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A B S T R A C T

Background: Lamotrigine is an anticonvulsant drug used in the treatment of epilepsy and bipolar disorder. A case
report has demonstrated that a ketamine addict experienced a significant reduction in craving and ketamine use
after taking lamotrigine. The present study determined whether lamotrigine can reduce the motivation for ke-
tamine and prevent the relapse to ketamine seeking behavior in rats.
Methods: Male Sprague-Dawley rats were trained to respond for intravenous ketamine (0.5 mg/kg/infusion) self-
administration or food pellets. The effects of lamotrigine on the motivation for ketamine or food were assessed
using breakpoint test under a progressive ratio (PR) paradigm. Furthermore, the effects of lamotrigine on re-
instatement of ketamine-seeking and food-seeking behaviors were examined after extinction.
Results: Lamotrigine significantly decreased the breakpoint for ketamine and prevented cue- and ketamine
priming-induced reinstatement of ketamine seeking behavior. However, lamotrigine did not affect the break-
point for food reinforcement, cue-induced reinstatement of food-seeking behavior, or spontaneous locomotor
activity.
Conclusions: Our data reveal that lamotrigine is capable of attenuating the reinforcing efficacy of ketamine and
reducing ketamine craving and relapse risk, which lays the foundation for conducting clinical trials in patients
with ketamine use disorder.

1. Introduction

Ketamine, an anesthetic with dissociative, analgesic and psychedelic
properties, has been long used in humans and veterinary medicine.
Recreational use is on the increase among young adults attending clubs
and parties worldwide in the past a few decades (Gahlinger, 2004; Li
et al., 2011).

Ketamine alters numerous functions in the brain including color
perception, memory, attention, cognition, reaction time and sense of
time (Bokor and Anderson, 2014; Wolff and Winstock, 2006). With
euphoric effects, ketamine has been shown to serve as a reinforcing
stimulus to induce self-administration (Collins et al., 1984; De Luca and
Badiani, 2011; De Luca et al., 2012) and conditioned place preference
(Li et al., 2008; Suzuki et al., 2000) in animals, supporting its human
abuse potential. Long-term ketamine use causes damages to various
organs, including the brain, heart, liver, gastrointestinal tract, and
genitourinary system (Pappachan et al., 2014). Recent reports further

showed that ketamine-dependent patients had impaired cognitive
function (Cheng et al., 2018; Wang et al., 2018). Cessation of ketamine
use is the only effective treatment for preventing deterioration of organ
function. However, there is no effective pharmacotherapy to manage
the compulsive drug use in patients with ketamine use disorder cur-
rently.

Lamotrigine, a mood-stabilizing anticonvulsant, is clinically used to
treat epilepsy and bipolar disorder. One proposed mechanism of action
of lamotrigine has been associated with inhibiting voltage-sensitive
sodium channels and consequently decreasing presynaptic release of
glutamate and aspartate (Leach et al., 1986). Based on the important
role of glutamatergic transmission in drug addiction (D’Souza, 2015),
lamotrigine has been proposed to reduce drug reward and tested for
treatment of certain abused substances in human subjects. Lamotrigine
has been shown to be effective in treating cocaine addiction, either
reduction in craving (Pavlovic, 2011) or in amount of cocaine use
(Brown et al., 2012; Margolin et al., 1998). However, it does not alter
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the variables related to reducing the reinforcing properties of cocaine
(Winther et al., 2000). Furthermore, clinical case reports demonstrated
that lamotrigine use could effectively resist the craving for alcohol and
benzodiazepines (Pavlovic, 2010) and inhalants (Shen, 2007).

The interactions of lamotrigine with several abused substances on
their reinforcing effects and relapse-like behaviors have been also re-
vealed in animal studies. Acquisition and expression of morphine-in-
duced conditioned place preference were reduced by lamotrigine
(Tehrani et al., 2009). Lamotrigine elevated intracranial self-stimula-
tion (ICSS) thresholds and also attenuated cocaine-induced reduction of
ICSS thresholds (Beguin et al., 2012). In addition, lamotrigine reduced
the relapse-like alcohol drinking behaviors, the cue-induced alcohol
reinstatement and alcohol deprivation effect in rats (Vengeliene et al.,
2007). Repeated treatment with lamotrigine significantly reduced the
voluntary alcohol intake in alcohol preferring rats (Zalewska-Kaszubska
et al., 2015).

