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Abstract

Background—Despite the efficacy of ceftriaxone (CTX) in animal models of CNS diseases,
including drug addiction, its utility as a CNS-active therapeutic may be limited by poor brain
penetrability and cumbersome parenteral administration. An alternative is the B-lactamase
inhibitor clavulanic acid (CA), a constituent of Augmentin that prevents antibiotic degradation.
CA possesses the p-lactam core necessary for CNS activity but, relative to CTX, possesses: 1) oral
activity; 2) 2.5-fold greater brain penetrability; and 3) negligible antibiotic activity.

Methods—To compare the effectiveness of CA (10 mg/kg) and CTX (200 mg/kg) against
centrally-mediated endpoints, we investigated their effects against morphine’s rewarding,
hyperthermic, and locomotor-sensitizing actions. Endpoints were based on prior evidence that
CTX attenuates morphine-induced physical dependence, tolerance, and hyperthermia.

Results—As expected, rats treated with morphine (4 mg/kg) displayed hyperthermia and
conditioned place preference (CPP). Co-treatment with CTX or CA inhibited development of
morphine-induced CPP by approximately 70%. Morphine’s hyperthermic effect was also
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suppressed, with CTX and CA producing 57% and 47% inhibition, respectively. Locomotor
sensitization induced by repeated morphine exposures was inhibited by CA but not CTX.

Conclusions—The present findings are the first to suggest that CA disrupts the in vivo actions
of morphine and point toward further studying CA as a potential therapy for drug addiction.
Further, its ability to disrupt morphine’s rewarding effects at 20-fold lower doses than CTX
identifies CA as an existing, orally-active alternative to direct CTX therapy for CNS diseases.

Keywords

Clavulanic acid; ceftriaxone; f-lactam antibiotic; conditioned place preference; p-lactamase
inhibitor; morphine; glutamate transporter; sensitization

1. INTRODUCTION

The p-lactam antibiotic ceftriaxone (CTX; Rocephin®) can improve symptoms of CNS
diseases in multiple animal models including amyotrophic lateral sclerosis, multiple
sclerosis, stroke, seizure, Huntington’s disease, depression, and drug addiction (Rao and
Sari, 2012; Ward et al., 2011; Knackstedt et al., 20e10; Rawls et al., 2007, 2010; Miller et
al., 2008; Sari et al., 2009; Lipski et al., 2007; Rothstein et al., 2005). Despite promising
preclinical results with CTX, its clinical utility as a therapeutic for CNS diseases may be
limited by unfavorable pharmacokinetic and pharmacodynamic properties. One drawback is
poor blood-brain barrier penetrability that requires administration of high doses (i.e., 200
mg/kg for 5-10 days in rodents extrapolating to 13 g/day in humans) to achieve CNS
efficacy, thus increasing the risk of adverse effects such as toxicity and diarrhea (Rothstein
etal., 2005).

An alternative to CTX is clavulanic acid (CA), which is normally administered in
combination with amoxicillin (Augmentin) to overcome resistance in bacteria that secrete
the p-lactamase enzyme which otherwise inactivates most penicillins. CA is structurally
similar to CTX. Both compounds contain a central B-lactam ring required for enhancement
of cellular glutamate reuptake through activation of glutamate transporter subtype 1
(GLT-1), which is thought to be a primary reason for the efficacy of CTX in animal models
of CNS diseases (Rothstein et al., 2005). Relative to CTX, CA displays a number of
desirable properties related to CNS activity, including negligible antibacterial activity, oral
bioavailability (64-75%), and enhanced brain penetrability evident from a cerebrospinal
fluid/plasma ratio of around 0.25 in patients with intact meninges (Kim et al., 2009;
Nakagawa et al., 1994; Bolton et al., 1986).

