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Summary 

Behavioral sensitization is a phenomenon occurring after repeated 

administration of various psychotropic substances and it is 

characterized by gradually increasing response to the particular 

drug. It has been described for majority of addictive substances 

including amphetamines. It is considered to reinstate drug-seeking 

behaviour and plays important role in the processes associated 

with drug abuse and addiction. There are published reports, 

particularly on preclinical level, that N-acetylcysteine (NAC) may 

affect addictive properties of different classes of drugs (e.g., 

cocaine, heroin, alcohol, cannabinoids, nicotine). Since the lack of 

information on possible effects of NAC on amphetamine derivatives 

we decided to test possible influence of this substance on 

behavioral sensitization to methamphetamine (MET) in the mouse 

open field test. Our results have shown a decreased acute 

stimulatory effect of MET caused by NAC and moreover, there was 

a non-significant trend of attenuated development of behavioral 

sensitization to MET after simultaneous long-term administration of 

MET and NAC. This suppression of MET stimulatory effects 

therefore suggested on the preclinical level possible promising 

efficacy of NAC on addictive properties associated with MET 

similarly as it was demonstrated by other authors in association 

with cocaine or heroin. 
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Introduction 

 

Behavioral sensitization is a relatively new 

concept that was consistently described in the last decade 

of the twentieth century [1] and soon become  

an important target of experimental pharmacology 

dealing with the research of dependence-producing 

substances. The most typical feature of behavioral 

sensitization is a progressive increase in locomotor 

activity following repeated administration of several 

drugs [2]. It is also sometimes termed “reverse tolerance” 

[3] in contrast to “classical” tolerance, which is  

a phenomenon characterized by the decreasing response 

of an organism following repeated drug administration. 

From the point of view of pre-clinical research, the ability 

to elicit sensitization is fundamental property of drugs 

with addictive potential, enabling the observation of some 

of their characteristic features that were hidden in the 

classical “tolerance-dependence” model. Behavioral 

sensitization is usually manifested after both repeated 

doses and an application of a dose administered after  

a certain withdrawal period (wash-out period).  

Sensitization has been observed after repeated 

administration of various substances, and is  

well-documented for example in ethanol [4], nicotine [5], 

caffeine [6], cannabinoids [7], psychostimulants [8-10], 

and opioids [11]. It has been also reported that  

an increased response to a drug may be elicited by 

previous repeated administration of a drug different from 

the drug tested (i.e., cross-sensitization). This was seen 

for example in heroin effects after pre-treatment with 
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THC [12] or in amphetamine after repeated treatment 

with nicotine [13]. It is widely accepted that both 

behavioral sensitization and cross-sensitization are 

consequences of substance-induced neuroadaptive 

changes in a circuit which involves particularly 

dopaminergic, glutamatergic and GABAergic 

interconnections between the ventral tegmental area, 

nucleus accumbens, prefrontal cortex and amygdala  

[14, 15]. They are considered a useful animal model for 

determining the neural basis of dependency and their 

original principles still seem well supported [16,17]. 

In our previous studies we tested the possible 

effects of various psychotropic substances on behavioral 

sensitization to methamphetamine (MET). We 

investigated the effects of the cannabinoid CB1 receptor 

agonist methanandamide, CB1 receptor antagonist AM 

251 and CB2 receptor agonist JWH 015 [8,9], the effects 

of the glutamatergic NMDA receptor antagonists 

felbamate [18] and memantine [19], effect of nootropic 

piracetam [20] and finally dopamine D2 receptor 

antagonist sertindole [21]. 

In the present experiment we tested the possible 

effect of N-aceylcysteine (NAC) on the sensitizing 

phenomenon associated with repeated administration of 

MET. NAC (N-acetyl derivative of the natural amino acid 

L-cysteine) is typically used as a reliable antidote for 

intoxication with paracetamol (acetaminophen). Overdose 

with paracetamol leads to the production of more toxic 

metabolites that deplete the glutathione reserves, which 

results in their accumulation and hence tissue injury by 

binding to cellular macromolecules. NAC repletes 

glutathione reserves by providing cysteine, an essential 

precursor in glutathione production [22]. Glutathione is 

an antioxidant and facilitates conjugation to toxic 

metabolites. NAC is also used as a mucolytic drug 

(destroying or dissolving mucus) within cough treatment. 

