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Abstract: Objective It is well established that glutamate and its receptors, particularly the N-methyl-D-aspartate recep-
tor (NMDAR), play a significant role in addiction and that the inhibition of glutamatergic hyperfunction reduces addictive
behaviors in experimental animals. Specifically, NMDAR antagonists such as MK-801, and an inducer of the expression
of glutamate transporter subtype-1 (GLT-1) (ceftriaxone) are known to inhibit addictive behavior. The purpose of this
study was to determine whether the combined action of a low dose of MK-801 and a low dose of ceftriaxone provides bet-
ter inhibition of the acquisition, extinction, and reinstatement of morphine-induced conditioned place preference (CPP)
than either compound alone. Methods A morphine-paired CPP experiment was used to study the effects of low doses
of MK-801, ceftriaxone and a combination of both on reward-related memory (acquisition, extinction, and reinstatement
of morphine preference) in rats. Results A low dose of neither MK-801 (0.05 mg/kg, i.p.) nor ceftriaxone (25 mg/kg,
i.p.) alone effectively impaired CPP behaviors. However, when applied in combination, they reduced the acquisition of
morphine-induced CPP and completely prevented morphine reinstatement. Their combination also notably impaired the
extinction of morphine-induced CPP. Conclusion The combined action of a low dose of an NMDAR antagonist (MK-801)
and GLT-1 activation by ceftriaxone effectively changed different phases of CPP behavior.
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use'. For many drug addicted patients, even after extended
abstinence, there exists a level of vulnerability to relapse
into drug abuse'”. For example, addicted individuals have
conditioned behavioral responses to repeated environmen-
tal and drug-related cues or stimuli, such as the context of
where drugs of abuse are administered. These responses to
external exposures reflect associative learning processes in
the brain"!. Therefore, one important learning mechanism
that leads to drug addiction is the development of a strong
preference for a drug cue, leading to drug-craving and
drug-seeking responses'®.

Previous research has shown that the neurotransmitter
glutamate and its direct actions within the mammalian cen-
tral nervous system play an important role in the addiction
process'”. Specifically, the N-methyl-D-aspartate recep-
tor (NMDAR) located on the postsynaptic membrane has
been implicated in learning, memory and drug addiction'.
NMDAR signaling depends, in part, on the extracellular
concentration of glutamate, which is regulated by diffusion
away from the synaptic cleft and uptake by surrounding glia
via glutamate transporter-1 (GLT-1, a sodium-dependent
transporter). This leads to a decrease in the level of gluta-
mate in the synaptic cleft and attenuation of its effects'.
All told, these mechanisms regulate glutamate function,
including the activation/inhibition of the glutamate system
as it pertains to drug addiction.

For example, glutamatergic hyperfunction in the
nucleus accumbens and prefrontal cortex has been found
during the reinstatement of morphine-induced conditioned
place preference (CPP)"®. Conversely, inhibition of gluta-
mate system function by MK-801, a non-competitive NMDAR
antagonist, reduces morphine-induced CPP and sensitiza-
tion"*. In addition, the level of GLT-1 is decreased in
addictive states”. Interestingly, ceftriaxone, a B-lactam
antibiotic, attenuates the development of addictive behav-
iors by inducing GLT-1 expression and removing excess
glutamate from the synaptic cleft"”.

Therefore, the present study was conducted to test
whether a low dose of MK-801 in combination with ceftri-
axone effectively inhibits the glutamate system and allevi-

ates addictive behaviors.

2 Materials and methods

2.1 Animals and drugs A total of 180 Sprague-Dawley
rats (6—8 weeks old, 220-250 g), were obtained from the
Chengdu Animal Center (Chengdu, China). Each set of
experiments was performed in an independent group of
animals and all behavioral tests were performed during the
light phase. All animal experiments were reviewed and ap-
proved by the Institutional Animal Care and Use Commit-
tee at the Kunming Institute of Zoology in accordance with
international guidelines.

