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Abstract

Ceftriaxone is a beta-lactam antibiotic which has been found to increase the expression and
function of the major glutamate transporter, GLT-1. It has previously been shown that GLT-1
expression is decreased in the nucleus accumbens following cocaine self-administration and
extinction training; ceftriaxone given in the days immediately prior to reinstatement testing
attenuates both cue- and cocaine-primed reinstatement. Here we tested the ability of ceftriaxone
pre-treatment (for 5 days prior to the first cocaine exposure) to prevent the induction of cocaine
sensitization and the acquisition of cocaine self-administration. We also tested whether ceftriaxone
administered only during self-administration attenuates the reinstatement of extinguished cocaine-
seeking. We found that ceftriaxone did not affect the acquisition of cocaine self-administration but
was able to attenuate reinstatement weeks after ceftriaxone administration ceased. This attenuation
in reinstatement was accompanied by a restoration of GLT-1 expression in the nucleus accumbens.
Ceftriaxone also attenuated locomotor behavior following the first cocaine injection and prevented
the induction of cocaine but not caffeine sensitization. While ceftriaxone-treated animals did not
sensitize to caffeine, they displayed reduced caffeine-induced locomotion following repeated
caffeine treatment, indicating a possible dopaminergic effect of ceftriaxone. Taken together, these
results indicate that ceftriaxone produces enduring changes in glutamate homeostasis in the
nucleus accumbens which counteract addiction-related behaviors.

1. Introduction

Cocaine addiction is a chronic disease characterized by an inability to regulate drug-seeking
behavior. Even when long periods of abstinence are achieved, humans report that drug
craving persists into late withdrawal, resulting in a high rate of relapse [1]. Relapse can be
modeled in animals with the reinstatement paradigm, where animals are trained to self-
administer drug in an operant chamber until behavior becomes stable. The drug-seeking
response is then extinguished and “reinstated” with one of the stimuli known to cause
relapse in humans, namely stress, a cue associated with drug delivery, or the drug itself [2].
Dopamine (DA) release in the nucleus accumbens (NAcc) core is known to be essential for
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the reinforcing effects of cocaine [3]. However, it is the release of glutamate into this region
that is most strongly implicated in the reinstatement of the cocaine seeking response [4].

The involvement of glutamate in the reinstatement response has led to the glutamate
homeostasis theory of cocaine addiction [5]. This theory postulates that that in late
withdrawal (2-3 weeks) from chronic cocaine, basal glutamate levels in the NAcc are
reduced [6, 7] and cocaine-induced synaptic glutamate transmission in this region drives the
reinstatement response [4]. Furthermore, the lower basal glutamate levels arise from
compromised activity of the cystine-glutamate exchanger, or system xc—, which exchanges
extracellular cystine for intracellular glutamate and is the source of the majority of
extracellular glutamate in the NAcc [8]. The protein xCT is the catalytic subunit of system
Xc—, and levels of this protein are decreased in the NAcc core following 3 weeks withdrawal
from cocaine self-administration [9]. Expression of the glutamate transporter-1 (GLT-1) is
also decreased at this time [9]. GLT-1 is expressed predominantly by astrocytes [10] and
expression is highest on portions of the glial membrane which face the neuropil [11]. This
positioning allows GLT-1 to prevent almost all glutamate spillover from the synapse [12,
13]. Thus the reduction in GLT-1 expression following cocaine self-administration may
partially account for the increased extra-synaptic glutamate measured during reinstatement
[4,6,7].