Drug interactions between lamotrigine and ketamine have been
demonstrated. Lamotrigine significantly decreased ketamine-induced
perceptual abnormalities (Anand et al., 2000). A case report revealed a
failure of ketamine anesthesia in a patient with lamotrigine overdose
(Kornhall and Nielsen, 2014). It seems that lamotrigine could effec-
tively counteract certain pharmacological effects of ketamine. Im-
portantly, a recent report revealed that a case of ketamine use disorder
experienced a great reduction in craving and ketamine use after taking
lamotrigine (Huang et al., 2016), suggesting that lamotrigine might
have the potential for ketamine relapse prevention and may necessitate
a clinical study. Prior to clinical trials initiation, it is important to de-
termine whether lamotrigine is capable of counteracting the reinforcing
effects of ketamine and reducing the ketamine drug-seeking behavior in
animal models.

Thus, we determined the effects of lamotrigine on reinforcing effi-
cacy of ketamine using a progressive ratio (PR) schedule, where each
successive reinforcer requires an increasing number of lever presses
until the cessation of responding. In addition, the effects of lamotrigine
on cue- and ketamine priming-induced reinstatement of ketamine
seeking were examined. The effects of lamotrigine on food-motivated
behavior, reinstatement of food seeking and locomotor activity were
also monitored.

2. Materials and methods

2.1. Animals

Male Sprague-Dawley rats weighing 225–250 g were purchased
from LASCO Charles River Technology (Taiwan) and used in this study.
The animals were housed in an animal care facility on a 12-h light/dark
cycle, with ad libitum access to water. Food restriction was maintained
throughout the studies except after surgery. All procedures for animal
care were proved by the Institutional Animal Care and Use Committee
of the National Health Research Institutes.

2.2. Drugs

Ketamine HCl (Sigma, St. Louis, MO, USA) was dissolved in phy-
siological saline. Lamotrigine (GlaxoSmithKline Pharmaceuticals,
Brentford, United Kingdom) was dissolved in distilled water and ad-
ministered by oral gavage (1ml/kg).

2.3. Ketamine self-administration procedures

2.3.1. Food pre-training
Rats were food-restricted (5 g/day) for 48 h prior to starting food

training. During the 1 h training session, the animals were trained to
press the lever for a single food pellet (45mg; Bioserve, MD, USA)
under fixed ratio (FR) 1. Only one lever was extended into the operant
testing chamber during the initial food training period. Animals took

3–4 days to meet the criteria (defined as earning 100 food pellets within
the 1 h session for three consecutive days).

2.3.2. Surgery
Rats received intravenous catheterization surgery under isoflurane

(2% v/v) anesthesia at least three days after completion of food pre-
training. The external jugular vein was implanted with a silicone
tubing, made from Dow Corning Silastic®, (ID=0.51mm;
OD=0.94mm). The other end of the tubing was connected to an in-
jection port in a harness (Instech). The catheters were flushed daily
with a mixed solution of antibiotic baytril (2.5%; Bayer) and hepar-
inized saline (50 IU/ml) to preserve catheter patency. Rats were fed ad
libitum for seven days following surgery, after which rats were given
15 g of food immediately following each daily drug self-administration
session.

2.4. Ketamine self-administration training

All self-administration sessions were conducted in the operant
chambers (32×25×34 cm, Med associates, Inc) housed in sound at-
tenuating cubicles with a ventilation fan and linked to a computerized
data collection program. Each chamber was equipped with two re-
tractable levers and a yellow stimulus light above each lever.