2.2 Place conditioning apparatus and procedure CPP
was performed in a conventional apparatus!" consisting of
two chambers (L x W x H: 35 x 30 x 25 cm’) with differ-
ent visual cues and grid textures, connected by a central
gray compartment. The CPP training consisted of three
distinct phases: pre-conditioning, conditioning, and
post-conditioning, each conducted during the same time
period of each day according to the previously described
methods™. On pre-conditioning trial days (days 1-3), each
animal was placed into the grey connecting compartment
to freely explore the whole apparatus for 15 min. On day
3, the time spent in each conditioning compartment was
recorded and animals that displayed a preference for either
compartment were excluded. Then, during the conditioning phase,
each animal was randomly assigned to receive morphine
injections (10 mg/kg, i.p.; First Manufactory of ShenYang,
Shenyang, China) in one compartment on days 4, 6, 8 and
10 and the same volume of saline in the other compartment
on days 5, 7, 9 and 11. The treatment compartment and
the order of drug presentation or saline were counterbal-
anced for each experimental group. The post-conditioning
experiments were broken down into acquisition, extinction
and reinstatement phases. Twenty-four hours after the last
conditioning session, the acquisition of morphine-induced
CPP was measured under conditions identical to those de-
scribed for preconditioning. During morphine extinction,
the animals received daily CPP training without prior mor-
phine administration. The animals were then given free ac-
cess to both compartments for 15 min on consecutive days

until the time spent in the drug-paired compartment minus
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that for the vehicle compartment was similar to that of the
pre-conditioning phase (day 3)“. Morphine reinstatement
was measured by giving rats a priming injection of mor-
phine (2.0 mg/kg) 15 min prior to placing them in the CPP
apparatus with free access to both sides'”. The amount of
time spent in each conditioning compartment was recorded
as a measure of CPP for each phase.

2.3 Experimental design

2.3.1 Experiment 1: Combined action of MK-801 and
ceftriaxone pretreatment on CPP acquisition Animals
were conditioned for eight consecutive days. They were
assigned into five groups (n = 8/group), receiving vehicle,
vehicle, ceftriaxone (25 mg/kg; Xianfeng Pharmaceutical
Company, Shanghai, China), MK-801 (0.05 mg/kg; Sigma,
St. Louis, MO) or combined injection of ceftriaxone (25
mg/kg) and MK-801 (0.05 mg/kg) 15 min before each
morphine conditioning session. MK-801 and ceftriaxone
were dissolved in 0.9% saline and their doses were de-
termined from our preliminary experiments (unpublished
data). The effective pretreatment time (15 min) was also
determined from previous studies with these drugs'®'.
Following the eight conditioning sessions, the rats were
tested for morphine-induced CPP as described above (Fig.
1A).

2.3.2 Experiment 2: Combined action of MK-801 and
ceftriaxone on CPP extinction The combined action of
ceftriaxone and MK-801 on the extinction of morphine-
induced CPP was determined in two groups of animals
(control, n = 8; morphine, n = 32). The standard procedure
described above was used to develop morphine CPP. After
the post-conditioning acquisition test, the rats were in-
jected once a day for 10 consecutive days with ceftriaxone
(25 mg/kg), MK-801 (0.05 mg/kg), ceftriaxone (25 mg/kg)
plus MK-801 (0.05 mg/kg), or vehicle 15 min before mea-
suring the extinction of the morphine-induced CPP. During
the extinction procedure, the rats were allowed to explore
the apparatus with free access to both chambers for 15
min (Fig. 2A) and the time spent in each compartment was
scored for chamber preference.

2.3.3 Experiment 3: Combined action of MK-801 and

ceftriaxone on CPP reinstatement The combined ac-

tion of ceftriaxone and MK-801 on the morphine-primed
reinstatement of extinguished morphine-induced CPP
was assessed in a separate group of animals. The proce-
dure described above was used to develop and extinguish
morphine-induced CPP. In this experiment, animals were
tested for the acquisition of CPP and then the CPP was
extinguished without any ceftriaxone and/or MK-801
pre-treatment. Once the extinction criterion was met, the
animals were injected with either ceftriaxone (25 mg/kg),
MK-801 (0.05 mg/kg), ceftriaxone (25 mg/kg) plus MK-
801 (0.05 mg/kg), or vehicle 15 min prior to a morphine
injection (2.0 mg/kg, i.p.). The rats were then immediately
placed in the apparatus for 15 min with free access to
both chambers to measure the reinstatement of CPP (Fig.
3A). In all experiments, the preference for a chamber was
scored as described below.

