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Souhrn 

Ve světové literatuře se u mnoha různých typů poškození tkání uvádí vzestup hladiny 

volných radikálů. V této práci byly využity takové modely poškození CNS, u nichž víme, že 

mění produkci volných radikálů. Zároveň to byly modely, které umožňovaly přežití 

experimentálních samců laboratorního potkana a dovolovaly tak stanovit míru jejich 

funkčního poškození. Ta byla měřena behaviorálními testy sledujícími posturální motoriku a 

motorické učení a pak testy, které měřily kognitivní funkce při orientaci v prostoru. Volné 

radikály byly sledovány nepřímo pomocí jejich scavengerů a antioxidantů: melatonin a 

tempol, které působí jak extraxcelulárně, tak intracelulárně. Tyto látky byly podávány 

preventivně, před zásahem a i terapeuticky, po zásahu. Byly prezentovány výsledky 

následujících 3 skupin experimentů: 

1. Fokální fototrombotické léze senzorimotorické kůry: U zvířat po aplikaci tempolu ve 

srovnání se zvířaty po ischemii nebyly nalezeny významné rozdíly ve všech testech. Po 

aplikaci melatoninu došlo ke zlepšení výsledků ve většině testů.  

2. Generalizovaný epileptický záchvat vyvolaný flurotylem: Preventivní aplikace 

melatoninu významně a aplikace 150 s po záchvatu mírně zlepšila výkony zvířat a to hlavně 

v závěrečných fázích testování prostorového učení. Aplikace melatoninu 6 hodin po 

záchvatu neměla efekt.  

3. Intermitentní normobarická hypoxie: Tento experiment sledoval působení hypoxického 

preconditioningu na důsledky ischemické léze pro prostorové učení. Všechna zvířata 

prokázala schopnost učení. Účinek hypoxického preconditioningu se neprokázal.   

Dosažené výsledky prvních dvou experimentů výrazně zvyšují předpoklad platnosti 

stanovené hypotézy, že se volné radikály mohou podílet na negativních funkčních 

důsledcích ischemie a epileptického záchvatu vyvolaného flurotylem. Bylo dosaženo 

stanovených cílů, avšak pokus o preconditioning normobarickou repetitivní hypoxií u 

ischemické léze vyvolal efekt právě opačný. Je však nesporné, že aplikace melatoninu má 

vliv na zlepšení funkcí postižených zvířat. 
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Summary   

It is known from literature that that many types of insults are accompanied by the increase of 

free radicals level. The models of three pathological states, which are known to be related to 

the changes in free radicals production, were used for the purposes of the work. These 

models were also chosen because the intensity of action of pathogenic factor borderlines the 

threshold of mainly functional CNS disturbances. It was need for the animals to survive the 

interventions in order use behavioral methods of assessment. For the estimation of the 

degree of disturbances were used tests of postural motor function and motor learning and 

spatial orientation. The action of free radicals was evaluated indirectly by application of their 

scavengers and antioxidants: tempol and melatonin, which act extracellularly as well as 

intracellularly. Scavengers were administered as prevention, before an insult, and as 

therapy, after an insult. The results were divided into three sets of experiments: 

1. Focal photothrombotic ischemia of sensorimotor cortex: The performance of animals 

that received tempol treatment did not significantly differ from the animals subjected to plain 

ischemia in either of tests. Melatonin application substantially improved animals’ 

performance in most of the tests.  

2. Generalized epileptic seizure elicited by flurothyl: Preventive application of melatonin 

significantly improved animals’ performance mainly at the end of the spatial learning trial.  

Melatonin therapeutic application 150 s after the seizure had similar effect but in lesser 

degree.  Application of melatonin 6 hours after seizure had no effect. 

3. Intermittent normobaric hypoxia: This experiment was served to the assessment of 

hypoxic preconditioning to the consequences of ischemic lesion reflected on spatial learning. 

All of the animals showed the ability of learning. The neuroprotective effect of hypoxic 

preconditioning was not confirmed.  

