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Abstract 

It has long been known that Methamphetamine (MA), as a psychostimulant, leads to long-lasting 

cognitive deficits. Previous studies have shown that lithium, a mood stabilizer, could facilitate 

cognitive ability in most of brain diseases. The current study examine the effects of lithium on 

spatial memory by the Morris water maze, hippocampal apoptosis using the TUNEL assay, and 

brain edema in MA-exposed male Wistar rats. The findings indicated that treatment with lithium 

significantly ameliorated spatial learning and memory impairment in MA-treated rats. In addition, 

the findings showed that treatment with lithium significantly reduced brain edema and apoptosis 

in the CA1 neurons in MA -exposed rats. The results show that treatment with lithium can partially 

ameliorate the MA –induced neurocognitive deficits in rats, which may be related to its protective 

effect in the hippocampus. 

Keywords: Lithium, Methamphetamine, Spatial learning and memory, Apoptosis, Brain edema. 
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1. Introduction 

Methamphetamine (MA) is one of the synthetic psychostimulants with deleterious effects on brain 

and behavior [1, 2]. A growing body of literature indicates that exposure to MA results in long-

lasting damage to dopaminergic and serotonergic nerve terminals[3, 4]. One of the hallmark effects 

of MA use is the neurocognitive deficit that remain even after drug abstinence. Recently, studies 

demonstrated that MA-treated animals showed remarkable impairments in performance on spatial 

tasks that depend on the hippocampus, including the Morris water maze (MWM) [5, 6]  

In recent years, much research has been conducted on the role of lithium in neurological 

dysfunction in various brain diseases[7]. Lithium has neuroprotective effects such as hippocampal 

neurogenesis, ameliorates neurological deficits and long-term potentiation (LTP) in the 

hippocampus of rat dentate gyrus[8-10]. In addition, it has been suggested that lithium is 

recognized as an appropriate agent for hippocampal-dependent cognitive enhancement. For 

example, Yu et al.  [11] have shown that treatment with lithium in animals exposed to traumatic 

brain injury (TBI) reduces impairment in spatial memory in the MVM. 

 Moreover, lithium appears to have neuroprotective properties by inhibiting apoptosis and 

promoting neuronal survival[12, 13]. In this regard, it has been shown that animals treated with 

lithium exhibit a reduction in apoptosis of neural progenitor cells in the hippocampus and an 

improvement in memory deficits [14]. In addition, Fan and colleagues [15] indicated that lithium 

chloride administration prevented spatial learning and memory dysfunction in mice with cerebral 

ischemia by inhibiting apoptosis and increasing BDNF expression in the hippocampus. 

Surprisingly, there are a few relevant documents of neurocognitive effects of lithium on 

methamphetamine-induced behavioral toxicities, however, recent work has shown that lithium 
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modulates methamphetamine toxicity through its effects on monoaminergic release. For example, 

Yukio and colleagues have shown that treatment with lithium ameliorates methamphetamine-

induced hyperactivity and behavioral sensitization by modulating of prefrontal monoamine release 

in mice[16]. Nevertheless, the effect of lithium on memory dysfunction caused by 

methamphetamine is remain unknown. 

Following mentioned studies and in view of the importance of hippocampal apoptosis in cognitive 

deficits, This study designed to determine the possible protective effects of lithium on the 

impairment of spatial memory caused by MA administration in animals. 

2. Material and Methods 

2.1. Animal  

Male Wistar rats, with initial weights of 200 g and 250 g were obtained for current study and have 

been housed on a 12:12 light/dark rhythm at 21 °C. All animals had unlimited access to food and 

water. All investigations and animal handling were based on the Ethics Committee of Mazandaran 

University of Medical Sciences. (Ethics Code: IR.MAZUMS.REC.1398.5168) for the use and care 

of experimental animals. 

2.2. Experimental protocols 

Animals randomly divided to four groups (n = 8 per group): 

1) saline group: the animals that administered normal saline (s.c) 

2)  MA-treated group: the animals that administered MA (6mg/kg, s.c) 

3)  Lithium group: the animals that received an injection of lithium (20 mg/kg, i.p.) 
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4)  MA+Lithium group: animals that administered injections of lithium (20 mg/kg, i.p.) and 

MA (6mg/kg, s.c.) 

The animals were examined for behavioral task using the MWM following a day after the 

treatments. Finally, animals were sacrificed for histological examination and measurement 

of brain water content.  