The importance of altered glutamate homeostasis in cocaine addiction is highlighted by the
finding that restoring homeostasis with the cysteine pro-drug, N-acetylcysteine (NAC)
attenuates relapse to cocaine-seeking in both animal models [6, 7, 14] and in a human
clinical pilot study [15]. NAC has been shown to stimulate system xc— and thus increase
NAcc basal glutamate levels [6]. NAC also increases protein expression of both xCT and
GLT-1 in the NAcc [9]. Similarly, the beta-lactam antibiotic ceftriaxone has also been
shown to increase expression of XCT [9] and GLT-1 in the NAcc following withdrawal from
cocaine [9, 16]. While the mechanism behind the ability of NAC to increase expression of
both xCT and GLT-1 is currently unknown, ceftriaxone increases the transcription of the
GLT-1 gene resulting in increased glutamate transport [17] and induces a known
transcriptional regulator of xCT, Nrf2, and thereby increases system xc— activity [18]. It has
previously been shown that chronic ceftriaxone treatment during extinction training
attenuates both cue- and cocaine-primed reinstatement [9]. Here, we examined the ability of
ceftriaxone to prevent both the acquisition of cocaine self-administration and the induction
of cocaine-sensitized locomotion. While dopamine is the neurotransmitter which is primarily
associated with the acquisition of cocaine self-administration (for review see [19]),
glutamate transmission likely plays a role as well. It is known that acute cocaine increases
extracellular glutamate levels in the nucleus accumbens [20, 21 but see also 22]. Blockade
of mGIuRS receptors with MPEP prevents the acquisition of cocaine, but not food, self-
administration in squirrel monkeys, as does antagonism of NMDA receptors with
dizocilpine [23]. Additionally, mGIluR5-null mice do not acquire cocaine self-
administration; blockade of mGIuR5 in wild-type mice produces the identical effect [24].
Moreover, the role of mGIURS5 in acquisition is a dopamine-independent event, as dopamine
levels during self-administration were normal in both mGIuR5-null and wild-type animals
[24]. Thus, there is evidence that glutamate signaling plays a role in the acquisition of
cocaine self-administration, and it was hypothesized that decreasing glutamate spillover into
the synapse by up-regulating GLT-1 expression with ceftriaxone would prevent the
acquisition of cocaine self-administration.

Sensitization of the locomotor response to repeated injections of drugs of abuse is thought to
be analogous to the sensitization of incentive salience attributed to addictive drugs and drug-
paired cues in human addicts (see [25] for review). The induction of cocaine sensitization
relies on glutamate transmission (see [26] for review) while caffeine sensitization relies on
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dopamine transmission [27]. Thus, it was hypothesized that ceftriaxone would prevent
sensitization of the locomotor response to cocaine but not caffeine.

2. Methods

2.1 Subjects

2.2 Drugs

Male Sprague-Dawley rats (Charles River Laboratories, Indianapolis, IN) weighing 250—
275g were housed individually in a temperature controlled vivarium on a 12h/12h light-dark
cycle (lights off at 0700h). All experiments were conducted during the dark phase of the
light cycle. Animals were provided with ad libitum water and 20g of food/day. All
experiments were conducted according to specifications of the National Institute of Health
Guide for the Care and Use of Laboratory Animals. A total of 100 rats were used for this
study.

Cocaine hydrochloride was generously donated by the National Institute on Drug Abuse
(Bethesda, MD) and was dissolved in 0.9% physiological saline for injection. For the
purposes of self-administration, a 4 mg/ml solution was prepared and subjects received 0.25
mg/infusion. Doses of 15 and 30 mg/kg cocaine (IP) were administered for the sensitization
study, and the dose of 15 mg/kg cocaine (IP) was administered to test for the occurrence of
cocaine-primed reinstatement. Caffeine (Sigma-Aldrich, St. Louis, MO) was dissolved in
saline vehicle and administered in a dose of 10 mg/kg. Ceftriaxone (Nova Plus, Irving, TX)
was dissolved in saline and administered in a dose of 200 mg/kg. This dose was chosen
since it has previously been shown to attenuate the reinstatement of cocaine seeking and up-
regulate GLT-1 expression in the nucleus accumbens [9,16].