It hydrolyses the disulfide bonds of mucus proteins 

thereby decreasing mucus viscosity and facilitating 

expectoration. Nevertheless, it has been shown, that the 

mechanism of action of NAC is much more complex and 

it also involves some central effects. It was particularly 

described that NAC is involved in regulating the 

glutamate level via glutamate transporter type 1 

(responsible for the largest part of neural glutamate 

transport) and controls glutamate clearance [23].  

Numerous studies refer to the important 

involvement of glutamatergic transmission in the process 

of behavioral sensitization [24-27] and it has been 

described that NAC also interferes with processes 

associated with drug dependency. For example, some 

reports indicated that the application of NAC restored 

accumbal glutamate levels and reduced the reinstatement 

of cocaine-seeking behaviors [23]. Many other examples 

of possible NAC role in various substance use disorders 

can be found e.g., in the review by Smaga et al. [28].  

As mentioned previously we used two 

glutamatergic drugs (NMDA receptor antagonists 

felbamate and memantine) in our earlier studies. We 

tested their possible effects on behavioral sensitization to 

methamphetamine [18,19]. Since the suggested 

interference of NAC with the glutamatergic system and to 

extend our research, we, therefore, focused in the present 

study on possible changes in the sensitization to 

methamphetamine stimulatory effects after NAC 

administration in mice.  

 

Materials and methods 

 

Animals 

Male mice, n=104, (strain ICR, TOP-VELAZ 

s.r.o., Prague, Czech Republic) with an initial weight of 

18-21g were used and housed with free access to water 

and food in a room with controlled humidity and 

temperature, that was maintained under a 12-h phase 

lighting cycle. In order to minimise possible variability 

due to circadian rhythms the behavioral observations 

were always performed in the same period between  

1:00 p.m. and 3:00 p.m. 

 

Apparatus 

Locomotor activity was recorded using an open-

field equipped with Actitrack (Panlab, S. L., Spain). This 

device consists of two square-shaped frames that deliver 

beams of infrared rays into the space inside the square. 

A plastic box in this square acts as an open-field arena 

(base 30 x 30 cm, height 20 cm) where the animal can 

move freely. The apparatus software measures and 

evaluates the locomotor activity of the animal by 

registering the beam interruptions caused by movements 

of the body. Using this equipment, we determined the 

trajectory in cm per 4 minutes (Distance Travelled).  

 

Drugs 

Vehicle and all drugs were always given in  

a volume adequate to drug solutions (10 ml/kg). 

(+)Methamphetamine (d-N,α-Dimethylphenyl-

ethylamine;d-Desoxyephedrine) (Sigma Chemical Co.) 

dissolved in saline. 
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N-acetylcysteine was purchased from  

a pharmacy as a commercially available solution and 

dissolved in saline. 

All drug doses were adjusted based on literature 

data and results from our earlier behavioral experiments. 

 

Procedure 

Before the experiment started, animals were 

given 7 days to acclimate to the housing environment. At 

the beginning of the experiment (Day 1), animals were 

randomly divided into eight groups (n=13 per group) and 

tested in the open-field to check proper randomization. 

On Days 3-9, animals were treated daily as follows:  

a) n1,2: saline (SAL) at the doses of 10 ml/kg/day; b) n3,4: 

N-acetylcysteine (NAC) at the doses 50 mg/kg/day;  

c) n5,6: methamphetamine (MET) at the doses of  

2.5 mg/kg/day; d) n7,8: NAC + MET at the doses of  

50 mg/kg/day and 2.5 mg/kg/day, respectively. On  

Day 10 all animals were administered the first challenge 

dose of MET (2.5 mg/kg). The administration during  

Days 11 - 17 were as follows: n1: SAL at the doses of  

10 ml/kg/day; n2: MET at the doses of 2.5 mg/kg/day; n3: 

NAC at the doses 50 mg/kg/day; n4: MET at the doses of 

2.5 mg/kg/day; n5: NAC at the doses 50 mg/kg/day; n6: 

SAL at the doses of 10 ml/kg/day; n7: NAC at the doses 

50 mg/kg/day; n8: SAL at the doses of 10 ml/kg/day. On 

Day 18, the second challenge dose of MET was given, 

and on Day 24 the third challenge dose of MET was 

administered (2.5 mg/kg) to all animals. For graphic 

illustration see Table 1. 

