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Abstract: Male Wistar rats were subjected to chronic nicotine treatment (0.3 mg/kg; 7 continuous days) and their memory performance was 
studied by means of Y-maze and multi-trial passive avoidance tasks. Nicotine significantly decreased spontaneous alternation in 
Y-maze task and step-through-latency in the multi-trial passive avoidance task, suggesting effects on both short-term memory and 
long-term memory, respectively. In addition, nicotine induced neuronal apoptosis, DNA fragmentation, reduced antioxidant enzymes 
activity, and increased production of lipid peroxidation and reactive oxygen species, suggesting pro-oxidant activity. Our results provide 
further support that nicotine-induced memory impairment is due to an increase in brain oxidative stress in rats. 
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1. Introduction 
Tobacco smoke is a very complex mixture of more than 
4,700 ingredients (without their metabolites) including 
nicotine [1,2]. 
 Combined electrophysiological, pharmacological 
and genetic studies allowed characterizing the structure 
and properties of brain nicotinic acetylcholine receptors 
(nAChRs), but despite a vast amount of work dedicated 
to this area, the roles of these receptors in brain functions 
remain largely unknown [3].
 Many constituents of tobacco smoke exert toxicity 
on the brain, cardiovascular and pulmonary systems. 
Despite the compelling evidence that nicotine is 
neuroprotective, it is clear that nicotine can be toxic 
under some circumstances. The balance between 
nicotine neuroprotection and toxicity depends on dose, 
developmental stage and regimen of administration. 
Therefore, a full understanding of the molecular and 

cellular effects of nicotine on signaling pathways 
relevant to neuronal survival is critical for informed drug 
discovery of nicotinic compounds to combat human 
neurodegeneration [4].
 Clinical and laboratory studies indicated the 
involvement of nAChRs in complex brain functions 
such as memory, attention and cognition, but also in the 
pathogenesis of several neuropsychiatric afflictions such 
as Alzheimer’s (AD) and Parkinson’s diseases (PD) [3]. 
Various studies indicated that tobacco smoking may 
represent a form of self-medication in some psychiatric 
diseases [5-8]. However, the use of nicotine in therapy is 
severely limited by its carcinogenic and cardiovascular 
side effects. This negative effect is nearly overcome due 
to synthesis of selective nAChRs agonists [3]. 
 Experimental studies on animals and human showed 
contradictory results concerning the influence of nicotine 
on learning and memory. While some researchers [9-15] 
have reported a beneficial effect of nicotine on memory, 
others [16,17] observed few or negative effects [18,19]. 
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Also, recent evidence implicated medicinal nicotine as 
potentially harmful to neurodevelopment in children 
and catalyzing processes underlying neuropathology in 
AD [2]. For example, a previous study of Oddo et al. 
[20] demonstrated that chronic nicotine administration 
significantly increase the phosphorylation and 
aggregation state of tau, a fundamental component in 
AD neuropathology. 
 Understanding the complex nature of AD disorder 
has evolved with an increased appreciation for pathways 
that involve the generation of reactive oxygen species 
(ROS) and consequently the oxidative stress that can 
lead to nuclear degradation in neuronal population. 
During the progression of AD lipid peroxidation, protein 
and DNA oxidation will occur. Also, apoptosis appear to 
be a predominant factor in the cell loss observed during 
AD [21-24]. 
 In vivo experiments have shown that chronic 
administration of nicotine results in the imbalance of 
pro-oxidant/antioxidant status in blood cells, blood 
plasma and tissues of experimental rats [25,26], 
while in vitro experiments demonstrated that nicotine 
severely damages DNA and imbalances the pro-
oxidant/antioxidant status in lymphocytes [27]. 
Oxidative stress generates free radicals that induced 
peroxidation of the membrane lipids resulting in the 
formation of malondialdehyde (MDA) [28]. Significantly 
higher liver and serum levels of MDA, conjugated 
dienes, hydroperoxides, and free fatty acids have all 
been induced in rats by exposure to cigarette smoke 
[29,30]. Also, nicotine treatment significantly decreased 
the endogenous antioxidant status in, for example, 
superoxide dismutase (SOD) and glutathione peroxidase 
(GPX) activities [31-33]. A decrease in the activities of 
these free radical scavenging enzymes could result in 
generation of superoxide anions and hydrogen peroxide 
which in turn produce hydroxyl free radicals, the cause 
of many toxic reactions [34]. 
 The aims of this study were: 1) to determine the 
effects of chronic nicotine treatment on learning and 
memory performance in Y-maze and the multi-trial 
passive avoidance tasks and 2) to investigate the effects 
of chronic nicotine treatment on SOD and GPX activities, 
MDA and ROS levels, and some apoptotic markers 
(i.e., caspase-3 activity and DNA fragmentation), in the 
temporal cortical area of rat brain, the most vulnerable 
cortical area to oxidative stress effects [35]. 

