to
alcohol naive group (Alhaddad et al., 2014a; Alhaddad et al., 2014b). Interestingly,
ceftriaxone treatment was found to upregulate XxCT expression in NAc of rats exposed to
both free choice ethanol (Alhaddad et al., 2014a; Rao et al., 2015b) and cocaine self-
administration (Knackstedt et al., 2010). To explore if treatment with other cephalosporins
can modulate XCT expression, in this study, the effect of cefazolin and cefoperazone
treatments on XCT expression in NAc and PFC in P rats after chronic exposure to ethanol
(15% and 30%) was determined.

2. Results

2.1 Effect of cefazolin and cefoperazone treatments on ethanol intake and water intake

Mixed ANOVA demonstrated a significant main effect of day [F (1, 5) = 22.74, p< 0.0001]
and a significant day x treatment interaction [F (2, 10) = 3.599, p= 0.0005] of ethanol intake.
Moreover, one way ANOVA followed by Dunnett’s t-tests showed a significant decrease in
ethanol intake with cefazolin (n=6) and cefoperazone (n=6) treated groups as compared to
saline treated group (n=6) from Day 2 through Day 5 (p<0.001) (Figure 1). In addition,
statistical analysis revealed a significant main effect of day [F (1, 5) = 2.782, p=0.0220] and
a significant day x treatment interaction [F (2, 10) = 3.206, p= 0.0014] of water
consumption. Dunnett’s t-tests followed by one way ANOVA showed a significant increase
in water consumption in cefoperazone treated groups starting from Day 2 through Day 5
(except on Day 3) comparing to saline treated group (p<0.01),. However, cefazolin
treatment increased water consumption only on Day 3 (p<0. 01) (Figure 1).

2.2 Effects of cefazolin and cefoperazone treatments on GLT-1a and GLT-1b expression in
NAc and PFC

Independent t-test analyses of immunoblots demonstrated a significant increase in GLT-1a/
GAPDH ratio in NAc and PFC with cefazolin- (p<0.05) and cefoperazone- (p<0.05) treated
groups as compared to saline-treated groups (Figure 2). In addition, independent t-test
analysis of the immunoblots demonstrated a significant increase in GLT-1b expression in
NAc and PFC following treatment with cefazolin (p<0.05) and cefoperazone (p<0.05) as
compared to saline-treated group (Figure 3).
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2.3 Effects of cefazolin and cefoperazone on xCT and GLAST expression in NAc and PFC

We further investigate the effect of cefazolin and cefoperazone treatments on XCT and
GLAST expression. Quantitative t-test analyses of immunoblots showed a significant
increase in XCT/GAPDH ratio in NAc after treatment of cefazolin (p<0.05) and
cefoperazone (p<0.05) as compared to saline-treated group. However, only cefazolin
treatment increased XCT/GAPDH ratio in PFC (p<0. 05) (Figure 4). Furthermore, an
independent t-test analyses of the immunoblots did not reveal any significant increase in
GLAST/GAPDH ratio in NAc and PFC in cefazolin- (p>0.05) or cefoperazone- (p>0.05)
treated groups as compared to saline treated groups (Figure 5).

3. Discussion

Previous studies from our laboratory have demonstrated that ceftriaxone, B-lactam antibiotic,
increased GLT-1 and XCT expression in NAc and PFC regions and that these changes are
associated with reduced ethanol intake in male P rats (Alhaddad et al., 20144a; Qrunfleh et
al., 2013; Rao et al., 2015b; Sari et al., 2011). In addition, we have also shown that other [3-
lactams, including cefazolin and cefoperazone, are equally effective in reducing ethanol
consumption in P rats (Rao et al., 2015a). In this study, for the first time, we report that both
cefazolin, a first generation cephalosporin -lactam antibiotic, and cefoperazone, a third
generation cephalosporin p-lactam, treatments at dose of 100 mg/kg/day for 5 consecutive
days have significant upregulatory effect on the expression of major GLT-1 isoforms
(GLT-1a and GLT-1b) and xCT in NAc and PFC in male P rats. It is important to note that
both cefazolin and cefoperazone were found in the cerebrospinal fluid (Rao et al., 2015a).
Therefore, we believe that these compounds act centrally to reduce ethanol drinking.
Additionally, cefoperazone was found to inhibit the activity of liver alcohol dehydrogenase
enzyme, suggesting a possible disulfiram-like effect in modulating ethanol intake (Rao et al.,
2015a).