2.3.4 Experiment 4: Combined action of MK-801 and
ceftriaxone on CPP or conditioned place aversion and
on motor activity To rule out the possibility that the com-
bined action of MK-801 and ceftriaxone had rewarding or
aversive effects in the CPP test and/or impaired motor ac-
tivity, a separate group of rats was evaluated in the above
CPP paradigm without morphine administration. Animals
were divided into four groups (n = 8/group): control (ve-
hicle), ceftriaxone (25 mg/kg), MK-801 (0.05 mg/kg), and
combined ceftriaxone (25 mg/kg) and MK-801 (0.05 mg/
kg). The rats were trained as described above by receiving
counterbalanced administration of one of these agents and
saline on even and odd days. CPP expression was scored
as the time spent in each compartment. In addition, loco-
motor activity was assessed during the CPP measurements
with an infrared tracking system (Shenzhen Jiameikang
Technology Co., Ltd, China) located on the ceiling. The
total distance traveled was scored as a measure of locomo-
tor activity.

2.4 Statistical analysis CPP data were calculated as: time
spent in drug-paired chamber/sum of time spent in both
chambers’. Data from the CPP experiments were analyzed
with two-way analysis of variance (ANOVA) for drugs and
for test days with repeated measures on each day. Motor

activity measurements were also analyzed with two-way
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ANOVA. P <0.05 was considered statistically significant.
3 Results

3.1 Combined action of MK-801 and ceftriaxone pre-
treatment on CPP acquisition MK-801, ceftriaxone or
both were injected 15 min before each morphine injection
during the course of CPP development (Fig. 1A). Repeated
measure ANOVA showed significant differences among
treatments (Fig. 1B; main effect: F(1,35) = 178.557,
P <0.001; interaction effect (day x group): F(4,35) =
14.509, P <0.001). Post hoc analysis showed that the rats
in the morphine groups (10 mg/kg, i.p.) spent more time in
the drug-paired chamber than in the preconditioning ses-
sions (P <0.05). However, MK-801 or ceftriaxone alone

had no effect on the time spent in the drug-paired chamber

during CPP acquisition compared with the preconditioned
morphine control groups (P >0.05). Conversely, combined
MK-801 and ceftriaxone attenuated the acquisition of CPP
compared with morphine+vehicle treatment during the ac-
quisition test (P <0.05).

3.2 Combined action of MK-801 and ceftriaxone on
CPP extinction After developing morphine-induced CPP,
rats were given vehicle, MK-801, ceftriaxone, or a com-
bination of both 15 min prior to each extinction trial (Fig.
2A). After 10 extinction trials (Fig. 2), a significant main
effect [F(1, 35) = 15.795, P <0.001] was found between
all groups, which indicated a significant decrease in prefer-
ence for the morphine-paired chamber. However, paired
t-tests comparing preference between the preconditioned

and extinction states revealed significant extinction in all
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15 min prior to each morphine injection

Days 1-3

Days 4-11 morphine/saline

l

Pre-conditioning

0.9+
0.84
0.7+
0.6+
0541 7 —F—

0.4+

Preference Scores

Conditioning Expression

[ Pre C |
I Post C

T

Sal/vehicle Mor/vehicle Mor/MKS801 Mor/Cef Mor/(MK801+Cef)

Fig. 1. Effects of MK-801 and/or ceftriaxone (Cef) on conditioned place preference (CPP) acquisition. A: Timeline of the procedure to test the effects of

MK-801 and/or ceftriaxone on the acquisition of CPP. B: Action of MK-801 and/or ceftriaxone on the acquisition of CPP. After showing morphine

(Mor)-induced CPP, rats were allowed to freely explore the apparatus as a measure of drug-seeking behavior. P <0.01 pre-conditioning vs acqui-

sition; “P <0.05 drug treatment vs vehicle. n = 8 per group. Preference scores give the proportion of time spent in the drug-paired compartment,

where 0.5 denotes equal preference and scores > 0.5 indicate a preference for the drug-paired compartment. Pre C, pre-conditioning; Post C, post-

conditioning.
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groups except for the combined action group. The rats
given either MK-801 (0.05 mg/kg) or ceftriaxone (25 mg/
kg) were found to have undergone extinction of morphine-
induced CPP, and post-hoc comparisons (LSD) showed
that these groups were not significantly different from the
vehicle group. Therefore, a low dose of MK-801 or cef-
triaxone alone appeared to have no significant effect on
extinction. However, a significant difference was found
between the combined MK-801 and ceftriaxone treatment
group and the vehicle group during the extinction phase

(Fig. 2B). This finding suggested that the combination of

ceftriaxone and MK-801 delayed the extinction of mor-
phine CPP.