2. Experimental Procedures

2.1 Subjects
30 male Wistar rats weighing 180-200 g at the start of 
the experiment were used. The animals were housed 
in a temperature- and light-controlled room (22°C, 
a 12-h cycle starting at 08:00 h) and were allowed to 
feed and drink water ad libitum. Rats were divided into 
control (without nicotine treatment – 15 animals) and 
nicotine treated group (15 animals). Rats were treated in 
accordance with the guidelines of animal bioethics from 
the Act on Animal Experimentation and Animal Health 
and Welfare Act from Romania and all procedures were 
in compliance with the European Council Directive of 24 
November 1986 (86/609/EEC).

2.2 Y-maze task 
Short-term memory was assessed by spontaneous 
alternation behavior in the Y-maze task. The Y-maze 
used in the present study consisted of three arms (35 cm 
long, 25 cm high and 10 cm wide) and an equilateral 
triangular central area. The rat was placed at the end 
of one arm and allowed to move freely through the 
maze for 8 min. An arm entry was counted when the 
hind paws of the rat were completely within that arm. 
Spontaneous alternation behavior was defined as 
entry into all three arms on consecutive choices. The 
number of maximum spontaneous alternation behaviors 
was then the total number of arms entered minus 2 
and percent spontaneous alternation was calculated 
as (actual alternations/maximum alternations) X 100. 
Spontaneous alternation behavior is considered to 
reflect spatial working memory, which is a form of short-
term memory [36,37]. 

2.3 Step-Through Passive Avoidance Task
In brief, a step-through type passive avoidance apparatus 
consisting of two compartments (25×15×15 cm high), 
one illuminated and one dark, and both equipped with 
a grid floor, was used. The two compartments were 
separated by a guillotine door. In the acquisition trials, 
each rat was placed in the illuminated compartment; 
when the animal entered the dark compartment, 
the door was closed and an inescapable foot shock  
(0.3 mA, 5 s) was delivered through the grid floor. The 
rat was removed after receiving the foot shock and was 
placed back into the light compartment. The door was 
again opened 30 s later to start the next trial. The training 
continued until the rat stayed in the light compartment 
for a 120 s period on a single trial. The rats were given 
3-5 trials and trained to avoid punishment (remain on 
shock-free zone) for at least 60 s (acquisition trial). After 
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24 h, each rat was placed in the light compartment and 
the step-through-latency was recorded until 300 s had 
elapsed (retention trial). The step-through-latency in the 
retention trial was used as the index of retention of the 
training experience. Longer retention latencies were 
interpreted as indicating better retention of the training 
experience [36,37]. 

2.4 Drug administration
Nicotine was dissolved in sterile saline and 
injected intraperitonealy (i.p.) in a volume of  
1 ml/kg b.w. Nicotine was chronically administrated, 
daily, for 7 consecutive days, at a dose of  
0.3 mg/kg b.w., Sigma. 
 In multi-trial passive avoidance and Y-maze tasks, 
rats were trained after 7 continuous days of nicotine 
administration. Control animals received i.p. an equal 
volume of sterile saline (1 ml/kg b.w.). 