2.3. MWM 

To evaluate spatial learning and  memory, the MVM was used. As previously showed [17, 18], the 

MWM consisted of a circular pool (80 cm high ,160 cm in diameter), filled with water (21°C). The 

pool was divided four identical quadrants and invisible platform was submerged 1.5cm beneath 

the water level at the midpoint in quadrant four. A video camera was located above the pool and 

animal's activity was recorded by a video tracking system (Noldus Ethovision® system, USA). 

Animals were trained to reach the invisible platform using the visual cues that placed on different 

situations surround the experimental room. 

2.4. Spatial learning and memory 

Acquisition phase included three blocks interrupted by a half an hour rest time. Each block 

consisted of four 60-second trials and one minute rest between trials. On each trial, the rat was 

allowed for one minute to find the invisible platform. Since the animals climbed the platform, they 

stay on platform for 30 s. Any animal that could not reach to the hidden platform during the trail 

time, led to the platform by the experimenter. Various factors such as distance and time to reach 

the invisible platform were calculated.  

The probe test was conducted 2hours following acquisition phase for examine the spatial memory. 

During the probe procedure, the invisible platform was taken out of the water maze and rat was 
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located in the pool for one minute. The swimming time in each quadrant was calculated. Finally, 

the visible platform test was performed to determine any possible effect on motivation or sensory 

and motor coordination.  In this step, platform covered by aluminum foil was positioned 2 cm over 

the water level, and the animal's ability to escape to a platform was calculated [5]. 

2.5. Measurement of brain water content 

Twenty-four hours after drug administration, rats were sacrificed and brain was removed for 

evaluation of brain water content. The weight of the wet brain tissue was examined and then placed 

in an oven for 72 hours to measure the dry weight. The water content of the brain was measured 

by the difference between the dry and wet weights of the tissue using the following formula: = 

[(dry weight- wet weight) / (wet weight)]  × 100 [19].  

2.6. Histological preparation 

Following behavioral testing, (TUNEL) staining was done to measured apoptotic CA1 neurons 

according to the manufacturer's instructions (In Situ Cell Death Detection Kit; Roche, Mannheim, 

Germany). In brief, the sections were deparaffinized in xylene, dehydrated with ethanol at 

decreasing concentrations, washed in PBS, and digested with proteinase K (10 mM) for 30 

minutes. After washing, endogenous peroxidase activity was blocked with 3% H2O2 in methanol 

for 10 minutes in a dark place. After that , the sections were incubated with the TUNEL reaction 

mixture in a humidity chamber for 60 minute. Then the sections were rinsed with PBS, and 

incubated in a converter‒POD for half an hour in a humidity chamber. After that, the sections were 

washed in PBS and treated with diaminobenzidine (DAB) to develop the color. After the last wash, 

the sections were mounted on slides. The number of TUNEL‒positive cells in the CA1 region was 

analyzed by a light microscope. These neurons were calculated in three areas (lateral parts, medial 
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and middle) (Fig. 6G). The average count of cells from these three fields was consider as the cell 

counts from animal [20]. 

2.7. Data analysis 

The data from the acquisition phase, distance and time spent to find the hidden platform were 

analyzed by a two-way analysis of variance (ANOVA) to determine differences in the learning 

rates of the groups (group and block being the factors). All comparisons between the groups for 

the data collected in the MWM probe trials, swimming speed, and histological data analyzed with 

a one-way analysis of variance (ANOVA). Analyses of variances were followed by Tukey’s test 

for multiple comparisons when required. Results are given as mean ± S.E.M, and In all cases, 

P < 0.05 was considered significant. 

 

3. Results 

3.1. Spatial learning 

As illustrated in (Fig.1A-and 1B), analysis of ANOVA revealed that the MA -treated group had 

significant increase in path length and escape latency in block1 (p<0.001), block2 (p<0.001), and 

block3 (p<0.001) in comparison with to the control group, suggesting an disruption of in spatial 

learning after MA exposure. Current results exhibit that lithium decreases the path length and 

escape latency to find the invisible platform in comparison with the MA group. The mean path 

traveled by the MA+Lit group in block1 (p<0.05) and block3 (p<0.01) decreased in compared to 

the MA group (Fig. 1A). The analysis also showed that the mean escape latency of the MA+Lit 

group decreased in block1 (p<0.05), and block3 (p<0.01) compared to the MA group (Fig. 1B). 