2.3 Self-administration Procedures

After one week of acclimatization to the colony room and handling procedures, animals
underwent surgery for the implantation of chronic jugular catheters for the delivery of
intravenous cocaine. One end of the catheter was inserted into the jugular vein and secured
in place by suture. The other end was passed subdermally to an incision on the back where it
was attached to a stainless steel guide cannula (Plastics One, Inc., Roanoke, VA) that
protruded from the incision. The cannula was affixed to Mersilene Mesh (Ethicon,
Somerville, NJ) that was laid flat and subcutaneously on the rats’ back so that tissue could
grow through the mesh and secure the cannula in place. Catheter patency was maintained by
daily injections of 0.1 mL heparin (100 1U/ml) prepared in 0.9% physiological saline. The
antibiotic Timentin (0.3 in 0.1 mL, GlaxoSmithKline, Research Triangle Park, NC) was
administered intravenously for one week post-surgery. Rats were allowed to recover for 7
days prior to behavioral training. One goal of the present study was to investigate the ability
of ceftriaxone to prevent the acquisition of cocaine self-administration. To that end, a subset
of animals (n=15) were treated with ceftriaxone (200 mg/k IP) for 5 days prior to the first
day of cocaine self-administration; control animals (n=15) were treated with vehicle (saline;
0.3 mL). Ceftriaxone or vehicle treatment lasted the duration of the cocaine self-
administration period and ceased when extinction training began. During the self-
administration period, ceftriaxone was administered immediately after each daily operant
session.

Animals self-administered cocaine in a two-lever operant chamber (Med Associates, St.
Albans, VT). Cocaine was available on an FR-1 schedule of reinforcement in which each
press on the active lever (always the right lever) resulted in the delivery of 0.25 mL cocaine,
the illumination of the stimulus light above the active lever and the delivery of a tone (2900
Hz). The light signified the length of the time-out (TO) period (20 s) during which presses
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on the active lever were recorded but did not result in delivery of drug. Acquisition of
cocaine self-administration was arbitrarily defined as achieving 3 consecutive days of
earning at least 10 infusions/2 hr session. Many recent studies using this dose of cocaine use
the criteria of 10/infusions/session [14,[28, 29]]. Animals were excluded from the study if
they did not achieve this criteria within 8 days. Animals which were not excluded continued
to self-administer cocaine for 7 additional sessions for a total of 10 self-administration
sessions. Subsequent to the completion of the cocaine self-administration phase of the
experiment, animals underwent extinction training during which time responses on the
previously active lever no longer produced cocaine or the presentation of the drug-paired
cues. Animals received one daily 2 hr extinction session for a minimum of two weeks. After
pressing reached 20% of self-administration levels, animals were tested for cue-primed
reinstatement. During this test, presses on the previously active lever did not deliver drug
but did result in the presentation of the drug-paired cues. Animals were then subjected to
extinction procedures for a minimum of 3 sessions or until the previous extinction criterion
was met, and were tested for cocaine-primed reinstatement with 10 mg/kg cocaine (IP).
Ceftriaxone (or vehicle) was not administered during extinction training or reinstatement
testing.

For the purposes of conducting western blotting, a separate group of animals (n= 18) was
permitted to self-administer cocaine as described above but did not undergo reinstatement
testing. Instead, these animals underwent rapid decapitation following 2 weeks of extinction.
Additionally, a third group of animals was included in this portion of the experiment and
were yoked-saline controls which received an infusion of saline (0.05 ml over 2.7 s) when
their yoked counterpart received a cocaine infusion.

2.4 Tissue Preparation

At the conclusion of the 2-week extinction training period, animals underwent rapid
decapitation. The brains were removed and the nucleus accumbens was dissected and
homogenized in 0.32M sucrose buffer containing protease inhibitors (cOmplete Mini
Tablets, Roche, Indianapolis, IN). After homogenization and removal of cell debris and
nuclei by low-speed centrifugation (900 g x 10 min), samples were centrifuged at 10,000 g.
The resulting pellet was re-suspended in sucrose buffer and protease inhibitors, and spun at
10,000 g. The supernatant was discarded and the resulting pellet contained the membrane
fraction (P2) and was suspended in 1% SDS in RIPA. Protein content was measured using
the Bradford assay.