Mesocorticolimbic pathway plays an important role in mediating the rewarding effects of
drugs of abuse, including ethanol. It is important to note that NAc receives glutamatergic
projections from amygdala, PFC and hippocampus [For review see (Tye, 2012)]. PFC has
been shown to send and receive glutamatergic projections into NAc as well as from other
brain regions, including amygdala (McDonald, 1996). It is well known that ethanol
consumption is associated with a marked increase in extracellular glutamate concentration
(Ding et al., 2012; Ding et al., 2013; Kapasova and Szumlinski, 2008; Ward et al., 2009).
Furthermore, B-lactams antibiotics, including ceftriaxone, have been effective in reducing
ethanol intake in male P rats and attenuating relapse-like ethanol intake behavior (Rao and
Sari, 2014; Sari et al., 2011). This effect was associated in part with upregulation of the two
principal C-terminal splice variants of GLT-1 (GLT-1a and GLT-1b) and xCT in NAc and
PFC (Alhaddad et al., 2014a; Qrunfleh et al., 2013; Rao et al., 2015b; Sari et al., 2011).
Furthermore, recent study from our laboratory has confirmed the ceftriaxone-induced
reduction in extracellular glutamate concentration as a consequence of increased GLT-1
expression in NAc (Das et al., 2015). Results from the present study, for the first time,
demonstrated that changes in expression of GLT-1 isoforms and xCT extend beyond
ceftriaxone to other cephalosporins, including cefazolin and cefoperazone.

Brain Res. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alasmari et al.

Page 5

In our earlier study, we found that cefazolin and cefoperazone treatments at dose of 100
mg/kg for 5 consecutive days successfully reduced ethanol consumption in male P rats,
presumably through upregulation of GLT-1 expression in NAc and PFC (Rao et al., 2015a).
As an extension of our previous work, in the present study, we have found that cefazolin and
cefoperazone treatments maintained comparable induction of expression for the two major
GLT-1 isoforms - GLT-1a and GLT-1b - in NAc and PFC. Although GLT-1a and GLT-1b
are not expressed similarly across brain regions (Berger et al., 2005; Holmseth et al., 2009),
the lack of selectively towards upregulatory effect of GLT-1 isoforms by the tested
cephalosporins indicates possible regulation via common cellular mechanisms.

In addition to modulation of GLT-1 expression, ceftriaxone treatment-induced reduction in
ethanol intake is also associated with upregulation of XCT expression, an important
transporter in glutamate homeostasis, in NAc, PFC and amygdala in male P rats (Alhaddad
et al., 2014a; Rao and Sari, 2014). The xCT system exchanges intracellular glutamate with
extracellular cystine, involved in the biosynthesis of neuroprotective molecule glutathione
(Baker et al., 2002; Shih et al., 2006), and changes in the expression of this system have
been implicated in the development of drug addiction (Knackstedt et al., 2010, Alhaddad et
al., 2014a). Moreover, XCT is known to influence synaptic glutamate release via activation
of presynaptic mGluR2/3 metabotropic receptors, which regulate the negative feedback for
synaptic glutamate release. Therefore, the effect of cefazolin and cefoperazone treatments on
XCT expression in NAc and PFC was also determined in this study. Compared to control
animals, cefazolin treatment was found to upregulate XCT expression in NAc and PFC.
However, cefoperazone treatment was able to induce XCT expression only in NAc but not in
PFC. These results suggest that in addition to modulating synaptic glutamate concentration,
these cephalosporins can influence the presynaptic release of glutamate as well.

In addition to influencing the expression of glutamate transporters in mesocorticolimbic
pathways, cefoperazone is known to display disulfiram-like effects (Fromtling and
Gadebusch, 1983; Rao et al., 2015a). Cefoperazone, and not cefazolin, was found to
significantly decrease the activity of hepatic mitochondrial enzyme ALDH2 in treated P rats
thereby offering another possible mechanism for the effects of cefoperazone treatment on
ethanol drinking in P rats (Rao et al., 2015a). Reduced CNS bioavailability of cefoperazone,
perhaps owing to significant peripheral actions, was also confirmed in a previous analysis of
CSF concentrations for this drug (Rao et al., 2015a). A reduced concentration in brain, and
therefore PFC, might be responsible for the unchanged expression of XCT in PFC in
cefoperazone-treated rats compared to vehicle-treated control animals.

We further investigated the effects of cefazolin and cefoperazone treatments on GLAST
expression in NAc and PFC, which is co-localized with GLT-1 in astrocytes. We did not
find any significant effects on GLAST expression with cefazolin and cefoperazone
treatments. This effect is in agreement with our previous studies revealing that ceftriaxone
treatment did not increase GLAST expression (Alhaddad et al., 2014a; Alhaddad et al.,
2014b; Rao et al., 2015b). These findings suggest a more specific role for xCT and GLT-1
isoforms in regulating ethanol consumption behavior.
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In conclusion, the results from this study indicate that cefazolin and cefoperazone treatments
decrease ethanol consumption in P rats possibly by increasing GLT-1a, GLT-1b and xCT
expression in NAc and PFC. In conjunction with our previous findings, the present study
bolsters the rationale that both cefazolin and cefoperazone treatments reduced ethanol-
consumption via resumption of glutamate homeostasis in the mesocorticolimbic regions. As
established in previous study from our laboratory (Das et al., 2015), we rationalize a direct
translation of B-lactam-induced GLT-1 upregulation to restoration of extracellular glutamate
concentration and decreased ethanol intake in P rats, and intend to establish this in our future
studies. Further studies are also required to obtain a dose response effect of these drugs on
ethanol dependence for their clinical effectiveness.