Rats were allowed to access 2 h daily sessions, whereby each press
on the active lever resulted in activation of the syringe pump to deliver
ketamine (0.5 mg/kg/infusion), from FR1 to FR2. Each ketamine infu-
sion (4 s) was followed by a 20-s timeout period (TO20), during which
additional active lever presses were recorded but produce no pro-
grammed consequences. Each ketamine infusion delivery was accom-
panied by concurrent illumination of the stimulus light for 20 s.
Animals received a 0.1ml infusion of heparinized saline (33.3 U/ml)
after each self-administration session. Self-administration training ses-
sions were conducted until response patterns stabilized (i.e., the
number of active lever presses per 2 h session varied less than 15%
across two consecutive sessions) (Supplementary Fig. 1).

2.4.1. Progressive ratio schedule of reinforcement
A progressive ratio (PR) schedule of reinforcement was introduced

following FR training. Each daily PR session was 3 h in duration. The
lever presses required to obtain an infusion were determined by: 5 x
e(infusion number x 0.2)－5 (i.e., 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, etc.)
(Richardson and Roberts, 1996). The PR schedule was terminated au-
tomatically if animals did not gain another infusion within an hour.
Lever presses, infusions, and breakpoints were assessed for each test.
The breakpoint was defined as the number of lever presses required for
the delivery of the last ketamine infusion.

Two sets of experiments were conducted to examine the dose-effects
of lamotrigine (10 and 30mg/kg) on breakpoint using a within-subjects
Latin square design. Lamotrigine or vehicle was administered by oral
gavage 30min prior to the initiation of self-administration sessions.
Test days were separated by 2–3 days to reduce the residual effect of
lamotrigine. On each day between test days, the animals were similarly
operated under a PR schedule.

2.4.2. Cue- and drug-induced reinstatement of ketamine seeking
Another group of trained animals were used to examine the cue- and

ketamine-induced reinstatement. Once responding on the FR2 schedule
was stable, animals were subjected to the daily 2 h extinction session,
whereby pressing on the active lever no longer produced any pro-
grammed reinforcement consequence, namely no cue light presenta-
tion, nor the activation of the syringe pump. Extinction criteria were set
when the subjects performed with the number of active lever presses at
a rate below 20% of the final FR2 sessions.

After extinction criteria were met, the effects of lamotrigine were
determined by the cue- and ketamine-induced reinstatement tests (2 h
each) using a within subject design. A re-extinction session was
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conducted between reinstatement tests. In the cue-induced restatement,
the cue lights were presented after the successful active lever-press
responses and this illumination continued through the TO period;
however, no ketamine infusions were presented. For the ketamine-
primed reinstatement, a ketamine (10mg/kg, i.p.) injection was given
30min before the 2 h session. Responses on the active lever were re-
corded, but had no further presentations of the cue light or drug infu-
sions. In order to determine if lamotrigine priming or vehicle could
reinstate the responding, lamotrigine or vehicle was administered
30min prior to the test session.

2.5. Food self-administration procedures

Rats that were tested for effects of lamotrigine on breakpoints for
food and food seeking behavior did not undergo catheter implantation.
After animals went through food pre-training, the responses were
maintained in the two lever schedules shifted progressively in an order
of FR1 TO20 s (2 days), FR2 TO20 s (3 days) and FR5 TO 20 s (5 days).
Afterward, animals were subjected to a PR schedule similar to that of
ketamine self-administration except that a single food pellet (45mg;
Bioserve) was delivered as the reinforcer.

Another set of well-trained rats were used to examine the cue- and
food-induced reinstatement. Once responding on the FR5 schedule was
stable, animals were subjected to the daily 2 h extinction session to
meet the extinction criteria (< 20% of the final FR5 sessions). The ef-
fects of lamotrigine on cue- and food pellet priming-induced re-
instatement of food seeking were assessed.

