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Abstract
Glutamate transporter subtype 1 (GLT-1) activation is a promising – and understudied - approach
for managing aspects of morphine tolerance caused by increased glutamatergic transmission.
Identification of beta-lactam antibiotics as pharmaceuticals which activate GLT-1 transporters
prompted us to hypothesize that repeated beta-lactam antibiotic (ceftriaxone) administration
blocks development of tolerance to morphine antinociception through GLT-1 activation. Here, we
injected rats with morphine (10 mg/kg, s.c.) twice daily for 7 days to induce tolerance and used the
hot-plate assay to determine antinociception on days 1, 4 and 7 of repeated morphine
administration. Ceftriaxone and a selective GLT-1 transporter inhibitor dihydrokainate (DHK)
were co-administered with morphine to determine if GLT-1 activation mediated the ceftriaxone
effect. Tolerance was present on days 4 and 7 of repeated morphine administration. Ceftriaxone
(50, 100 or 200 mg/kg, i.p.) administration dose-dependently blocked development of morphine
tolerance. DHK (10 mg/kg, s.c.), administered 15 min before each morphine injection, prevented
inhibition of morphine tolerance by ceftriaxone (200 mg/kg, i.p.). These results identify an
interaction between ceftriaxone and morphine in opioid-tolerant rats and suggest beta-lactam
antibiotics preserve analgesic efficacy during chronic morphine exposure.
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1. Introduction
GLT-1 transporters, expressed by rat and human (excitatory amino-acid transporter-2,
EAAT2) astrocytes, mediate 90% of extracellular glutamate uptake. GLT-1 activation is a
promising therapeutic approach for glutamate-related pathologies but is understudied
because of a lack of compounds which activate the transporter. Beta-lactam antibiotics,
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identified recently as drugs that increase glutamate uptake through GLT-1 activation, are
being used to explore GLT-1 pharmacology (Rothstein et al., 2005; Lipski et al., 2007;
Rawls et al., 2007). Morphine tolerance remains a clinical problem because the
progressively higher morphine doses, which are required to relieve pain, limit safety and
exacerbate morphine dependence and withdrawal. In animal models, antinociceptive
tolerance produced by chronic morphine exposure requires increased glutamatergic
transmission at NMDA, AMPA and mGluR type-I (subtype mGluR5) receptors (Trujillo
and Akil, 1991). Because beta-lactam antibiotics activate GLT-1, we tested the hypothesis
that that ceftriaxone blocks development of morphine tolerance in rats.

2. Methods
2.1. Animals and drug preparation

Animal use procedures were conducted in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. Male Sprague-Dawley rats (Ace Laboratories, Boyertown, PA)
weighing 275–300 g were housed 2 per cage for 5 days before experimental use and
maintained on a 12-hr light/dark cycle and fed rat chow and water ad libitum. Morphine
sulfate (NIDA, Rockville, MD, USA); ceftriaxone hydrochloride (Apotex Corporation,
Weston, FL, USA); and dihydrokainate (DHK) (Tocris Bioscience, St. Louis, MO, USA)
were dissolved in saline. Ceftriaxone and DHK were administered intraperitoneally (i.p.),
and morphine was injected subcutaneously (s.c.).

2.2. Hot-plate assay of thermal nociception
Antinociceptive responses were determined at 54 °C and defined by the animal licking its
back paw as previously described (Wang et al., 2008). Rats were placed onto a hot-plate
maintained at 37 °C for 1 min. Thirty min later, the same rat was placed back onto the hot-
plate, maintained at 50 °C, until a nociceptive response was observed. Thirty min later, and
prior to morphine administration, baseline latency was measured at 54 °C. Immediately
following baseline determination, morphine was injected, and response latency was recorded
60 min post-injection. A 45-s cut-off time was used.