2.5 Western Blotting

Proteins were separated using 10% SDS-PAGE and transferred to PVDF membrane. The
membranes were blocked in 3% milk and probed overnight at 4°C with primary antibody
against GLT-1 (1:1000 Millipore, Billerica, MA) or xCT (1:100, generously donated by
Peter Kalivas, MUSC). Membranes were washed with TBS-Tween-20 and incubated with
secondary antibody at room temperature. After visualization (Pierce Western Mouse Pico
Kit, ThermoScientific, Rockford, IL) band density was measured with NIH Image J
software. Subsequently, the same membranes were blotted for the protein calnexin as a
loading control (1:20,000, Stressgen, Victoria, B.C.). The band density of GLT-1 and xCT
were normalized to the expression of the control protein calnexin on the same blot and
statistical analyses were carried out on this normalized measure.

2.6 Locomotor Behavior

Behavioral activity was measured in a photocell apparatus (Omnitech Electronics Inc.,
Columbus, OH). On the day prior to the first locomotor test subjects were placed into the
apparatus for a 60 min acclimation period and then received a saline injection (0.3 mL, IP)
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and behavioral activity was recorded for 120 minutes. The following day (Day 1), animals
were placed in the apparatus for the 60 min acclimation period before receiving an injection
of cocaine (15 mg/kg, IP). Behavior was recorded in 10 min increments for the 120 min
following the cocaine injection as well as for the habituation period. Motor activity was
quantified as total distance traveled (estimated by breaking of adjacent photobeams), total
horizontal beam breaks, vertical movements, and stereotypy counts (estimated by repetitive
breaking of the same photobeam). On Days 2-5, animals were treated with 30 mg/kg
cocaine but behavior was not monitored. On Day 7, animals were administered with 15 mg/
kg cocaine and behavior was again monitored in the same manner as on Day 1. To evaluate
the effects of ceftriaxone on locomotor sensitization to cocaine, 4 groups were used: a group
treated with vehicle prior to receiving the cocaine sensitization protocol (Veh-Coc), a group
treated with ceftriaxone prior to receiving the cocaine sensitization protocol (Cef-Coc), a
group which received vehicle injections and did not receive cocaine (Veh-Sal), and a group
which received ceftriaxone injections and did not receive cocaine (Cef-Sal). A similar
design was used to test for the presence of caffeine sensitization, however only two groups
were used: a group treated with vehicle prior to receiving the caffeine sensitization protocol
(Veh-Caff), and a group treated with ceftriaxone prior to receiving the caffeine sensitization
protocol (Cef-Caff). Caffeine was administered on Days 1-7 at the dose of 10 mg/kg IP.

2.7 Data Analyses

3. Results

The behavioral data were compared using Analyses of Variance (ANOVA) or, when
comparing only two groups, a two-tailed Independent-sample t-test was used. When
statistical significance (p< 0.05) was obtained with an ANOVA, the Least Significant
Differences (LSD) post-hoc test was used to assess specific group differences.

3.1 Ceftriaxone treatment and cocaine self-administration, extinction, and reinstatement

3.2 Western

Ceftriaxone treatment failed to affect the mean number of days required for acquisition of
the operant response which produced cocaine (Fig. 1B; F(1,18)=0.908, n.s.). Acquisition
was arbitrarily defined as achieving 10 cocaine infusions/2 hr session for 3 consecutive
days. Animals which did not acquire the self-administration response within 8 sessions were
eliminated from the study. Both treatment groups began the experiment with 15 animals; 4
of the vehicle-treated animals were excluded and 6 of the ceftriaxone-treated animals were
excluded for failing to acquire cocaine self-administration. Furthermore, once animals had
acquired the self-administration response, there were no differences in self-administration
behavior [Fig. 1B; Group: F(1,17) = 0.132, n.s.; Time x Group: F(1,17) =0.813, n.s.]. A
two-way ANOVA was computed on the number of lever presses made during extinction
training: there was no effect of Group [(F(1,13) = 0.742, n.s.] and no Time x Group
interaction [F(1,13) = 0.736, n.s.], indicating that both ceftriaxone- and vehicle-treated
animals extinguished the drug-seeking response in a similar manner [Fig. 1C; Time:
F(9,117)= 3885, p<0.01]. Taken together, these data indicate that treatment with ceftriaxone
prior to and during cocaine self-administration does not affect the acquisition, maintenance,
or extinction of an operant response yielding cocaine. However, ceftriaxone treatment
during self-administration did significantly affect later reinstatement behavior (Fig. 1D).
Both cue- [t(1,13)=2.295, p<0.05] and cocaine-primed reinstatement [t(1,13)=2.569, p<0.05]
were significantly attenuated in ceftriaxone-treated animals relative to those treated with
vehicle.