Based on their structural commonality and differences in brain penetrability, we
hypothesized that CA would display comparable efficacy to CTX, but at much lower doses,
against three effects of morphine that are predominantly CNS-mediated: 1) rewarding
effects assessed by the conditioned place preference (CPP) assay; 2) hyperthermia produced
by acute morphine exposure; and 3) locomotor sensitization in rats exposed to repeated
morphine, withdrawn from morphine, and then reintroduced to morphine following a period
of forced abstinence. We selected these endpoints because of the ability of CTX to inhibit in
vivo effects of morphine (Rawls et al., 2007; 2010a, b; Rao and Sari, 2012) and other drugs
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of abuse including psychostimulants and alcohol (Knackstedt et al. 2010; Sondheimer and
Knackstedt, 2011; Trantham-Davidson et al. 2012; Sari et al., 2009; Alajaji et al. 2013;
Fischer et al. 2013).

2. METHODS

2.1. Animals, chemicals and dosing schedule

Male Sprague-Dawley rats (225-250 g) were pair-housed, maintained on a 12-hr light/dark
cycle, and provided ad libitum access to food and water. Procedures were approved by the
Institutional Animal Care and Use Committees. Ceftriaxone sodium (CTX) and potassium
clavulanate (CA) were injected intraperitoneally (i.p.) at 200 and 10 mg/kg, respectively.
Morphine sulfate was injected subcutaneously (s.c.) and provided by the National Institute
on Drug Abuse (NIDA). Morphine was injected at doses of either 4 mg/kg (CPP, body
temperature experiments) or 20 mg/kg (locomaotor experiments). All drugs were dissolved in
saline.

Dosing schedules for CTX and CA utilized repeated injections. This paradigm was based on
consistent evidence across multiple laboratories showing that CTX has to be given
repeatedly, for at least 5 days, and at a dose of 200 mg/kg, to detect significant efficacy in
animal models of CNS diseases (Rothstein et al., 2005). For comparative purposes, CA was
administered under the same schedule, and its dose of 10 mg/kg was estimated from prior in
vivo work (Shanna et al., 2013; Kost et al., 2009).

2.2. Effects of CA and CTX on morphine-induced conditioned place preference (CPP)

For CPP experiments a two-sided Stoelting chamber (40 x 45 x 35 cm) separated by a
removable partition was used. Rats were handled for 4 days and then received three
consecutive daily injections of CTX or CA prior to conditioning. Rats continued to receive
daily injections of CTX, saline or CA (following chamber exposure) during conditioning
(but not on the post-test day). A biased-CPP procedure consisting of three phases was
employed. During bias testing (day 1) each rat was allowed free access to both sides of the
chamber for 30 min and individual preferences were determined. The non-preferred side was
used as the drug-paired environment. During conditioning (days 2-7) rats were injected with
morphine or saline on alternating days and were confined to the appropriate side for 30 min.
A counterbalanced design was used such that half of the rats received morphine and were
confined to the non-preferred side on days 2, 4 and 6 while the other half of the subjects
received morphine on days 3, 5 and 7. During testing (day 8) rats did not receive an injection
and were allowed to freely explore both sides of the chamber for 30 min. Preference score
was determined by subtracting time spent in the non-preferred side during the pretest from
time spent in the drug-paired side during testing.

2.3. Effects of CA and CTX on morphine-induced hyperthermia

For body temperature experiments rats were randomly divided into 6 groups and injected for
7 days with CTX, CA, or saline. One day after the last injection rats were placed
individually into a temperature-controlled room (21 + 0.3°C) and allowed to acclimatize for
60 min (Rawls et al., 2007). Baseline rectal temperatures were then taken every 30 min for
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90 min using a thermistor probe and digital thermometer. A mean baseline temperature was
determined from the 3 baseline temperatures. Rats were then injected with morphine or
saline, and body temperature was measured 60 min after the injection of morphine or saline.
To test for acute effects of CA or CTX, another set of experiments were conducted as
described above except that CA or CTX was injected only once, 30 min prior to morphine.