2.6. Open field locomotor activity

Administration of lamotrigine (5–20mg/kg, ip) did not affect
spontaneous locomotor activity in rats (Consoni et al., 2006). We de-
termined whether the effective dose of lamotrigine (30mg/kg) given
orally could affect the locomotor activity. Rats were placed in the lo-
comotor chamber (42× 42×30mm, Animal Activity Monitoring
System, AccuScan Instruments, Inc.) for 30min habituation prior to
administration of lamotrigine (30mg/kg) or vehicle. The effects of la-
motrigine and vehicle on locomotor activity were measured for
120min.

2.7. Data analysis

The number of lever responses, breakpoints, and infusions under the
PR schedules were analyzed using the paired t-test A two-way repeated
measures ANOVA was used in reinstatement experiments followed by
post hoc Newman-Keuls comparisons. A two-way mixed design ANOVA
was used to compare the travelled distances in locomotor activity test,
with time as a within subject factor. All data are expressed as the
mean ± SEM.

3. Results

3.1. Effects of lamotrigine on ketamine reinforcement under a progressive
ratio schedule

A within-subjects design was used to examine the effects of lamo-
trigine on 0.5 mg/kg/infusion ketamine self-administration under a PR
schedule. The effects of pretreatment of lamotrigine at 10mg/kg was
assessed first. There was no difference between lamotrigine (10mg/kg)
and vehicle control group (Fig. 1A). Fig. 1B shows that the higher dose
of lamotrigine (30mg/kg) significantly reduced the number of lever
responses (t= 3.39, P < 0.01), breakpoints (t=3.56, P < 0.01) and
ketamine infusions (t=4.54, P < 0.01).

3.2. Effects of lamotrigine on cue- and drug-induced reinstatement of
ketamine seeking

After the stable FR2 training, an extinction procedure was applied
until the criteria were reached. The number of days required to reach
extinction criterion for each animal was not the same. However, there
was no significant difference in lever responses during the last extinc-
tion session before each reinstatement.

Lamotrigine (30mg/kg) was given 30min prior to each test for cue-
and ketamine priming-induced reinstatement. A two-way repeated
measures ANOVA revealed the significant main effects of cue (F1,
8= 34.365, P < 0.001), lamotrigine treatment (F1, 8= 23.903,
P < 0.01) and cue x lamotrigine treatment interaction (F1, 8= 28.311,
P < 0.001). Similar observations were made in ketamine priming-in-
duced reinstatement (ketamine priming: F1, 8= 26.033, P < 0.001;
lamotrigine treatment: F1, 8= 20.146, P < 0.01; and ketamine
priming x lamotrigine treatment interaction: F1, 8= 24.794,
P < 0.001). Post hoc tests indicated that cue- and ketamine priming-
induced lever pressing responses were significantly reduced by lamo-
trigine (30mg/kg) (Fig. 2A).

After we found that lamotrigine (30mg/kg) significantly reduced
the ketamine seeking behavior induced by cue and ketamine priming,
the effects of a lower dose of lamotrigine (10mg/kg) were further as-
sessed (Fig. 2B). A two-way repeated ANOVA revealed the significant
main effects of cue (F1, 5= 8.206, P < 0.05), lamotrigine treatment
(F1, 5= 7.714, P < 0.05) and cue x lamotrigine treatment interaction
(F1, 5= 7.448, P < 0.05). In case of ketamine priming-induced re-
instatement, lamotrigine at 10 mg/kg also significantly decreased the
lever responses (ketamine priming: F1, 5 = 10.634, P < 0.05; lamo-
trigine treatment: F1, 5 = 10.354, P < 0.05; and ketamine priming x
lamotrigine treatment interaction: F1, 5 = 10.563, P < 0.05).

Moreover, lamotrigine (30mg/kg) or vehicle could not trigger the
reinstatement of lever pressing (< 10 active responses).

3.3. Effects of lamotrigine on food self-administration under a PR schedule
and cue- and food pellet-induced reinstatement of food seeking

Lamotrigine at 30mg/kg was used to test the responding for food
under the PR schedule as ketamine. No significant effect of lamotrigine
was observed on the lever responses, breakpoints and the number of
food pellets received (Fig. 3A).