Blotting

Western blotting was conducted on nucleus accumbens tissue obtained from cocaine self-
administering animals which had either been treated with vehicle (Veh-Coc) or ceftriaxone

Behav Brain Res. Author manuscript; available in PMC 2012 November 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sondheimer and Knackstedt Page 6

(Cef-Coc) prior to and during self-administration as well as yoked-saline control animals
(n=6; Sal). Of this cohort of animals, 3 of 9 vehicle-treated animals were excluded for a
failure to acquire cocaine self-administration, while 3 of 9 ceftriaxone-treated animals were
excluded for the same reason. Cocaine self-administering animals displayed significantly
less GLT-1 and ceftriaxone restored GLT-1 levels to those of Sal controls (Fig. 2A). A one-
way ANOVA was conducted on the normalized band densities of GLT-1 and revealed a
significant effect of treatment group [F(2,15)=4.536, p<0.05]. Post-hoc tests revealed that
this effect stemmed from significant differences between the Veh-Coc and Sal animals
(p<0.05) as well as between the Veh-Coc and Cef-Coc animals (p<0.05). The expression of
GLT-1 in Cef-Coc animals did not differ from Sal (p=.439). Cocaine self-administering rats
did not display decreased xCT expression as previously reported, (Fig. 2B). A one-way
ANOVA conducted on the density of XCT in the same three treatment groups revealed no
differences in XCT expression [F(2,15) = 1.837, n.s.]. A Cef-Sal group was not included in
this portion of the experiment, as ceftriaxone has previously been shown not to affect GLT-1
or XCT expression in naive animals [9].

3.3 Locomotor Sensitization

For cocaine- and caffeine-induced locomotor testing, behavior was recorded on Days 1 and
7. Fig. 3A shows the Day 1 data (30 minutes prior to injection through 60 minutes post-
injection) from the cocaine protocol. A two-way ANOVA with repeated measures on one
factor (Time) was conducted on this data revealed a significant effect of Group [F(3,28) =
15.596, p<0.001] and a significant Time x Group interaction [F(3,28) = 6.247, p <0.001] as
well as a significant effect of Time [(F(8,224) = 24.430, p<0.001]. Post-hoc tests revealed
that the significant effect of Group stemmed from differences between the VVeh-Coc group
and all other groups [Veh-Sal: p<0.01; Cef-Coc: p<0.05; Cef-Sal: p<0.01]. The Cef-Coc
group also differed from both Sal groups [Veh-Sal: p<0.001; Cef-Sal: p<0.001], while the
Veh-Sal and Cef-Sal groups did not differ (p=0.837). A two-way ANOVA conducted on the
data from Day 7 (Fig. 3B) revealed similar main effects [Group: F(3,27) = 20.901, p <0.001;
Time: F(8,216) = 25.107, p <0.001; Time x Group: F(3,27) = 7.320, p <0.001]. The Day 7
data from one subject in the Veh-Sal group was considered an outlier (> 2 standard
deviations from the mean) and was excluded from statistical analysis. Post-hoc tests
revealed a similar pattern of differences between groups on Day 7 as on Day 1, with one
notable exception: the Cef-Coc group no longer differed from the Veh-Sal group (p=0.092).
The Veh-Coc group again differed from all other groups (Veh-Sal: p<0.001; Cef-Coc:
p<0.001; Cef-Sal: p<0.001). The Cef-Coc group also differed from the Cef-Sal group
(p<0.05), while the Veh-Sal and Cef-Sal groups did not differ (p=0.355). Sensitization to
cocaine is defined as an increase in locomotion following repeated cocaine administration.
Thus, we compared cocaine-induced locomotor activity on Day 1 to Day 7 in both the
vehicle- and ceftriaxone-treated groups (Fig. 3C) using paired-sample t-tests. The Veh-Coc
group displayed a significant increase in locomotor activity from Day 1 to Day 7 [t(1,8) =
2.423, p<0.05] while the Cef-Coc group did not [t(1,8) = 0.104, n.s.].