4. Experimental Procedure

4.1 Animals

Alcohol-preferring male (P) rats were provided by Indiana University, School of Medicine
(Indianapolis, IN, USA). It is noteworthy to mention that P rat is an accepted animal model
that meet the criteria for studying ethanol dependence (Bell et al., 2006). In addition, P rat
model has been found to have several physiological and behavioral alcoholics’
characteristics (Murphy et al., 2002). The rats were individually housed in bedded plastic
tubs at 21°C and 50% humidity in the Department of Laboratory Animal Resource at The
University of Toledo, Health Science Campus. The Institutional Animal Care and Use
Committee of The University of Toledo approved all animal housing and experimental
procedures in accordance with 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 on Life
Sciences, 1996). We divided P rats into three experimental groups: a) cefazolin group was
treated with 100 mg/kg of the drug (i.p) (n=6), b) cefoperazone group was treated with 100
mg/kg of the drug (i.p) (n=6), and c) saline (control) vehicle treated group (n=6). p-lactam
drugs were dissolved in 0.9 % saline. All animals had ad libitum access to food and water
throughout the study.

4.2 Behavioral drinking paradigms

At the age of three months, all treatment and control groups were given free choice to food,
water and two concentrations of ethanol (15% and 30%, v/v) over a period of five weeks.
Water intake and ethanol intake were measured three times per week during week 4 and
week 5. Densitometry formula was used to convert ethanol intake readings to gram per
kilogram of body weight per day. Animals used in this study were required to consume more
than 4 g/kg/day of ethanol intake during last two weeks. Water intake and ethanol intake
were evaluated during last two weeks and served as baseline values. In week 6, all P rats
were treated once per day (i.p. injection) with either 0.9% saline solution (control group) or
100 mg/kg body weight of B-lactam antibiotics (cefazolin or cefoperazone) for five
consecutive days. During these five days, water and ethanol intake were measured every
day. All animals were euthanized 24h after the last treatment by exposure to CO, Brain
were removed, frozen on dry ice and then stored at —80°C. Both NAc and PFC tissues were
microdissected at —20°C using cryostat machine (Leica) followed the Paxinos and Watson
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Atlas for the rat brain regions (Paxinos, 2007) and stored at —80°C for immunoblotting
assay.

4.3 Western blot protocol for detection of GLT-1a, GLT-1b, xCT and GLAST

Expression of GLT-1a, GLT-1b, xCT, GLAST and GAPDH for all groups in NAc and PFC
tissues were determined using Western blot assay as described previously (Alhaddad et al.,
2014a; Alhaddad et al., 2014b; Rao and Sari, 2014). Tissues (NAc and PFC) were
homogenized in lysis buffer supplemented with protease inhibitor and total protein in
samples was quantified (BioRad, USA). Equal amount of lysed NAc or PFC tissue from all
groups were loaded on 10-20% polyacrylamide gel. Subsequently, proteins were transferred
on a PVDF membrane and blocked with 3% milk in Tris-buffered saline Tween-20 (TBST)
for 30 minutes at room temperature. Membranes were then incubated overnight at 4°C with
one of the following antibodies: rabbit anti-GLT-1a (1:5,000 gift from Dr. Jeffery Rothstein
at Johns Hopkins University), rabbit anti-GLT-1b (1:5,000 gift from Dr. Paul Rosenberg at
Harvard Medical School University), rabbit anti-xCT (1:1,000 Abcam), and rabbit anti-
GLAST (1:5,000 Abcam). The specificity of antibodies for GLT-1 isoforms has been
established by the respective groups in their previous publications (Chen et al., 2002;
Rothstein et al., 1994). Mouse anti-GAPDH (1:5,000, Millipore) was used as the loading
control marker. On the second day, the membranes were washed with TBST and then
blocked with 3% percent milk in TBST for 30 minutes at room temperature. Following
incubation with secondary antibody (anti-rabbit IgG or anti-mouse 1gG) at 1:3000 dilution
for 90 minutes, the membranes were washed three timed with TBST, dried and then
developed using the chemiluminescent kit (Super Signal West Pico, Pierce Inc.) for protein
detection. HyBlot CL Film (Thermo Fisher Scientific) was exposed to the membranes and
then developed using SRX-101A processor. MCID machine was used to quantify and
analyze the digitized band images. GLT-1a, GLT-1b, xCT and GLAST levels were
normalized against GAPDH, a control loading protein. The data from saline-treated animals
were reported as 100% to evaluate the changes in protein expression in brain regions
collected from f-lactam treated groups.