In case of cue- and food pellet-induced reinstatement of food
seeking, a two-way repeated measures ANOVA revealed the significant
main effects of cue (F1, 7= 32.41, P < 0.001) and food pellet (F1,
7= 71.87, P < 0.001). As shown in Fig. 3B, cue and food pellet
priming could successfully induce lever pressing responses. Lamotrigine
(30mg/kg) did not affect cue-and food pellet-induced reinstatement of
food seeking behavior.

3.4. Effects of lamotrigine on locomotor activity

A between-subjects design was used to compare the effect of la-
motrigine on locomotor activity. As shown in Fig. 4, after 30 min
adaptation in the test chambers, administration of lamotrigine (30mg/
kg) did not affect the locomotor activity of rats.

4. Discussion

The present study is the first to determine whether lamotrigine has
the capacity to treat ketamine use disorder by the rat intravenous ke-
tamine self-administration paradigm. The results showed that lamo-
trigine significantly decreased the breakpoints for ketamine under a PR
schedule. Moreover, the cue- and prime-induced reinstatement of ke-
tamine seeking behaviors were remarkably suppressed by lamotrigine.
However, lamotrigine did not affect the reinforcing effect of food and
reinstatement of food seeking. An effective method for pharmacological
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treatment of addiction should be able to reduce reinforcing effect and
reinstatement of the abused drug, but not reduce reinforcing potency of
natural rewards. These results revealed that lamotrigine counteracted
the motivation to self-administer ketamine and attenuated the relapse-
like ketamine seeking behavior, but did not apply to food reinforce-
ment, providing the preclinical evidence to support the case showing
that lamotrigine treatment was associated with significant improve-
ment in drug craving and drug use in a patient with ketamine use
disorder (Huang et al., 2016).

It has been reported that pretreatment with lamotrigine attenuated
the perceptual abnormalities, positive and negative symptoms, learning
and memory impairment (Anand et al., 2000) and the regional blood
oxygen level-dependent signal (Deakin et al., 2008; Doyle et al., 2013)
in response to ketamine infusion in healthy volunteers. These neu-
ropsychiatric effects of ketamine have been associated with increased

glutamate release in the frontal cortex (Stone et al., 2012). Thus, a
reduction in glutamate release (Leach et al., 1986) was proposed to
explain why lamotrigine can counteract ketamine’s effects. In fact, ke-
tamine increases the release of glutamate, not only occurred in the
frontal cortex, but also in the nucleus accumbens (Razoux et al., 2007),
a critical brain region for motivation and reward. The reduced gluta-
mate release might be also associated with the attenuating effects of
lamotrigine on the reinforcing efficacy of ketamine.

In addition to acting as a NMDA receptor channel blocker (Anis
et al., 1983; Mendelsohn et al., 1984), ketamine has been reported to
increase dopamine efflux and to block dopamine uptake (Hancock and
Stamford, 1999) in the nucleus accumbens from brain slices. A micro-
dialysis study further revealed that ketamine induced dopamine release
in the rat nucleus accumbens (Masuzawa et al., 2003). Ketamine is also
a partial agonist at D2 receptors (Kapur and Seeman, 2002). An acute

Fig. 1. Effects of lamotrigine on the motivation to self-administer ketamine under a PR schedule of reinforcement. Two sets of animals were administered with
lamotrigine (10mg/kg) or vehicle (n=8) (A) and lamotrigine (30mg/kg) or vehicle (n=6) (B) by oral gavage 30min prior to ketamine self-administration
procedures. The numbers of lever responses, breakpoints and ketamine infusions were recorded. The data are presented as mean ± SEM. *p < 0.05 compared with
vehicle controls. LTG: lamotrigine.
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decrease in extracellular DA and its metabolites by lamotrigine has
been observed in the striatum (Vriend and Alexiuk, 1997). Lamotrigine
and ketamine have opposing effects on dopamine transmission, which
might, at least in part, explain why lamotrigine could counteract the
reinforcing efficacy of ketamine.