Similar analyses were used for the caffeine-induced locomotor behavior (Fig. 4). A two-way
ANOVA with repeated measures on one factor (Time) conducted on the data from Day 1
(30 minutes prior to injection through 60 minutes post-injection) revealed a significant effect
of Time [F(8,96) = 29.326, p<0.001] and Group [F(1,12) = 10.635, p <0.01] but no Time x
Group interaction [F(1,12) = 1.380, n.s.]. A two-way ANOVA conducted on the data from
Day 7 revealed significant effects of Time [F(8,96) = 36.691, p<0.001, Group F(1,12) =
8.937, p<0.05] and a significant Time x Group interaction [F(1,12) = 4.162, p <0.001]. We
compared caffeine-induced locomotor activity on Day 1 to Day 7 in both the vehicle- and
ceftriaxone-treated groups using paired-sample t-tests. Veh-Coc displayed a significant
increase in locomotor activity from Day 1 to Day 7 [t(1,7) = 5.123, p<0.01] as did the Cef-
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Coc group [t(1,5) = 3.158, p<0.05], indicating that both groups sensitized to the locomotor-
stimulating effects of caffeine.

4. Discussion

Glutamate levels in the nucleus accumbens increase upon the first administration of cocaine
[20, 21 but see also 22] and the stimulation of NMDA and mGIuR5 receptors is required for
the acquisition of cocaine self-administration in mice and squirrel monkeys [23, 24]. Thus,
we predicted that by limiting glutamate spillover through increasing GLT-1 expression with
the beta-lactam antibiotic, ceftriaxone, we could prevent the acquisition of cocaine self-
administration in rats. However, pretreatment with ceftriaxone (200 mg/kg) did not affect
the acquisition or maintenance of cocaine self-administration on a fixed-ratio 1 (FR-1)
schedule of reinforcement (Fig. 1A, B). In contrast, the same dose of ceftriaxone used here
has been shown to prevent the acquisition of cocaine self-administration (FR-1 schedule) in
mice [30]. In support of the present results, N-acetylcysteine (like ceftriaxone) increases the
expression of XCT and GLT-1 [9] and also does not affect the amount of cocaine self-
administered on an FR-1 schedule in 2 hr daily sessions [7]. Thus, it can be concluded that
increasing the expression of XCT and GLT-1 does not reduce the amount of cocaine self-
administered on a fixed-ratio schedule of reinforcement in rats. However, it has been argued
that a fixed ratio schedule of reinforcement is ineffective at assessing the ability of
pharmaceutical or physical manipulations to affect self-administration [31]. Both ceftriaxone
[30] and N-acetylcysteine [32] are capable of reducing cocaine-seeking when a progressive
ratio [30] and second-order schedule of reinforcement [32] are used to assess more
specifically the motivation to seek cocaine. It is also possible that ceftriaxone would be
capable of preventing the self-administration of doses of intravenous cocaine other than the
dose used here (0.75 mg/kg/infusion).

Treatment with ceftriaxone prior to and during self-administration was able to attenuate both
cue- and cocaine-primed reinstatement of cocaine-seeking weeks after ceftriaxone
administration ceased (Fig. 1D). This most likely arose from the ability of ceftriaxone to
prevent the decrease in XCT and GLT-1 expression that has been observed following
cocaine self-administration and 2—3 weeks of extinction training ([9]; Fig. 2A, B). While we
did not observe a significant decrease in XCT expression in vehicle-treated animals as
previously reported [9], ceftriaxone-treated animals did not display decreased xCT
expression relative to controls (Figure 2B). The failure to detect a significant difference in
XCT expression between controls and vehicle-treated cocaine animals likely stemmed from
low statistical power in the three experimental groups (n=6/group). N-acetylcysteine
attenuates the reinstatement of cocaine-seeking when administered acutely prior to testing
[6, 7] and when a chronic treatment regimen is given during extinction training or abstinence
[14]. When administered during cocaine self-administration, N-acetylcysteine also
attenuates reinstatement weeks after its last administration [7]. Thus, it is likely that the
ability of ceftriaxone and N-acetylcysteine to restore levels of XCT and GLT-1 in the
nucleus accumbens underlies their ability to produce long-lasting reductions in cocaine-
seeking behavior.