The obtained experimental results support the hypothesis that free radicals could play 

important role in the development of negative outcome of focal cortical ischemia and 

seizures induced by flurothyl. The aims were achieved. Certainly, melatonin application has 

positive effect on cognitive and sensorimotor function of affected animals. Although, the 

preconditioning effect of intermittent normobaric hypoxia was found cumulative negative. 
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1. Introduction 

Most of detriments of the central nervous system (CNS) are accompanied by increased free 

radicals (FR) production. It typically occurs as a consequence of reperfusion, hypoxia, injury, 

inflammation etc. The increase of FR production and their role has already been described in 

animal models of ischemia (1, 2), hypoxia (3, 4) and epileptic seizures (5). An intermittent 

hypoxia that occurs in sleep apnea syndrome is presumed to cause changes also by an 

increased FR formation. It is assumed that free radicals play role in morphological and 

functional changes of mentioned models of CNS disorders. Knowledge of this raises the 

question: are some of the functional manifestations of different types of mentioned 

detriments connected with FR?  

The explanation of this question is possible by either decreasing or blocking the production of 

FR or blocking their action in the nervous tissue. This could be done by activation of non-

specific defence mechanisms involving recruitment of antioxidant enzymes before and after 

the elicitation of individual models of injuries. For this purposes it was needed to evaluate 

action of antioxidants and FR scavengers, in terms of prevention of insult consequences but 

also as treatment. Another option was induction of general tissue tolerance by 

preconditioning that also modifies FR production (6, 7).   

The estimate the extension of CNS impact consequences is possible by behavioral methods. 

An advantage is that they are non-invasive and reflect not only morphological but also plain 

functional disturbances. This gives an opportunity to determine and monitor relatively subtle 

changes and also follow their pattern after intervention. There is one more reason for using 

behavioral methods: the behavioral changes could be the first objective signs that are seen 

in the stroke and epilepsy patients and what we are trying to manage in order to improve 

patients’ quality of life. 

The characteristic changes of CNS function following an insult in animal models could be 

sufficiently distinguished with the use of battery of sensorimotor test, e.g., the beam balance 

and the rotarod tests. These tests are sensitive to disorders of dynamic and static motor 

functions. Changes of cognition are evaluated by the tests in the Morris water maze, which 

reflect alterations in the spatial learning and memory. Evaluation of those test results can 

also give an insight into changes of another higher brain function as learning strategy and 

motivation.  

The description of possibilities how to prevent morphologically prominent injury of the central 

nervous system is in literature relatively frequent. The morphological signs of injury and 

sequential functional changes were already described in details. Many authors successfully 

applied different scavengers and antioxidants and other neuroprotective techniques for 
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prevention of worsening of the CNS insult outcome. The behavioral methods of evaluation in 

such studies are clear and usually related positive results with diminishing of injury. The 

problem rises though when a week noxious stimulus is use to model mild CNS insult. In this 

case only minimal or none injury can be detectable by morphologic methods. This is when 

the behavioral methods of disturbances examination are sensitive and reliable options for 

evaluation of the consequences of an insult.  

2. Hypothesis and aims  

The increased generation of FR is described in relation to many processes that are known to 

lead to CNS disturbances as well as the ones that lead only to increased CNS energy 

demand.  

Hypothesis:  

FR are involved in functional outcome of cerebral insults that lead to neuronal disturbances. 

Aims 

A. Evaluation of functional changes induced by tree different types of pathological 

processes that are known to lead to increase of FR levels: 

a. Hypoxia 

b. Focal ischemia (mild damage to the cerebral cortex) 

c. Epileptic seizure 

B. Examination whether there is possibility of these processes’ modulation: 

a.  By application of free radical scavengers and antioxidants 

b. Taking into account the assumption that mechanisms, which are playing role 

in development of hypoxic preconditioning phenomenon, are related to 

attenuation of FR production, the model of hypoxic preconditioning will be 

examined on cognitive changes resulting from cortical ischemia.  

3. General Methods 

All experiments were performed according to the guidelines of the Ministry of Health of the 

Czech Republic. The animal protocols (17658/2007-30 and 17659/2007-30) were approved 

by the Ethics committee of the Third Faculty of Medicine, Charles University in Prague. 