Drug-seeking behaviors refer to the craving aspect of addiction.
Glutamate release in the nucleus accumbens is necessary for re-
instatement to drug-seeking, such as cocaine (McFarland et al., 2003)
and heroin (LaLumiere and Kalivas, 2008). Likewise, the reinstatement
of ketamine seeking might be attributed to increased glutamate levels in
the nucleus accumbens. Suppression of glutamate release would, at
least in part, explain why lamotrigine significantly reduced the cue- and
drug-induced reinstatement of ketamine seeking.

It is of note that the higher dose (30mg/kg) of lamotrigine was
required to reduce the reinforcing efficacy of ketamine, whereas la-
motrigine at 10mg/kg and 30mg/kg could effectively attenuate the
ketamine seeking and relapse. Moreover, the higher dose of lamotrigine
alone did not trigger the reinstatement of ketamine seeking. These

results demonstrated that lamotrigine cannot produce ketamine-like
effect to reduce the motivation to self-administer ketamine and im-
plicated the mechanisms of action of lamotrigine in the reduction of

Fig. 2. Effects of lamotrigine on cue- and prime-induced reinstatement of ke-
tamine seeking. The animals were trained to self-administer ketamine under a
FR1 TO20 and FR2 TO20 two-lever schedule followed by the extinction pro-
cedures until criteria were reached. Two sets of animals were administered with
lamotrigine (30mg/kg) or vehicle (A) and lamotrigine (10mg/kg) or vehicle
(B) by oral gavage 30min prior to cue- and ketamine (10mg/kg, ip) priming-
induced reinstatement. The numbers of active lever responses of last session of
training (FR2), last session of extinction and reinstatement induced by cue or
ketamine priming were demonstrated. The data are presented as mean ± SEM.
***p < 0.001 compared with vehicle controls.

(caption on next page)
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reinforcement and reinstatement of ketamine-seeking behavior are not
totally overlapped.

In fact, lamotrigine modulates various ion channels. It blocks the
fast sodium inward currents (Kuo and Lu, 1997; Xie et al., 1995), cal-
cium currents (Grunze et al., 1998b) and A-type potassium currents
(Huang et al., 2004), yet positively modulates the transient potassium
outward currents (Grunze et al., 1998a) and hyperpolarization-acti-
vated, cyclic nucleotide-gated (HCN) channel activity (Poolos et al.,
2002). Recently, pharmacological stabilization of HCN channel activity
in the prelimbic cortex has been reported to reduce cue-induced re-
instatement of cocaine seeking (Parrilla-Carrero et al., 2018). Accord-
ingly, modulation of HCN channels might possibly contribute to the
reduction of reinstatement of ketamine seeking behaviors produced by
lamotrigine.

Lamotrigine has been used in treating cocaine abuse in patients with
comorbid depression or bipolar disorder, either reduction in craving
(Pavlovic, 2011) or in the amount of cocaine use (Brown et al., 2012;
Margolin et al., 1998). Similarly, lamotrigine use in patients with bi-
polar disorder and alcohol dependence revealed improvement in mood,
alcohol craving and alcohol consumption (Rubio et al., 2006). Skin rash
is a common adverse effect of lamotrigine. The most severe complica-
tions are potentially life-threatening dermatological disorders, Stevens-
Johnson syndrome and toxic epidermal necrolysis. The incidence of
rash and Stevens-Johnson syndrome/toxic epidermal necrolysis with
lamotrigine was about 10% and 0.04%, respectively (Bloom and
Amber, 2017; Wang et al., 2015). For those who can tolerate lamo-
trigine, lamotrigine appears to be potent and safe as a potential ther-
apeutic agent for the treatment of ketamine use disorder.

In conclusion, the ability of lamotrigine to reduce motivation and
relapse-like drug-seeking behavior of ketamine provides support for the
involvement of the glutamatergic systems in these addiction-related
effects of ketamine, suggesting a good rationale for pharmacological
interventions that may reduce craving and relapse in ketamine

dependent patients.
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