3.3 Combined action of MK-801 and ceftriaxone on
CPP reinstatement Following the extinction of morphine-
induced CPP, morphine reinstatement was induced. Rats
were given a priming injection of morphine (2.0 mg/kg,
i.p.) 15 min after an injection of vehicle, MK-801, ceftri-
axone or a combination of MK-801 and ceftriaxone (Fig.
3A). Repeated-measure ANOVA showed a significant ef-
fect of the priming drug [F(1, 42) = 105.353, P <0.001]
and the interaction between priming drug and CPP training

Vehicle, MK801, Cef or combined

A
15 min prior to extinction
| Days 1-3 | Days 4-11 saline/morphine | Day 12 | Days 13-22  extinction train |I)21_\ 23 |
Pre-conditioning Conditioning Expression Extinction Extinction test
B 0.8 - *
# )
; [ JpreC
0.7 4 I Post C
0.6 4
0.5 4 T +

0.3 4

Preference Scores
=
=
1

0.0

Saline Mor

Mor/vehicle Mor/MKS01T Mor/Cef Mor/(MKS801+Cef)

Expression

Extinction

Fig. 2. Effects of MK-801 and/or ceftriaxone (Cef) on extinction of morphine-induced conditioned place preference (CPP) after 10-day extinction trains. A:

Timeline of the procedure to test the effects of MK-801 and/or ceftriaxone on the extinction of CPP. B: Combined action of MK-801 and ceftriax-

one on the extinction of CPP. After the expression of morphine (Mor)-induced CPP was measured (left panel), animals were injected MK-801 and/

or ceftriaxone 10 min prior to being placed in the apparatus for extinction training on 10 consecutive days. After the training period, an extinction

measurement (day 23; right panel) was determined from the preference score of the time spent exploring the drug-paired chamber. Extinction was

indicated when the rats no longer preferentially explored the drug-paired chamber. *P <0.05 pre-conditioning (Pre C) vs post-conditioning (Post C);
#P <0.05 MK-801+ceftriaxone vs vehicle treatment during the extinction phase (Post C).
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drug administration [F(5, 42) = 15.907, P <0.001]. The ex-
tinguished morphine-induced CPP was robustly reinstated
by administration of a priming dose of morphine (P <0.01
compared with pre-conditioning preference scores). This
result is in accord with previous studies on the mechanisms
of relapse to drug addiction where drug place preference
has been used as a model"*. Furthermore, the priming in-
jection had no effect on saline-trained rats. The results of
the post hoc analysis showed that pre-treatment with nei-
ther MK-801 nor ceftriaxone had an effect on the reinstate-
ment of the CPP primed by morphine. However, pretreat-
ment with a combination of both MK-801 and ceftriaxone

blocked the reinstatement by morphine priming (P <0.05).

3.4 Combined action of MK-801 and ceftriaxone on
the expression of CPP or conditioned place aversion
and on locomotor activity in rats Four groups (saline,
MK-801, ceftriaxone, and a combination of MK-801 and
ceftriaxone) of rats were trained in the CPP apparatus to
control for the effects of these agents on the expression of
place preference and motor activity. Regarding the place
preference, repeated measure ANOVA indicated no effect
of the drugs [F(1, 28) = 3.251, P >0.05] and no interaction
between days (pre- and post-conditioning) and drugs [F(3,
28) = 1.907, P >0.05]. Place preference results showed
that MK-801, ceftriaxone, and their combined action did

not induce CPP or aversion behaviors, indicating that these
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Fig. 3. Effects of MK-801 and/or ceftriaxone (Cef) on conditioned place preference (CPP) reinstatement. A: Timeline of the procedure to test the effects
of MK-801 and/or ceftriaxone on the reinstatement of CPP. B: Combined MK-801 and ceftriaxone significantly blocked the reinstatement of CPP
primed by morphine (Mor). After the extinction of morphine-induced CPP, the animals were administered vehicle, MK-801, ceftriaxone or a com-