Acute cocaine injections increase striatal dopamine release [33] and DA receptor 1 (D1)
antagonists decrease cocaine-induced locomotion [34]. Glutamate is also involved in the
acute effects of cocaine on locomotion, as both AMPA [35] and NMDA antagonists [36]
exert inhibitory effects on cocaine-induced locomotion. There is an extensive literature that
demonstrates that glutamate and not dopamine transmission is involved in the induction of
cocaine sensitization (for review see [26]). Here, we show that ceftriaxone inhibits
locomotion following an acute injection of cocaine (Fig. 3A) and prevents the induction of
cocaine sensitization (Fig. 3B, C). It is likely ceftriaxone-induced GLT-1 up-regulation
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dampens cocaine-induced glutamate release, thereby preventing the induction of
sensitization and attenuating the locomotor response to acute cocaine. However, since
dopamine is also involved in the locomotor response to acute cocaine, a ceftriaxone-
dopamine interaction could also explain the ability of ceftriaxone to attenuate cocaine-
induced locomotion (Fig. 3A).

To tease apart the potential effects of ceftriaxone on glutamate and dopamine, we
investigated the effects of ceftriaxone on caffeine locomotion and sensitization. Acute
caffeine administration increases locomotion but does not affect glutamate transmission in
the NAcc [37]. Inhibiting glutamate transmission in the NAcc decreases the locomotor-
stimulating effects of cocaine, but not caffeine [36]. The locomotor-stimulating effects of an
acute caffeine injection are dependent on dopamine release [38] and repeated treatment with
caffeine produces increased striatal dopamine levels [27]. Here we found that ceftriaxone
does not prevent the induction of caffeine sensitization (Fig. 4C), however, ceftriaxone-
treated animals displayed significantly less caffeine-induced locomotion (compared to
vehicle-treated animals) following repeated caffeine injections (Fig. 4B). This data indicates
that ceftriaxone may exert modulatory effects on the dopamine system.

Taken together, these results indicate that ceftriaxone can significantly impact two cocaine
addiction-related behaviors: locomotor sensitization and the reinstatement of extinguished
cocaine-seeking. Particularly notable is the ability of ceftriaxone to attenuate both cue- and
cocaine-primed reinstatement weeks after ceftriaxone administration ceases. Although data
presented here indicates a potential role for dopamine, ceftriaxone most likely impacts these
cocaine behaviors by increasing GLT-1 and XCT expression, thereby producing a long-
lasting restoration of glutamate homeostasis in the nucleus accumbens.
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Figure 1.

The effects of ceftriaxone on the acquisition (A), maintenance (B), extinction (C), and
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reinstatement (D) of the cocaine self-administration response (lever presses). Ceftriaxone

administration occurred prior to and during cocaine self-administration and not during

extinction training or reinstatement testing. Significant differences (p<0.05) are indicated by

*
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Figure 2.

The effects of ceftriaxone treatment prior to and during cocaine self-administration on the
expression of XCT and GLT-1 two weeks post-cocaine. Significant differences (p<0.05)
from Sal are indicated by *.
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Figure 3.

Ceftriaxone significantly attenuates cocaine-induced locomotion and the induction of
cocaine sensitization. The locomotor response to acute (A) and repeated (B) cocaine is
attenuated in animals treated with ceftriaxone. Cocaine sensitization is prevented by chronic
treatment with ceftriaxone (C). Significant differences (p<0.05) are indicated by *.
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Figure 4.

The effects of ceftriaxone on locomotor activity following acute and repeated caffeine.
Ceftriaxone does not affect locomotion following an acute injection of caffeine (A).
Ceftriaxone attenuates the locomotor response to caffeine following repeated caffeine
pretreatment (B) but does not prevent caffeine sensitization (C). Significant differences
(p<0.05) are indicated by *.
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