All substances were administered 

intraperitoneally; MET was applied 30 minutes before 

testing, and NAC was applied 120 minutes before testing. 

Changes in Distance Travelled (horizontal locomotion) 

were measured for a period of 4 minutes in the open field 

on Day 3 to evaluate drugs' acute effects and on Days 10, 

18 and 24 to evaluate the sensitizing phenomenon.  

The experimental protocol of the experiment 

complies with the European Community guidelines for 

the use of experimental animals and was approved by the 

Animal Care Committee of the Masaryk University Brno, 

Czech Republic. 

 

Statistical methods 

To compare the data at the baseline, following 

the acute dose and after the first challenge by MET, one-

way analysis of variance (ANOVA) with Tukey post hoc 

test was employed to compare distance among four 

groups pre-treated by: (1, 2) SAL, (3, 4) NAC, (5, 6) 

MET, or (7, 8) by combination of NAC + MET (i.e. 

COMB group). After the first challenge by 

methamphetamine, the mice started to receive the second 

drug, and thus eight groups were defined: (1) SAL/SAL, 

(2) SAL/MET, (3) NAC/NAC, (4) NAC/MET,  

(5) MET/NAC, (6) MET/SAL, (7) COMB/MET and  

(8) COMB/SAL. The distance in these eight groups was 

then compared by one-way ANOVA with Tukey post hoc 

test similarly to the previous cases after two or three 

challenge doses. To identify possible baseline 

differences, the eight groups were compared at the 

baseline as well. Normality of the data was checked by 

Kolmogorov-Smirnov test and normal probability plots. 

Differences with p<0.05 were considered to be 

statistically significant; p-values refer to adjusted values 
 

 

Table 1. Experimental design 
 

Days 1 3 4 – 9 10 11-17 18 24 

Actitrack ↓ ↓  ↓  ↓ ↓ 

Group Control of 

randomisation 

Acute dose Applications 1st 

challenge 

Applications 2nd 

challenge 

3rd 

challenge 

1 no saline saline MET saline MET MET 

2 no saline saline MET MET MET MET 

3 no NAC NAC MET NAC MET MET 

4 no NAC NAC MET MET MET MET 

5 no MET MET MET NAC MET MET 

6 no MET MET MET saline MET MET 

7 no NAC + MET NAC + MET MET NAC MET MET 

8 no NAC + MET NAC + MET MET saline MET MET 

 
NAC = N-acetylcysteine, MET = methamphetamine 
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in case of multiple comparison following ANOVA. The 

dataset was searched for outlying values based on 

descriptive statistics. There was one outlying value in the 

NAC during the control measurement with  

a z-score of 3.16 that, however, is expected given the size 

of the dataset and did not violate the assumption of 

normal distribution; therefore, it was included in the data 

analysis. All analyses were performed by Statistica,  

ver. 14.0.0.15, TIBCO Software. 

 

Results 

 

In whole study group, the Distance Travelled at 

the baseline (mean±standard deviation) was 2258±529 

and did not differ among groups according to the first 

pre-treatment (4 groups, p=0.31) or according to the 

treatment combination (8 groups, p=0.78). Throughout 

the experiment, the Distance Travelled gradually 

increased (acute dose: 3168±1546; first challenge: 

4021±1226; second challenge: 4235±1312; third 

challenge: 4695±1407; p<10-4). After the acute dose, 

significant differences were observed between the four 

groups (p=6.10-29). Specifically, MET group had higher 

Distance Travelled compared to SAL (p=10-4) and NAC 

(p=10-4). Similarly, in COMB group, the Distance 

Travelled was also higher than in both SAL (p=10-4) and 

NAC (p=10-4). The COMB group had lower Distance 

Travelled compared to MET, p=0.011) (Fig. 1). Some of 

the differences also remained significant after the first 

challenge dose of MET (overall p=2.10-6). After the first 

challenge, MET group still had higher Distance Travelled 

compared to both SAL (p=2.10-4) and NAC (p=2.10-4), 

similarly to COMB group compared to SAL (p=6.10-3) 

and NAC (p=0.029) (Fig. 2). After the first challenge, the 

study groups were further split according to the treatment 

combination, making the total of 8 groups. These eight 

groups also did not differ according to the baseline 

distance (p=0.78). Following further challenges by 

methamphetamine, the Distances Travelled after the 

second (p=0.083) and third (p=0.11) challenge were not 

significantly different between the eight groups  

(Fig. 3 and 4). 
 