bination 15 min prior to a priming injection of morphine. Following the priming injection, rats were allowed to freely explore the CPP chamber

and the reinstatement of morphine CPP was measured as a preference score >0.5 for the drug-paired chamber. Left panel: Baseline CPP expres-

sion; central panel: CPP extinction; right panel: CPP reinstatement. *P <0.05 pre-conditioning (Pre C) vs reinstatement acquisition (Post C); “P <0.05 vs

morhpine/vehicle reinstatement.
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Fig. 4. Effects of MK-801 and/or ceftriaxone (Cef) on CPP or conditioned place aversion (A) and on the motor activity (B) of rats. A: Neither MK-801 nor
ceftriaxone alone induced CPP or aversion behaviors. Nor did the combination of MK-801 and ceftriaxone. These indicate that no rewarding or

aversive effects were induced by these agents. B: MK-801 enhanced motor activity, while ceftriaxone or the combination of MK-801 and ceftri-

axone did not alter motor activity in comparison to control. *P <0.05 pre-conditioning (Pre C) vs post-conditioning (Post C); *P <0.05 MK-801 vs

combined treatment.

agents had no rewarding or aversive effects. On the other
hand, repeated measure ANOVA indicated a significant
effect of the drugs [F(1, 28) = 10.251, P <0.05] on motor
activity. MK-801 significantly increased motor activity,
while ceftriaxone alone and the combination had no effect.
This indicated that the combined action of MK-801 and
ceftriaxone attenuated the enhanced motor activity caused
by MK-801.

4 Discussion

The results of the present study showed that neither a
low dose of MK-801 (0.05 mg/kg) nor a low dose of ceftri-
axone (25 mg/kg) alone affected the acquisition, extinction
and reinstatement of morphine-induced CPP, but co-infusion
of both at the same doses impaired the acquisition and
reinstatement. Interestingly, this cocktail delayed the ex-
tinction of morphine-induced CPP. These findings provide
novel insights into the mechanisms underlying the inhibi-

tion of the glutamate system by antagonizing NMDARs

and decreasing the extracellular glutamate levels by up-
regulating the expression of GLT-1. All told, these results
suggest that the combined action of low doses of MK-801
and ceftriaxone on the glutamate system effectively inhibit
CPP behaviors, particularly the acquisition and reinstate-
ment of drug-paired learning cues.

Although previous reports on MK-801 (0.5 mg/kg)!"”
and ceftriaxone (100 and 200 mg/kg)"*'” found that each
agent inhibits addictive behaviors in, for example, the
CPP paradigm, our study aimed to assess the interaction
between the two agents and their ability to inhibit CPP
development. Our preliminary experiments (unpublished
data) used three doses of MK-801 (0.05, 0.1, and 0.5 mg/kg)
and ceftriaxone (25, 100, and 200 mg/kg) to determine the
doses most appropriate for exploring their relationship.
In order to avoid a ceiling effect, the lowest dose of each
agent was used to investigate their interaction.

As expected, the administration of morphine (10 mg/kg)

to rats produced CPP behavior similar to our previous re-
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sults"”. Morphine is thought to inhibit inhibitory y-amino-

butyric acid (GABAergic) interneurons, thereby increasing

dopamine signaling to the nucleus accumbens!"

. However,
dopaminergic neurons in the mesolimbic system receive
projections from both GABAergic and glutamatergic neu-
rons in the prefrontal cortex, amygdala, hippocampus, and
subthalamic nuclei in the rat!">*”. Therefore, disruption of
the glutamate system must also have a considerable effect
on the reward contribution of morphine. For example, the
NMDAR antagonist AP5 (0.48 nmol/0.3 pL) blocks the
acquisition of morphine-induced CPP when delivered di-
rectly into the ventral tegmental area immediately before
morphine conditioning”". There is also evidence that glu-
tamate transmission in key neuronal circuits plays a critical
role in the initiation and acquisition of addiction-related
behaviors”™. Furthermore, a previous study reported that
MK-801 (1.0 mg/kg) impairs the acquisition of morphine-
induced CPP by inhibiting dopaminergic activation medi-
ated through the NMDAR™. In another study, repeated
ceftriaxone administration (200 mg/kg) reduced the ability
to acquire cocaine dependency and limited the motivation
to self-administer cocaine by reducing direct reinforcing
behaviors!"". However, here we used considerably lower
doses to determine whether the combined action of MK-
801 and ceftriaxone were able to inhibit the acquisition,
extinction, and reinstatement of morphine-induced CPP.
Although we found that a low dose of MK-801 or cef-
triaxone alone was unable to block different phases of
morphine-induced CPP, their combination inhibited drug-
addictive memory associated with the CPP, probably
through the synergistic blocking of postsynaptic NMDARs
and decreasing the elevated extracellular glutamate levels
via GLT-1 up-regulation.