2.5 Tissue collection
After the behavioral tests, all rats were anesthetized, 
rapidly decapitated and whole brain were removed. The 
temporal cortexes were collected. Each of brain tissue 
samples was weight and homogenized with a glass 
homogenizer in doubly distilled water (1 g tissue/10 ml 
doubly distilled water). 

2.6 Biochemical estimations
2.6.1 Determination of SOD
Homogenates of the temporal cortex were centrifuged at  
25,000 × g for 15 min at 4°C and supernatant dialyzed 
in 50 mM PBS (pH 7.8) containing 1 mM EDTA. 
SOD activity was determined based on inhibition 
of superoxide-dependent reactions. The reaction 
mixture contained 70 mM potassium phosphate buffer  
(pH 7.8), 30 μM cytochrome c, 150 μM xanthine, and 
tissue extract in phosphate buffer diluted 10 times with 
PBS in a final volume of 3 ml. The reaction was initiated 
by adding 10 μl of 50 units xanthine oxidase, and the 
change in absorbance at 550 nm recorded. The results 
are expressed as unit/mg protein. 

2.6.2 Determination of GPX
GPX activities of the temporal cortex were analyzed 
by a spectrophotometric assay, using 2.0 mM reduced 
glutathione and 0.25 mM H2O2 as substrate. One unit 
of GPX is defined as the quantity that catalyzes the 
oxidation of 1 nanomole NADPH/min at 25°C. Protein 
was measured using the bicinchoninic acid (BCA) 
protein assay reagent and bovine serum albumin was 
used as a standard. The results are expressed as unit/
mg protein. 

2.6.3 Determination of MDA
The amount of MDA in homogenates of the temporal 
cortex was determined. In brief, 0.1 ml of the homogenate 
diluted 10 times with phosphate buffered saline (PBS) was 
mixed with 0.75 ml working solution (thiobarbituric acid 
0.37% and perchloric acid 6.4%, 2:1, v/v) and heated to 
95°C for 1 h. After cooling (10 min in ice water bath), the 
flocculent precipitate was removed by centrifugation at  
3200 × g for 10 min. The supernatant was neutralized 
and filtered prior to injection on an octadecylsilane  
5 μm column. Mobile phase consisted of 50 mM PBS 
(pH 6.0): methanol (58:42, v/v). Isocratic separation 
with 1.0 ml/min flow rate and detection at 532 nm using 
a UV–vis high-performance liquid chromatography 
detector were performed.

2.6.4 Measurement of caspase-3 activity
The cells from temporal cortex were lysed on ice for 
10 min using cells lysis buffer. The reaction buffer  
(10 mM Tris-HCl, 1 mM EDTA, 10 mM DTT, 5% 
glycerol) and benzyloxy-carbonyl-Asp-Glu-Val-Asp-
7-amino-4-trifluoromethyl-coumarin (DEVD-AFC) 
substrate (50 μM final concentration) was then added 
and further incubated at 37°C in dark for 1 h. 7-amino-
4-trifluoromethylcoumarin (AFC) was used as standard. 
Fluorescence was measured at excitation and emission 
wavelengths of 400 and 505 nm, respectively, on a 
microplate reader. The enzyme activity was expressed 
as nmoles AFC/60 min.

2.7 DNA fragmentation 
The DNA fragmentation pattern (DNA ladder) was 
carried out by agarose gel electrophoresis. The cells 
from temporal cortex were pelleted by centrifugation at 
200 x g for 10 min and the pellet was lysed with 0.5 ml 
lysis buffer (10 mM Tris-HCl, pH 7.5, 20 mM EDTA, 0.5% 
Triton X-100) on ice for 30 min. The DNA in lysed solution 
was extracted with phenol/chloroform and precipitated 
with 3 M sodium acetate (pH 5.2) and cold ethanol. After 
repeated washings, the DNA was dissolved in TE buffer 
(10 mM Tris-HCl, pH 8.0: 1 mM EDTA). The purity of 
DNA at 260 and 280 nm absorbance ratio between 1.7 
and 1.9. DNA (2 μg) was then loaded on 1.5% agarose 
gel and electrophoresis carried out. The bands were 
visualized by ethidium bromide staining under UV light. 