2.4. Effects of CA and CTX on morphine-induced locomotor sensitization

The dosing schedule used to induce sensitization of locomotor activity to morphine was
based on a paradigm previously used to demonstrate the presence of morphine physical
dependence in rats (Rawls et al., 2010b). In that study, repeated injections of CTX during
chronic morphine exposure reduced the severity of the withdrawal syndrome precipitated by
naloxone. In the present experiment, morphine (20 mg/kg) or saline was injected twice daily
for 10 days (07.00 and 19.00 h). Thirty min before each morphine injection, rats were
injected with saline, CTX or CA. Following the last day of repeated treatments, rats
underwent 10 days of forced abstinence in which they did not receive any injection.
Following the 10-day abstinence interval, rats were challenged with morphine (20 mg/kg) or
saline. Injections were conducted in home cages except for the day of morphine challenge
on which behavioral experimentation was conducted.

For assessment of locomotor activity, rats were placed individually into activity chambers
and allowed to acclimate for 60 min. Basal activity was recorded for 60 min prior to
morphine injection, followed by recording of activity for 60 min. The Digiscan DMicro
system (Accuscan, Inc., Columbus, OH) was used to measure locomotor activity as
described (Tallarida et al., 2013; Lisek et al., 2012; Rasmussen et al., 2011). Chambers
consisted of transparent plastic boxes (45 cm x 20 cm x 20 cm) set inside metal frames
equipped with 16 infrared light emitters and detectors. The beam height was 4.5 cm, and the
space between beams was 2.5 cm. The number of photocell beam breaks was recorded by a
computer interface.

2.5. Data analysis

Data were analyzed by two-way ANOVA (pretreatment, treatment), and a Bonferroni test
was used to identify differences between individual treatment groups. In all cases, P < 0.05
was considered statistically significant.

3. RESULTS

3.1. CA and CTX attenuate rewarding effects of morphine

Two-way ANOVA conducted on the data set presented in Fig. 1 revealed significant
treatment, pretreatment and interaction effects (Treatment, [F (1, 50) = 157.84, P < 0.0001];
Pretreatment, [F (2, 50) = 24.45, P < 0.0001]; and Interaction, [F (2, 50) = 38.31, P <
0.0001]). Morphine-treated rats displayed a significant preference shift relative to saline
controls (P < 0.001). Preference for the cocaine-paired side was significantly reduced in rats
pretreated with CTX compared to rats pretreated with saline (P < 0.01). Similarly, in rats
pretreated with CA, the preference for the cocaine-paired side was significantly less than in
rats pretreated with saline (P < 0.01). Pretreatment with CTX inhibited morphine-induced
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CPP by 72% whereas pretreatment with CA produced a 70% inhibition of the morphine
preference. No significant CPP was observed in rats pretreated with CTX or CA followed by
saline (P > 0.05).

3.2. CA and CTX attenuate the hyperthermic effect of morphine

Effects of CTX and CA on morphine-induced hyperthermia are presented in Fig. 2. Mean
baseline temperature values for the groups presented in Fig. 2 were: (SAL + SAL, 37.8 =
0.22; CTX + SAL, 37.6 £ 0.17; CA + SAL, 37.6 £ 0.12; SAL+ MOR, 37.8 £ 0.25; CTX +
MOR, 37.5 +0.21; and CA + MOR, 37.3 £ 0.27). Two-way ANOVA conducted on the data
set presented in Fig. 2 revealed significant treatment and interaction effects (Treatment, [F
(1, 30) =51.11, P < 0.0001]; Pretreatment, [F (2, 30) = 2.87, P = 0.0727]; and Interaction, [F
(2, 30) =5.37, P < 0.05]). In saline-pretreated rats, the administration of morphine produced
significant hyperthermia (2.11 + 0.32 °C) compared to saline administration (P < 0.001).
The hyperthermic response to morphine was attenuated in rats pretreated with CTX (0.92 =
0.21°C) (P <0.01) or CA (1.12 £ 0.23 °C) (P < 0.01). In rats pretreated with CTX or CA,
the change in body temperature following saline injection was not significantly different
than in rats pretreated with saline (P > 0.05). The hyperthermic effect of morphine was not
impacted by a single, acute injection of either CA or CTX (P > 0.05) (data not shown). In
these acute experiments, the hyperthermia produced by morphine was not significantly
different in rats pretreated with saline (1.78 + 0.31 °C) than in rats pretreated with CTX
(1.64 £ 0.28 °C) or CA (2.01 £ 0.45 °C) (P > 0.05, n=6 rats per group).