Thus, lithium partially restored spatial learning of rats in the MA group to reach to invisible 

platforms.  
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3.2 Spatial memory 

In a probe procedure, the crossing number in the target quadrant (Q4), the time percentage, and 

distance were analyzed for spatial memory retrieval. As illustrated in (Fig. 2) The ANOVA reports 

exhibited that rats that administered MA (6 mg/kg) did not retrieve the site of the platform,  because 

the time spent, number of crossing in the target quadrant and distance were higher than those in 

the control group (p<0.001). The data also revealed that the MA+Lit group exhibits a decrease in 

spatial short-term memory impairment and spatial learning. The animals in MA+Lit group spent 

more time (p<0.05) and distance (p<0.05) in Q4 compared to MA group. Further analyses also 

displayed that the number of crossings in the target quadrant was significantly higher in the MA 

group than in the control group (p<0.01). In addition, analyses also revealed no differences in the 

number of crossing in the target location between the MA +Lit and MA  groups. 

 

3.3. Swimming speed and latency to the visible platform:  

 

Data from the swimming speed and also escape latency to find the visible platform revealed no 

difference between groups. (p>0.05, Table1). MA and lithium administration had no effect on the 

visible test and swimming speed. Therefore, visuomotor activity did not differ among groups. 

3.4. Effects of MA and lithium on brain water content 

 

Rats were determined for brain edema based on the calculated brain tissue water content. In the 

MA group, the brain tissue water content was significantly increased compared to the control group 

(p<0.001)(Fig. 3). In addition, the brain edema in the MA+Lit group was dramatically lower than 

that in the MA group (p<0.05). 
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3.5. Effects of lithium and MA on hippocampal CA1 apoptosis 

TUNEL staining showed significantly increased cell apoptosis in the CA1 area of the hippocampus 

of the MA group compared to the control group (p<0.001); (Fig.4 B). Also, the MA+Lit group 

exhibit a significant reduction in the number of TUNEL-positive neuros when compared to the 

MA group (p<0.05); (Fig.4d). However, the results showed that lithium administration alone had 

no significant influence on the amount of TUNEL-positive cells in the hippocampal CA1 area. 

(Fig.6c). 

 

4. Discussion 

The current investigation aimed to study the possible effects of lithium on MA-induced neuronal 

apoptosis and memory impairment. The results showed that administration of MA had noxious 

effects on spatial memory in male Wistar rats. Moreover, treatment with lithium significantly 

improved spatial memory impairment in MA-treated animals. Moreover, the data showed that the 

neurotoxic dose of MA (6 mg/kg, 4 injections 2 hours apart) not only resulted in long-lasting 

cognitive deficits but was also accompanied by neuronal cell death in the CA1 region of the 

hippocampus and brain edema, which was partially reversed by lithium. 

A growing body of evidence indicates that amphetamines lead to the long-lasting cognitive 

impairment that is one of the most widely used illegal drugs [21-23]. The data presented here are 

consistent with similar studies that have found an association between long-term cognitive deficit 

and neurotoxic doses of MA [24-26]. In this manner, Ghazvini et al [20] have demonstrated that 

exposure to MA in rats produce various cognitive problems including memory impairments, 

,synaptic plasticity deficit and also increase anxiety like behavior. 
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Although the exact mechanisms of MA action remain unclear and controversial, the previous work 

points to some possible mechanisms for behavioral neurotoxicity. One of these is a reduction in 

dopamine and serotonin transporter activity following MA administration [25, 26]. In this point of 

view, studies suggest that exposure to a neurotoxic MA treatment leads to glial activation and 

increased neuronal apoptosis which may contribute to MA cognitive impairment. A growing 

literature emphasize that hippocampal activity is related to a variety of neurocognitive action[27-

30]. Moreover, our results and those of other authors have demonstrated that the animals receiving 

MA exhibit neuronal cell death in the hippocampus, a key link between neuronal cell death and 

memory performance. In this regard, the present data showed, in agreement with previous results, 

that administration of MA leads to a dramatically increase in TUNEL-positive neurons in the CA1 

area. 

Recently, there has been increasing evidence that lithium has a protective effect on neurocognitive 

functions in variety of brain disorders. In male ischemic rats, for example, lithium, when injected 

intraperitoneally daily for 2 weeks (1 mmol/kg), significantly improved spatial memory in the 

MWM [9]. In this regard, daily treatment with lithium improved spatial memory functions in 

rodent model of Alzheimer's disease [31]. These results confirm the existing evidence on the ability 

of lithium to prevent spatial memory in MA-exposed animals.  