2.8 Measurement of intracellular ROS
Production of ROS including mainly hydrogen 
peroxide was monitored spectrofluorimetrically using 
dichlorofluorescein-diacetate (DCF-DA). Oxidation of 
DCF-DA by peroxides yielded the fluorescent derivative 
DCF. Two micromoles of DC-DA (final concentration) in  
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N,N-dimethylformamide were incubated with cells from 
temporal cortex for 60 min. Loaded cells were washed 
three times, and the fluorescence intensity of DCF 
was determined using a CytoFlour 4000 fluorescence 
spectrophotometer with the excitation wavelength at 
485 nM and the emission wavelength at 535 nM. ROS 
production is expressed as a percentage of the average 
saline control value. 

2.9 Statistical analysis
Results were expressed as mean ± S.E.M. The results 
were statistically analyzed by means of one-way analysis 
of variance (ANOVA). F values for which P<0.05 were 
regarded as significant. 

3. Results

3.1 Effects of chronic nicotine administration 
on learning and memory

Nicotine decreased short-term memory as evidenced 
by significant decrease of the spontaneous alternation 
percentage (F(1,28)=53, P<0.006) in Y-maze test  
(Figure 1). This effect could not be attributed to 
decreased motor activity, because nicotine induced an 
increase in locomotor activity (F(1,28)=46.42, P<0.002) 
as deduced from the number of arm entries in Y-maze 
test (Figure 1). 

 
 
 
 
 
 
 
 
 
 

 

 Chronic administration of nicotine impaired memory 
performance (i.e., significantly decreased step-through-
latency) in the animals tested 24 h after acquisition 
(F(1,28)=119.26, P<0.0001) in multi-trial passive 
avoidance test (Figure 2). From this, we concluded that 
nicotine affected retention of information. The number 
of training trials in nicotine treated group was the same 
as in saline group in multi-trial passive avoidance test. 
Therefore, nicotine did not appear to affect acquisition 
under these conditions. 

3.2 Effects of chronic nicotine administration 
on SOD and GPX activities and MDA level 
in rat temporal cortex

Nicotine significantly decreased SOD (F(1,28)=47.74, 
P<0.005) (Figure 3) and GPX (F(1,28)=32.5, 
P<0.005) (Figure 4) activities and significantly 
increased MDA level (F(1,28)=40.5, P<0.005)  
(Figure 5) in rat temporal cortex compared to the saline-
treated group, implying that nicotine may have induced 
an increase in neuronal oxidative stress. 

3.3 Effects of chronic nicotine administration 
on caspase-3 activity

Nicotine significantly increased the activity of caspase-3 
(P<0.0003) in rat temporal cortex compared to the 
saline-treated group, suggesting a greater vulnerability 
of neurons to the effects of nicotine (Table 1). 

Figure 1. Effects of chronic nicotine treatment on number of arm 
entries and spontaneous alternation % in Y-maze task. 
Data are presented as means ± S.E.M. (n=15 per 
group).

Figure 2. Effect of chronic nicotine treatment on step-through-
latency in the retention trial of normal rats tested 24 h 
and 72 h after after acquisition in the multi-trial passive 
avoidance test. Data are presented as means ± S.E.M. 
(n=15 per group).

Figure 3. Effect of chronic nicotine treatment on SOD activity rat 
temporal cortex. Data are presented as means ± S.E.M. 
(n=15 per group).
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3.4 Effects of chronic nicotine administration 
on DNA damage

Chronic administration of intraperitoneal nicotine to 
rats resulted in DNA damage as evident in the form 
of discernible fragmentation ladder on agarose gel 
(Figure 6). DNA fragmentation confirmed apoptosis by 
in vivo chronic nicotine treatment. These DNA cleavage 
patterns were absent in the control sample. 