3.3. CA and CTX attenuate morphine-induced locomotor sensitization

Effects of CTX and CA on sensitization of locomotor activity produced by repeated
morphine injections are shown in Fig. 3. Two-way ANOVA conducted on the data set
revealed significant treatment, pretreatment and interaction effects (Treatment, [F (1, 50) =
8.60, P < 0.01]; Pretreatment, [F (3, 50) = 3.97, P < 0.05]; and Interaction, [F (3, 50) = 5.00,
P < 0.01]). Post-hoc analysis revealed that a challenge injection of morphine produced
greater locomotor activity in rats with prior morphine experience (SAL-MOR + MOR) than
in rats previously naive to morphine (SAL-SAL + MOR) (P < 0.001). In rats pretreated with
a combination of morphine and CA (CA-MOR + MOR), a challenge injection of morphine
produced less locomotor activity than in rats pretreated with only morphine (SAL-MOR +
MOR) (P < 0.05). In rats pretreated with a combination of morphine and CTX (CTX-MOR
+ MOR), locomotor activity produced by morphine challenge was also less than in rats
pretreated with only morphine (SAL-MOR + MOR) (P < 0.01). In rats entirely naive to
morphine, a saline injection following pretreatment with CTX (CTX SAL) or CA (CA SAL)
did not produce locomotor activation that was significantly different from rats pretreated
with only saline (SAL SAL) (P > 0.05).

4. DISCUSSION

CA displayed efficacy against the rewarding, hyperthermic, and locomotor-sensitizing
effects of morphine at 20-fold lower doses than CTX. Prior work has shown that CTX
disrupts pharmacological effects of different classes of drugs of abuse. Some of the effects
of CTX are prevention of analgesic tolerance and physical dependence that develops during
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chronic morphine exposure (Rawls et al., 2007, 20104, b), inhibition of opioid-induced
hyperalgesia (Chen et al., 2012), inhibition of relapse to cocaine seeking (Knackstedt et al.,
2010; Sari et al., 2009), inhibition of the direct reinforcing effects of cocaine in mice
maintained under a progressive-ratio responding schedule (Ward et al., 2011), inhibition of
locomotor sensitization produced by cocaine and amphetamine (Tallarida et al., 2013;
Sondheimer and Knackstedt, 2011; Rasmussen et al., 2011), prevention of
methamphetamine-induced CPP (Abulseoud et al., 2013), and reduction of alcohol
consumption (Sari et al., 2013; Rao and Sari, 2012). Despite structural similarities between
CA and CTX, and the more favorable pharmacokinetic and physiochemical properties of CA
as related to CNS activity (Nakagawa et al., 1994; Bolton et al., 1986), the potential
effectiveness of CA as a therapeutic for CNS diseases is limited to studies that have
examined neuroprotection, anxiety, and erectile dysfunction (Kim et al., 2009; Kost et al.,
2011, 2012; Sanna et al., 2013). To our knowledge, the present results are the first evidence
that CA can disrupt rewarding and sensitizing effects of an addictive substance.

Doses of 10 mg/kg of CA and 200 mg/kg of CTX were approximately equi-effective in
reducing CPP produced by morphine. One explanation for CA displaying efficacy at a 20-
fold lower dose than CTX is enhanced brain penetrability, particularly since the CSF/plasma
ratios of CA and CTX are 0.25 and 0.1, respectively, in subjects with intact meninges
(Nakagawa et al., 1994). Involvement of additional factors, such as differences in catabolism
or pharmacological mechanism of action, cannot be discounted. The mechanism most
commonly linked to the CNS efficacy of CTX is enhancement of cellular glutamate uptake
through activation of GLT-1 transporters (Rothstein et al., 2005), although additional
mechanisms, including chelation of calcium ions, impairment of antigen-specific T cell
migration into the CNS and enhancement of cystine-glutamate exchange (Lipski et al., 2007;
Melzer et al., 2008; Lewerenz et al., 2009), have been identified. In keeping with the GLT-1
mechanism, prior work has shown that CTX inhibits morphine-induced hyperthermia and
analgesic tolerance through GLT-1 transporter activation, evident from the finding that CTX
efficacy is abolished by the selective GLT-1 transporter inhibitor dihydrokainate (Rawls et
al., 2007, 2010a). Although effects of CTX on CPP produced by morphine or other opioids
have not been reported, it should be noted that morphine-induced CPP is reduced by
MS-153, a neuroprotective agent with multiple mechanisms of action, including
enhancement of glutamate reuptake and blockade of voltage-gated channels (Nakagawa et
al., 2005). More recently, it was demonstrated that CTX inhibits the development of
methamphetamine-induced CPP (Abulseoud et al., 2012).