2.3. Experimental Design
Ceftriaxone effects on development of morphine tolerance—Rats were injected
with ceftriaxone (200 mg/kg) or saline once daily (7 AM) for 10 days. Beginning on the
fourth day, rats from both groups were injected with morphine (10 mg/kg) or saline twice
daily (10 AM and 10 PM) for 7 days except for day 7, when only the morning injection of
morphine (10 mg/kg) or saline was administered. Hot-plate experiments were conducted
following the morning injection of morphine on days 1, 4 and 7 of repeated morphine
administration. Following baseline response latency determination, morphine (10 mg/kg) or
saline was injected and response latency was determined 30 min post-administration. The
experiment was repeated to investigate dose-related effects of ceftriaxone (25, 50 and 100
mg/kg).

DHK and ceftriaxone effects on development of morphine tolerance—Rats were
injected with ceftriaxone (200 mg/kg) or saline once daily (7 AM) for 10 days. Beginning on
the fourth day, rats from both groups were injected with a combination of saline/morphine
(10 mg/kg) and DHK (10 mg/kg)/morphine (10 mg/kg) twice daily (10 AM and 10 PM) for
7 days except for the last day, in which case the combination was given only in the morning.
DHK (or saline) was administered 30 min before morphine. Hot-plate experiments were
conducted following the morning morphine injection on days 1, 4 and 7 of repeated
morphine administration. Following determination of baseline latency, DHK (10 mg/kg) or
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saline was administered, followed 30 min later by morphine (10 mg/kg). Response latency
was determined 30 min post-morphine injection.

2.4. Data analysis
Response-latency values were expressed as percentage of maximum possible effect
(%MPE):

Two-way analysis of variance (ANOVA) with repeated measures on day followed by a
Bonferroni's post-hoc analysis identified differences between individual treatment groups.
Values of P < 0.05 were considered significant.

3. Results
3.1. Ceftriaxone inhibits morphine tolerance

Drug [F (3, 24) = 172.7, P < 0.0001] and time [F (2, 48) = 18.65, P < 0.0001] effects were
present (Fig. 1, Panel A). In rats injected with saline/morphine, antinociceptive tolerance
developed by day 4, and by day 7, response latency was not different from the saline/saline
group (P > 0.05). Rats treated with ceftriaxone (200 mg/kg)/morphine displayed greater
antinociception on days 4 (P < 0.05) and 7 (P < 0.05) than rats injected with saline/morphine
(10 mg/kg) and greater response latency on days 1, 4 and 7 than rats exposed to saline/saline
(P < 0.05).

3.2. Ceftriaxone dose-dependently inhibits morphine tolerance
Drug [F (3, 36) = 9.886, P < 0.0001] and time [F (2, 72) = 19.4, P < 0.0001] effects were
present (Fig. 1, Panel B). Rats injected with ceftriaxone (25 mg/kg)/morphine did not
display antinociception on days 1, 4, and 7 that differed from rats exposed to saline/
morphine (P > 0.05). Higher ceftriaxone doses did reduce morphine tolerance, such that on
days 4 and 7 the response latency of rats treated with ceftriaxone (50 mg/kg)/morphine (P <
0.05) or ceftriaxone (100 mg/kg)/morphine (P < 0.05) was enhanced compared to saline/
morphine-exposed rats.

3.3. GLT-1 transporter inhibition prevents blockade of morphine tolerance by ceftriaxone
Drug [F (3, 24) = 23.55, P < 0.0001] and time [F (2, 48) = 51.02, P < 0.0001] effect was
present (Fig. 2). In morphine-exposed rats, concurrent treatment with ceftriaxone (200 mg/
kg)/saline produced greater antinociception on days 4 and 7 than concomitant administration
of either saline/saline (P < 0.05) or ceftriaxone (200 mg/kg)/DHK (10 mg/kg) (P < 0.05),
indicating that DHK prevented the effect of ceftriaxone. In ceftriaxone-naïve rats exposed to
morphine, concomitant treatment with DHK (10 mg/kg)/saline did not result in
antinociception on days 1, 4, and 7 that differed from concurrent saline/saline treatment (P >
0.05).