4.4 Statistical analyses

Two way (mixed) ANOVA with repeated measures was performed to analyze behavioral
statistical data, including average daily ethanol intake and average daily water intake. We
also used one way ANOVA followed by Dunnett’s post hoc test to determine the effects of
cefazolin and cefoperazone treatments on each day. An unpaired t-test was used to analyze
Western blot data obtained for proteins of interest between treatments (cefazolin or
cefoperazone) and saline groups in NAc and PFC. To determine the changes in expression
of proteins for cefazolin and cefoperazone treated groups, western blot band density from
saline-treated group (control) was converted to 100%. All statistical analyses were based on
a p<0.05 level of significance.
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Highlights
cefazolin and cefoperazone treatments decreased ethanol intake.
cefazolin and cefoperazone upregulated GLT-1a and GLT-1b in NAc and PFC.
Cefazolin increased XCT expression in NAc and PFC.

Cefoperazone upregulated xCT expression in NAc.
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Figure 1.

Changes in ethanol and water intake following treatment of cefazolin and cefoperazone in
male P rats exposed to five weeks of free choice of water and ethanol. A) Effects of
cefazolin and cefoperazone treatments on ethanol intake (g/kg/day). B) Effects of cefazolin
and cefoperazone treatments on water intake (g/kg/day). Data are represented as mean +
SEM; (**p < 0.01; #p < 0.001), (n = 6 for each group).
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Figure 2.

Changes in GLT-1a expression in NAc and PFC following treatment with cefazolin and
cefoperazone in male P rats. A) Immunoblots for GLT-1a and control loading protein
(GAPDH) expression in NAc. B) Immunoblots for GLT-1a and control loading protein
(GAPDH) expression in PFC. C) Quantitative t-test analysis of immunoblots revealed a
significant increase in GLT-1a/GAPDH ratio in NAc in cefazolin- and cefoperazone-treated
groups compared with saline-treated group (control value is 100%). D) Quantitative t-test
analysis of immunoblots revealed a significant increase in GLT-1a/GAPDH ratio in PFC in
cefazolin- and cefoperazone- treated groups compared with saline-treated group (control
value is 100%). Data are expressed as mean £ SEM. (*p<0.05). (n=6 for each group)
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Figure 3.
GLT-1b expression following treatment of cefazolin and cefoperazone in NAc and PFC. A)

Immunoblots for GLT-1b and control loading protein (GAPDH) expression in NAc. B)
Immunoblots for GLT-1b and control loading protein (GAPDH) expression in PFC. C)
Quantitative t-test analysis of immunoblots revealed a significant increase in GLT-1b/
GAPDH ratio in NAc in cefazolin- and cefoperazone-treated groups compared with saline-
treated group (control value is 100%). D) Quantitative t-test analysis of immunoblots
revealed a significant increase in GLT-1b/GAPDH ratio in PFC in cefazolin- and
cefoperazone-treated groups compared with saline-treated group (control value is 100%).
Data are expressed as mean + SEM. (*p<0.05). (n=6 for each group)
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Figure 4.

XCT expression in NAc and PFC following treatment with cefazolin and cefoperazone. A)
Immunoblots for xCT and control loading protein (GAPDH) expression in NAc. B)
Immunoblots for xCT and control loading protein (GAPDH) expression in PFC. C)
Quantitative t-test analysis of immunoblots revealed a significant increase in xCT/GAPDH
ratio in NAc in cefazolin- and cefoperazone-treated groups compared with saline-treated
group (control value is 100%). D) Quantitative t-test analysis of immunoblots revealed a
significant increase in xCT/GAPDH ratio in PFC in cefazolin-treated group and not
significant in cefoperazone-treated group compared with saline-treated group (control value
is 100%). Data are expressed as mean + SEM. (*p<0.05). (n=6 for each group)
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Figure 5.

GLAST expression following treatment with cefazolin and cefoperazone in NAc and PFC.
A) Immunoblots for GLAST and control loading protein (GAPDH) expression in NAc. B)
Immunoblots for GLAST and control loading protein (GAPDH) expression in PFC. C)
Quantitative t-test analysis of immunoblots revealed a non-significant increase in GLAST/
GAPDH ratio in NAc in cefazolin- and cefoperazone-treated groups compared with saline-
treated group (control value is 100%). D) Quantitative t-test analysis of immunoblots
revealed a non-significant increase in GLAST/GAPDH ratio in PFC in cefazolin- and
cefoperazone-treated groups compared with saline-treated group (control value is 100%).
Data are expressed as mean + SEM. (n=6 for each group)
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