The mechanism of action underlying CA efficacy against morphine’s rewarding effects was
not investigated in the present experiments but will be the focus of future studies. On the
basis of its neuroprotective action and structural similarity to CTX (Kost et al., 2012), one
possibility is that CA, similar to CTX, increases GLT-1 transporter activity, perhaps due to
an elevation in GLT-1 protein expression (Rothstein et al., 2005). Indeed, as noted above,
pharmacological strategies that enhance GLT-1 activity are thought to inhibit two of the
morphine-induced effects (CPP, hyperthermia) that were attenuated by CA in the present
experiments (Nakagawa et al., 2005; Rawils et al., 2010a; 2007). Furthermore, the third
effect, behavioral sensitization, is highly dependent on increased glutamate transmission and
blocked by antagonism of NMDA and AMPA receptors (Vanderschuren and Kalivas, 2000;
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Jeziorski et al., 1994; Carlezon et al., 1999). The ability of CA and CTX to attenuate
morphine-induced behavioral sensitization in the present experiments is consistent with a
glutamate-based mechanism. It is also in accordance with earlier work demonstrating that
CTX inhibits locomotor sensitization produced by amphetamine (Rasmussen et al., 2011)
and cocaine (Tallarida et al., 2013; Sondheimer and Knackstedt, 2011) and MS-153 inhibits
behavioral sensitization produced by phencyclidine (Abekawa et al., 2002). Additional
mechanisms of action that may have contributed to the efficacy of CA against morphine’s
rewarding effects include enhancement of monoamine transmission and inhibition of
glutamate carboxypeptidase 11 (GCPII), also known as NAALADase (Sanna et al., 2013;
Banani et al., 2012; Kost et al., 2011). A role for 5-HT systems in the conditioned rewarding
effects of morphine have been demonstrated previously, with activation of 5-HT receptors
producing inhibition and blockade of 5-HT3 receptors causing enhancement (Nomikos and
Spyraki, 1988; Acquas et al., 1988; Carboni et al., 1989; Higgins et al., 1992). GCPII
(NAALADase) is a predominantly astrocytic enzyme that catalyzes the conversion of
NAAG (N-Acetylaspartylglutamic acid), an endogenous mGIuR2/3 agonist, into glutamate
(Slusher et AL., 1999). Pharmacological inhibition of GCPII is known to attenuate morphine
tolerance and reward, perhaps through endogenous activation of presynaptic mGIuR2/3
autoreceptors (Popik et al., 2003; Bossert et al., 2005).