It is also notable that other evidence suggests that glu-
tamate transmission plays a critical role in the expression
of addiction-related behaviors, including drug-seeking™”’.
For example, glutamate-induced activation of neurons in
the ventral tegmental area reinstated morphine-induced
CPP™. Furthermore, chronic morphine treatment down-
regulated GLT-1, subsequently increasing the extracel-

lular levels of glutamate™ which further implicates the

glutamate system in the addiction process. In an attempt
to reduce the influence of glutamate on the addiction-like
CPP behaviors towards morphine, ceftriaxone, a B-lactam
antibiotic known to elevate GLT-1 expression via nuclear
factor-kB and to decrease the level of extracellular gluta-
mate”, and MK-801, an NMDAR antagonist, were used
to inhibit the function of the glutamate system by decreasing
extracellular glutamate levels and inhibiting glutamate
signaling. Notably, the combined action of MK-801 and
ceftriaxone had a considerably stronger effect in inhibiting
the morphine-induced hyperfunction of the glutamate sys-
tem during reinstatement in comparison to the null effects
shown by each agent alone.

Interestingly, the extinction of morphine-induced CPP
was delayed/impaired in the rats treated with a combina-
tion of MK-801 and ceftriaxone, which supports the no-
tion that extinction is a learning and memory process that
involves the glutamate system'"’. However, the molecular
mechanism is not completely understood. Some evidence
links glutamate NMDARSs to the transition and/or con-
solidation of learned fear-paired memory cues to the ex-
tinction of these associated cues. For example, rats given
NMDAR antagonists can learn extinction traits, but fail
to retain long-term memory of the extinction process™.
Furthermore, NMDAR antagonists directly delivered to
the amygdala impair extinction learning during fear con-
ditioning™. It has been suggested that NMDAR antago-
nists block NMDA-dependent calcium signaling and the
subsequent molecular cascades that lead to the formation
of long-term memory”®. These descriptions collectively
suggest that inhibiting the glutamate system is likely to
impair learning and memory. However, the finding that the
combined action of the agents used here to inhibit the glu-
tamate system delayed the extinction of morphine-paired
reward cues suggests that the combination strengthened
the memory of the morphine cue.

All told, the low doses of MK-801, ceftriaxone, and
their combination were not found to induce CPP behaviors
specific to these agents alone. Furthermore, these agents
were not found to have deleterious effects on the motor ac-

tivity of the rats. These findings suggest that no reward or
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aversive effect, and no motor stimulus was associated with
the combined action of MK-801 and ceftriaxone. This in-
dicates that the inhibition of glutamatergic signaling in rats
given morphine by the synergistic reduction of synaptic
glutamate and the blockade of NMDAR signaling was able
to reduce specific drug-seeking and addictive behaviors,
rather than the non-specific effects of MK-801 or ceftriaxone
alone.

To summarize, we administered low doses of MK-801
and ceftriaxone to assess the potential of their combina-
tion for the inhibition of morphine-paired reward in dif-
ferent phases of the CPP paradigm. Experimental results
showed that neither MK-801 (0.05 mg/kg) nor ceftriaxone
(25 mg/kg) affected CPP behaviors: acquisition, extinc-
tion and reinstatement. However, the combination of these
compounds at the same doses impaired the acquisition and
reinstatement of morphine-induced CPP. A potential expla-
nation for these results may be the simple restoration of the
impaired glutamate homeostasis caused by the morphine-
induced glutamatergic hyperfunction in this animal model
of addiction. Our results suggest that synergistic GLT-1
activation and NMDAR signaling blockade are potential
mechanisms for counteracting this glutamatergic hyper-
function. Furthermore, these results suggest that developing
a cocktail to control glutamate neurotransmitter function
is a suitable target for an effective therapeutic strategy

against relapse into drug abuse.
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