 

 
 

Fig. 1. Effects of drug treatments (acute dose) on Distance Travelled (cm/4 min) in the mouse open field test shown as mean values ± 

SD. SAL=saline, NAC=N-acetylcysteine, MET=methamphetamine, COMB=NAC+MET 
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Fig. 2. Effects of drug treatments (first challenge dose) on Distance Travelled (cm/4 min) in the mouse open field test shown as mean 

values ± SD. SAL=saline, NAC=N-acetylcysteine, MET=methamphetamine, COMB=NAC+MET 

 

 

 
 

Fig. 3. Effects of drug treatments (second challenge dose) on Distance Travelled (cm/4 min) in the mouse open field test shown as 

mean values ± SD. SAL=saline, NAC=N-acetylcysteine, MET=methamphetamine, COMB=NAC+MET 
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Fig. 4. Effects of drug treatments (third challenge dose) on Distance Travelled (cm/4 min) in the mouse open field test shown as mean 

values ± SD. SAL=saline, NAC=N-acetylcysteine, MET=methamphetamine, COMB=NAC+MET 
 
 

Discussion 

 

NAC is a commonly prescribed or even “over-

the-counter” available substance used as a mucolytic and 

antioxidant agent. What is more, NAC has been recently 

proposed as a drug alleviating the neurobiological 

consequences of the addictive substances misuse. The 

disbalance of glutamate and dopamine homeostasis in 

CNS following the application of drugs of abuse is 

notorious and has been widely discussed [29]. The 

proposed NAC mechanisms of action in addiction are 

based on influencing glutamate, the most important 

excitatory neurotransmitter in the mammal brain. The 

action of NAC on dopamine levels seems to be indirect 

and results from changes in glutamate signalization.  

Two molecular transporters are essential for 

maintaining glutamate extracellular levels upon its 

release: glutamate transporter 1 (GLT-1) and cystine-

glutamate antiporter (xc
-). Both these transporters were 

shown to be influenced by exposure to addictive 

substances and NAC to have the potency to modulate 

these changes. GLT-1 is a major brain transporter system, 

and it allows the co-transportation of glutamate with three 

Na+ and one H+ into the cells in exchange for one K+. Its 

proper function provides a major portion of glutamate 

uptake and is crucial for life as it prevents the spillover of 

glutamate from the synaptic cleft to surrounding 

extracellular space. Changes in GLT-1 expression 

following the administration of drugs of abuse are 

different in distinct brain regions and drug classes and 

probably also depend on the dosing regimen. Still, 

generally, it is recognized that after long-term usage, 

there is a down-regulation of GLT-1. NAC, as a GLT-1 

modulating drug, can restore glutamate uptake via  

GLT-1, so its effects may be at least partially explained 

by this activity [30].  

Cystine-glutamate antiporter (xc
-) allows the 

exchange of anionic forms of cystine and glutamate in  

a 1:1 ratio. Due to physiologically low cystine 

concentration in the cytoplasm the import of cystine and 

glutamate export prevails [31]. NAC is a prodrug, which, 

after metabolization, serves as a source of cystine, which 

in turn activates the xc
- transporter to exchange 

extracellular cystine for glutamate. This mechanism may 

lead to the normalisation of extracellular glutamate 

levels. Proper levels of glutamate are responsible  

for maintaining tonic activation of inhibitory  

mGlu2/3 receptors and modulation of signalling between 

the prefrontal cortex and nucleus accumbens, brain 

regions heavily involved in the process of addiction [32].  
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The antioxidant and neuroprotective effects of 

NAC are also important. Administration of different 

drugs can disturb redox balance and lead to oxidative 

stress. NAC as a potent antioxidant and glutathione 

precursor can prevent or reverse such changes [33]. 