3.5 Effects of chronic nicotine administration 
on ROS production

Nicotine significantly increased ROS production in rat 
temporal cortex (F(1,28)=64, P<0.005) by approximately 
35% compared to the saline-treated group (Figure 7). 

Figure 4. Effect of chronic nicotine treatment on GPX activity in rat 
temporal cortex. Data are presented as means ± S.E.M. 
(n=15 per group).

Figure 5. Effect of chronic nicotine treatment on MDA level in rat 
temporal cortex. Data are presented as means ± S.E.M. 
(n=15 per group).

Groups Control Nicotine

caspase-3 activity 0.12 ± 0.01 0.29 ± 0.03*

Table 1. Effect of chronic nicotine treatment on caspase-3 activity.
The enzyme activity was determined by fluorometric 
assay using AFC as standard and the activity was 
expressed as nmoles AFC/60 min. The fluorescence was 
measured at Ex: 400 nm and Em: 505 nm as described 
in the Experimental Procedures. Values are mean ± SEM  
(n=15 per group). *P<0.0003 as compared to control 
group using one-way ANOVA test.

Figure 6. Effect of chronic nicotine treatment on DNA fragmentation 
by agarose (1.5%) gel electrophoresis. 1-Control; 
2,3,5,6,7,8,9-Nicotine; 4-DNA marker.

Figure 7. Effect of chronic nicotine treatment on ROS level in rat 
temporal cortex. Data are presented as means ± S.E.M. 
(n=15 per group).
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4. Discussion
Previous studies have suggested contradictory results 
concerning the role of nicotine on learning and memory 
processes. Some researchers have reported an 
ameliorating effect of nicotine on memory impairment 
[9-15] while others did not observe any effect or reported 
negative effects [16,17,38]. Major differences could be 
attributed to various methodological issues, dosage and 
period of treatment or animal strains.
 Our experimental data demonstrated that nicotine 
has negative effects on both short-term memory 
(a significant decrease of spontaneous alternation 
percentage in Y-maze task, P<0.006) and long-term 
memory (a significant decrease of step-through-latency 
in multi-trial passive avoidance task, P<0.0001). 
 Also, previous studies suggested dual effects of 
nicotine on oxidative stress [39]. Generally, neuronal 
oxidative stress involves generation of hydrogen 
peroxide and hydroxyl radicals [40], reduction in GPX 
and SOD activity [41] and an increase in MDA levels [42]. 
For example, compared with non-smokers, on average, 
active smokers have more than 25% lower circulating 
concentrations of antioxidants, cigarette smoke being a 
significant source of oxidative stress. Also, it has been 
shown that the level of lipid peroxidation increases in 
smokers [43]. Nicotine, on the other hand, in low, acute 
doses could act as an antioxidant [33]. In our study, 
rats exposed to 0.3 mg/kg amounts of nicotine for 7 
continuous days had decreased activities of SOD and 
GPX and increased MDA and ROS levels following this 
nicotine treatment regime. 

 These biochemical evidences suggested that 
exposure to a low dose of nicotine caused oxidative 
stress. The present findings support the hypothesis that 
decreased SOD activity can lead to an accumulation of 
H2O2 which, in the absence of a simultaneous increase 
in GPX activity, could increase the Fenton reaction, 
leading to the stimulation of lipid peroxidation and protein 
oxidation resulting, in cellular damage [44-46]. Also, we 
observed a significant increase in ROS production in rat 
temporal cortex which is comparable to other previously 
reported data [47,48]. 
 Finally, we demonstrated an increase in apoptosis 
(significant increase of caspase-3 activity, P<0.0003) as 
early as 7 days after in vivo chronic nicotine treatment. 
This finding supports suggestions by Jang et al. [49] 
that 3 days of nicotine exposure in adolescent male rats 
induced a 110% increase in active caspase-3 from the 
dentate gyrus.  
 Taken together, our data suggest that nicotine is 
capable of inducing memory impairment by increasing 
brain oxidative stress in rats. 
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