4. Discussion
The current study identified an interaction between beta-lactam antibiotics and morphine in
opioid-tolerant rats and demonstrated that ceftriaxone blocked antinociceptive tolerance to
morphine. GLT-1 transporter inhibition by DHK prevented the ceftriaxone effect,
suggesting that ceftriaxone efficacy was dependent on GLT-1 activation (Rothstein et al.,
2005; Lipski et al., 2007; Rawls et al., 2007). Prior work indicates that morphine tolerance is
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accompanied by a reduction in GLT-1 transporter activity (Lim et al., 2005; Wu et al., 2008)
and inhibited by MS-153, a diverse agent which enhances glutamate uptake in COS-7 cells
but also exerts glutamate transporter-independent, anti-glutamatergic effects that oppose
opioid tolerance, including inhibition of high voltage-gated calcium channels (Nakagawa et
al., 2001; Uenishi et al., 1999). The mechanism by which GLT-1 transporter activation
attenuated development of morphine tolerance in our experiments is unclear. The most
plausible explanation is that rats co-treated with ceftriaxone and morphine displayed
enhanced cellular glutamate uptake which prevented extracellular glutamate levels from
increasing during repeated morphine exposure, thereby inhibiting the normal enhancement
in ionotropic and metabotropic glutamate receptor activity upon which the development of
morphine tolerance is highly dependent (Trujillo and Akil, 1991). One specific possibility is
that reduced mGluR5 receptor activity decreased the internalization and desensitization of
mu opioid receptors produced by chronic morphine exposure, thus preserving the analgesic
efficacy of morphine (Schröder et al., 2009). Considering the evidence that morphine
tolerance is inhibited by directly acting GABA agonists and GABA-transaminase inhibitors,
it is equally possible that GLT-1 transporter activation prevented tolerance by enhancing
GABA transmission, perhaps by increasing GABA synthesis via the glial glutamate-GABA
shunt (McKenna, 2007; Sivam and Ho, 1985; Chavooshi et al., 2009).

Ceftriaxone doses of 50 and 100 mg/kg, as well as the 200 mg/kg dose routinely used in
animal models of glutamate-related pathologies, inhibited morphine tolerance.
Intraperitoneal administration of 200 mg/kg yields CNS ceftriaxone concentrations
comparable to those CNS levels required to increase GLT-1 expression (3.5 µM) and
attained with meningitis therapy (0.3–6 µM), but this dose given to rats is equivalent to a
dose of 13 g/d for a typical adult patient, significantly greater than the maximal dose (2 g/d)
administered to patients as an antibiotic (Rothstein et al., 2005; Chandrasekar et al., 1984).
Hence, the current demonstration that lower ceftriaxone doses are effective is important, and
future studies will determine if the ceftriaxone effect is mimicked by potent beta-lactam
antibiotics (e.g. meropenem) and beta-lactamase inhibitors (e.g. clavulanic acid), which are
structurally similar to beta-lactam antibiotics but lack anti-bacterial efficacy.

In summary, the antinociceptive efficacy of morphine was preserved in rats exposed
repeatedly to a combination of ceftriaxone and morphine. Adverse effects produced by beta-
lactam antibiotics may limit their usefulness in the clinical management of morphine
tolerance, but their ability to inhibit tolerance in a preclinical model through GLT-1
activation might stimulate development of a non-antibiotic, beta-lactam containing
compound displaying enhanced clinical versatility.
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Fig. 1.
Repeated ceftriaxone (CTX) inhibits antinociceptive tolerance to morphine (MOR). Data are
expressed as mean % MPE ± S.E.M. determined 60 min following MOR administration on
days 1, 4 and 7 of repeated MOR exposure. N = 6–8 rats/group. Panel A) *P < 0.05
compared to saline (SAL) + SAL. Panel B) +P < 0.05 compared to SAL + MOR.
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Fig. 2.
DHK (10 mg/kg) blocks inhibition of morphine (MOR) tolerance by repeated ceftriaxone
(CTX) (200 mg/kg). Data are expressed as mean % MPE ± S.E.M. determined 60 min
following MOR administration on days 1, 4 and 7 of repeated MOR exposure. N = 6–8 rats/
group. *P < 0.05 compared to saline (SAL) + SAL + MOR and +P < 0.05 compared to CTX
+ SAL + MOR.
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