CA has also been shown to increase dopamine transmission (Kost et al., 2011; Sanna et al.,
2013). While the possibility that CA increased dopamine transmission in the present
experiments cannot be excluded, it is unlikely that such an increase, if it did occur, could
have accounted for the efficacy of CA against morphine’s pharmacological effects. This is
because enhanced dopamine transmission would not be expected to inhibit the rewarding
effects of morphine. Further, the development of behavioral sensitization to morphine is
thought to be more dependent on glutamate transmission than on dopamine transmission
(Vanderschuren and Kalivas, 2000). Although it is somewhat difficult to reconcile the
behavioral effects of CA observed here with its dopamine-enhancing effects (Sanna et al.,
2013; Kost et al., 2011, 2012), it should be noted that our study used a dosing paradigm in
which CA was administered repeatedly. This dosing paradigm was used because multiple
laboratories have demonstrated that the preclinical activity of CTX in reducing the
symptoms of CNS diseases is dependent on repeated administration (Rothstein et al., 2005;
Sari et al., 2009, 2013; Rawls et al., 2007, 20103, b; Tallarida et al., 2013; Trantham-
Davidson et al., 2012). In contrast to our dosing schedule, the in vivo studies showing that
CA increases dopamine transmission have used a design in which CA was injected once
(Kim et al., 2009; Sanna et al., 2013). Though speculative, it could be that monoamine
transmission is augmented following acute CA exposure and that glutamate uptake is
enhanced following chronic exposure to CA. Alternatively, the neuroprotective and anti-
opioid effects of CA that are potentially dependent on a reduction in glutamate transmission
could occur subsequent to direct impacts of CA on monoamine transmission. Regardless,
now that the efficacy of CA has been shown against morphine, future studies will turn
toward delineating the mechanism of action of CA to identify its potential impacts on
glutamatergic, dopaminergic, and 5-HT systems that contribute to the addictive process.
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The selection of CTX and CA doses, as well as the dosing schedule, was based on evidences
across multiple laboratories that reliable CNS activity requires repeated exposure to doses of
100-200 mg/kg, a feature that may be related to its poor brain penetrability (Ward et al.,
2011; Knackstedt et al., 2010; Rawls et al., 2007, 2010a,b; Miller et al., 2008; Sari et al.,
2009; Lipski et al., 2007; Rothstein et al., 2005). Thus, at doses below 200 mg/kg, it is
unlikely that CTX would have exerted significant inhibition of morphine-induced responses.
Furthermore, in a case in which a higher dose of CTX (400 mg/kg) was tested against
naloxone-precipitated withdrawal responses in morphine-dependent rats, it was no more
effective than 200 mg/kg but did increase the prevalence of diarrhea (Rawls et al., 2010Db).
For CA it will be important in future experiments to conduct dose-effect experiments to
determine if CNS activity can be detected at doses lower than the10 mg/kg used here.

In summary, the present findings suggest that CA has the ability to disrupt in vivo actions of
morphine. Our results point to studying CA as a potential therapy for drug addiction and,
most importantly, an attractive alternative to direct CTX therapy for management of CNS
diseases. Possible benefits of repositioning CA for new indications are that it has been vetted
in diverse patient populations, displays oral activity, is brain penetrable, possesses only
negligible antibacterial activity, and potentially acts through multiple mechanisms of action.
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Fig. 1.

C'?’X (200 mg/kg) and CA (10 mg/kg) attenuated CPP to morphine (4 mg/kg) (MOR).
During conditioning, rats were pretreated with saline (SAL), CTX, or CA followed by the
injection of either SAL or MOR. Data are expressed as mean preference score (s) + S.E.M.
N=8-10 rats/group. “*P < 0.01, "P < 0.01 compared to SAL MOR group.
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CTX (200 mg/kg) and CA (10 mg/kg) attenuated the hyperthermic effect of an acute
injection of morphine (4 mg/kg) (SAL MOR). Rats were pretreated with saline (SAL), CTX,
or CA followed by the injection of either SAL or MOR. Data are expressed as mean change
in body temperature (60 min post-SAL or MOR injection) from baseline (AT, °C) + S.E.M.

*hk

N=6 rats/group. P < 0.01,

P < 0.001 compared to SAL MOR group.
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CTX (200 mg/kg) and CA (10 mg/kg) pretreatment attenuated locomotor sensitization
produced by morphine (MOR) (20 mg/kg). Rats were pretreated with saline/saline (SAL
SAL), saline/morphine (SAL MOR), CTX/morphine (CTX MOR), or CA/morphine (CA
MOR). Following 10 days of drug absence, rats from each group were treated with either
saline (SAL) or morphine (MOR) and locomotor activity was measured. Data are expressed
as total activity counts (0-30 min post-injection) following MOR or SAL challenge. N=6-8

rats/group. “P < 0.05, ™*P < 0.01,

*k*k

P < 0.001 compared to SAL MOR group.
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