Another concern about MA-induced neurotoxicity is related to with brain edema. Recently, we 

reported that MA induces brain hyperthermia and brain edema, possibly due tobreakdown of the 

blood-brain barrier (BBB). Based on our results, it is reasonable to speculate that the behavioral 

deficits observed in animals receiving MA are partly due to brain edema. In support of this 

hypothesis, previous studies have shown that, there is a close association between brain edema and 

memory impairment [32]. In agreement with our results, Kiyatkin et al.[33]  demonstrated that 
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(MA, 9mg/kg) leads to brain hyperthermia and brain edema in male Long-Evans rats. In the present 

study, it seems that one of the probable mechanisms involved in the improvement of memory 

performance is somehow mediated by the effect of lithium on the reduction of brain edema; 

however, the exact mechanism is unclear.    

Our results also revealed the beneficial effects of lithium on neuronal apoptosis cell death in MA-

treated animals. In accordance with our results , Deng et al. [34]  found that MA (40 mg/kg )  

administration leads to neuronal cell death in different brain sites. In addition, administration of 

MA to  male Wistar rats caused dose-dependent neuronal apoptosis in the hippocampus [35]. Thus, 

these data confirm which toxic effects of MA in nondopaminergic neurons may contribute to the 

learning and memory processes. A large body of evidence indicates that neuronal apoptosis in the 

brain area is involved in cognitive performance. The cortex and hippocampus disrupt learning and 

memory performance, and excessive neuronal apoptosis in the hippocampus collaborates to 

memory dysfunction [36]. From this point of view, recent evidence suggests that a neuroprotective 

agent may reduce neuronal apoptosis in the hippocampus and in some way improve memory 

function [37, 38]. Thus, another likely mechanism for the cognitive enhancing effects of lithium 

observed in the current study may lie in the reduction of neuronal apoptosis in the hippocampus. 

Although, the exact mechanisms of how lithium exerts its effects, as revealed by previous studies, 

may involve the modulation of signaling cascades in the brain, one of which is mitogen-activated 

protein kinase kinase (MEK)/extracellular signal–regulated kinase (ERK) signaling pathway [9]. 

Nevertheless, the effects of lithium on MA neurotoxicity have been controversial in previous 

reports and require further investigation to be elucidated.  
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5. Conclusions 

The present results suggest that lithium can ameliorate the destructive effects of MA on spatial 

memory in male rats. In addition, treatment with lithium significantly reduced brain edema and 

apoptosis of neuronal damage in the CA1 area in MA -exposed animals. Our data also 

demonstrated that these neurocognitive influence of lithium may be associated with its anti-

apoptotic effects in the hippocampus and reduction of brain edema. However, further studies are 

needed to characterize which mechanisms are responsible in the positive effect of lithium against 

MA-induced neurocognitive deficits such as decision making, anxiety and etc.  
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Figure legend: 

Fig.1. The effects of experimental groups on path length (A) and escape latency (B) in MVM.  

Data are reported as mean ± SEM.   

 (***) p<0.001, vs. control group. 

 (#) p<0.05 and (##) p<0.01, vs. MA group. 

 

Fig .2. The effects of experimental groups on spatial memory in MWM. Data are reported as mean 

± SEM.   

(**) p <0.05 and (***) p <0.001, vs. control group  

(#) p<0.05, vs MA group.  

 

Fig. 3. Measurement of brain tissue water content (%) after ovarian hormones and MA 

administrations. Data are reported as mean ± SEM.   

(***) p<0.001 vs. the control group 

 (#) p<0.01 vs. the MA group.   

 

Fig .4. TUNEL staining of the CA1 region of the hippocampus; Control (A), MA (B), Lit (C), 

MA+Lit (D). (E) Images of the three fields (lateral, medial, middle parts).The average number of 

cells from these three fields was defined as the cell number for each animals (F). Red arrows 

indicate TUNEL-positive neurons and white arrows indicate normal pyramidal neurons. Scale 

Bars = 50 µm. Ratios of the TUNEL‑ positive cells are expressed as mean ± S.E.M. (n=4). 

 (***) p<0.001 vs. control group 

 (#) p<0.01 vs. MA group.   