There are published reports, both preclinical and 

clinical, concerning NAC efficacy in treatment of 

addiction to different classes of substances [28]. While 

NAC showed results in preclinical models of addiction to 

cocaine, heroin, alcohol, cannabinoids and nicotine, very 

few works concerned addiction to amphetamine or its 

derivatives. There is also a lack of studies testing NAC 

properties in a broader variety of animal species. In our 

experimental design, we have tested its efficacy in  

a mouse model of behavioral sensitization to 

methamphetamine. According to our knowledge, to date, 

no such study has been performed before. 

The most important finding in our experiment is, 

that NAC at the dose of 50 mg/kg decreased the acute 

psychostimulant effect of MET (2.5 mg/kg). Our results 

also suggested attenuation of the development of 

behavioral sensitization by simultaneous long-term 

application of NAC with MET. Although this effect was 

not statistically significant in our settings, it may fully 

appear in different paradigms, as was shown in rats [34] 

when the dose of 100 mg/kg NAC administered in 

combination with MET (2 mg/kg) for 5 consecutive days 

effectively prevented the development of behavioral 

sensitization to MET. The acute effects of MET  

(2 mg/kg) were suppressed by pre-treatment with NAC in 

a dose-dependent manner; the effect was statistically 

significant at the dose of 300 mg/kg NAC in this study 

[34]. NAC pre-treatment (10 or 30 mg/kg) also attenuated 

MET-induced increase in the body temperature as well as 

the level of dopamine in rat striatum (induced by 4 doses 

of MET 7.5 mg/kg x 4) [34]. These results of NAC acute 

doses obtained in rats are in agreement with our findings 

in mice. 

In the female rat self-administration model, on 

the other hand, NAC (30, 60 or 120 mg/kg) administered 

prior to self-administration or extinction sessions had  

no significant effect on responding to MET (0.05 kg/ 

kg/infusion) or MET-triggered (0.25 mg/kg) reinstate-

ment of extinguished behavior [35].  

These results are contradicted by a similar 

experiment when following MET self-administration  

(20 μg/bolus), male rats received either NAC  

(100 mg/kg) or saline during extinction prior to extinction 

sessions. Authors demonstrated that chronic NAC 

treatment inhibited cued MET seeking. They also showed 

that MET exposure had no effect on GLT-1 expression or 

glutamate clearance in the core of nucleus accumbens, or 

on certain cytoskeletal structures in astrocytes. This 

finding differs from the effects of cocaine administrations 

which are much better described in the literature. Authors 

hypothesize that the effect of NAC may involve 

additional molecular mechanisms in the case of MET use 

compared to cocaine, such as the previously mentioned 

xc
- transporter, via which NAC may restore basal 

glutamate levels in nucleus accumbens core [36]. 

Although preclinical studies are showing 

promise, the results of clinical studies are somewhat 

mixed, probably due to lower compliance of participants 

and the possible confoundment of experimental 

conditions in their everyday lives compared to 

standardized laboratory environments.  

In a double-blind, placebo-controlled clinical 

trial, 32 MET-dependent participants received either 

NAC (1200 mg/day) or placebo for 4 weeks, followed by 

crossover intervention for another 4 weeks. The results 

showed significantly reduced cravings during NAC 

treatment compared to the placebo. In the group treated 

first with NAC, craving scores were increased after 

crossover to placebo [37]. 

On the contrary, another double-blind, placebo-

controlled trial in humans demonstrated unsatisfactory 

NAC effects in treating MET dependence. Participants 

(n=153) with a history of MET use received orally either 

NAC (2400 mg/day) or placebo. There was no effect of 

NAC on craving, MET intake or any behavioral 

parameters or psychiatric symptoms assessed in the study 

when compared to placebo. Authors, however, discuss 

poor adherence to the treatment and, possibly, too low  

an NAC dose [38].  

Our results have convincingly demonstrated  

a decrease in acute effect of methamphetamine caused by 

N-acetylcysteine and moreover there was a trend (yet not 

significant) of attenuated development of behavioral 

sensitization to methamphetamine following simulta-

neous long-term administration of methampheta-mine 

and N-acetylcysteine. Further research would be required 

using different paradigms and doses, nevertheless our 

findings suggested on the preclinical level possible 

promising efficacy of NAC in treatment of addictive 

disorders associated with amphetamine derivatives 

similarly as it was demonstrated by other authors for 

example with respect to cocaine or heroin.  
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