3.1. Induction of ischemia 

The induction of ischemic lesion was performed under the general anesthesia of 100 mg/kg 

ketamine i.p. and 16 mg/kg xylazine i.m. Animals’ skulls were exposed and irradiated 
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following i.v. application of Rose Bengal (20 mg/ml/kg, 0.9% NaCl solution). A beam from a 

high-powered green-light laser (power density = 50 mW/mm2, illuminated area < 1 mm2) was 

subsequently centered on three points (6 minutes each) of the right side of the skull. 

Anteroposterior and lateral coordinates of the points were: 0, 5; 0.5, 4.1 and −0.5, 4.1. The 

irradiation was aimed on the following cortical areas: primary motor, premotor, and primary 

somatosensory, according to Palomero-Gallagher and Zilles (8). 

3.2. Induction of flurothyl seizures 

The animals from the experimental group F were exposed to flurothyl in an air-tight chamber 

(volume = 14l) that was administered at a constant rate (30 µl/min), via an infusion pump. 

The infusion continued onto a filter pad suspended at the top of the chamber, until a tonic–

clonic seizure was observed. Immediately after the seizure, the flurothyl–air mixture inside 

the chamber was evacuated and exchanged with fresh air. The animals were thereafter 

removed from the chamber and left to recover their home-cages. 

3.3. Exposure to the intermittent normobaric hypoxia 

The intermittent normobaric hypoxia was induced in the air-tight chamber with FiO2 cycled 

from 21 to 8% and back to 21% every one minute during one hour. The normobaric pressure 

was achieved by admixture of nitrogen to ambient air. After an exposure to hypoxia animals 

were placed to their home-cages for recovery.  

3.4. Ethologic evaluation of functional changes 

The ethologic evaluation following an individual CNS insult was performed for determination 

of functional changes. The performance of experimental animal groups was always to naïve 

control group. 

Beam balance test 

The beam balance test was designed for evaluation of static postural reaction, i.e. gross 

vestibulomotor function. Rats were positioned on a wooden bar (length – 400 mm, diameter 

– 10 mm, vertical height – 800 mm); the objective was to remain balancing on the wooden 

bar for 120 seconds. A maximum of 10 trials were allowed to meet the objective. The number 

of trials needed to meet the objective was recorded. 

Rotarod tests 

The rotarod test was used to determine deficiency in dynamic postural reactions, motor 

coordination. Two modifications of the test were used. In the first, the animals were placed 

on a cylinder (diameter – 115 mm; speed of rotation – 6 rpm) in an opposing manner to that 

of the cylinder rotation. The animals’ objective was to remain on the cylinder for 120 seconds 

in a maximum of 10 trials. In the second, reverse rotarod test, rats were placed on a cylinder 
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oriented in the same direction as that of the rotation. The objective was for the rats to reorient 

themselves on the cylinder and remain there for 120 seconds. The number of trials needed 

to meet the objective was recorded. 

Evaluation of swimming in water maze – visible platform acquisition test  

The visible platform acquisition test in Morris water maze (MWM) was used to test the rats’ 

motoric functions. The rats were placed in a water tank (diameter – 1.98 m; water 

temperature – 19-20 °C) with a black plastic platform, 10 mm above the waterline. The 

animals were allowed to swim for 60 seconds; if the rat reached the platform, it was allowed 

to remain there for 30 seconds before starting the next trial. If the animal failed to locate the 

platform within 60 seconds, it was manually guided there by the experimenter and allowed to 

rest for 30 seconds. Eight trials were performed. The latency in platform acquisition, the total 

distance moved and the mean velocity were calculated in software EthoVision (Noldus, The 

Netherlands) (9). 

Place navigation (hidden platform acquisition)  

This test is designed for evaluation of spatial learning abilities (10).  Animals had to learn the 

position of the platform hidden under the water by using extra-maze clues. This test was 

conducted over consecutive days with eight trials per day. The trial protocol was similar to 

the visible platform acquisition test described above, with modification of platform that was 

transparent and hidden 20 mm below the water level. The latency in platform acquisition, the 

total distance moved, the mean velocity, and the search error (11) were calculated using the 

EthoVision video-tracking system. 

3.5. Statistical analysis  

Data were tested for normality of distribution using the Kolmogorov-Smirnov test. The 

Kruskal-Wallis test followed by Dunn's Multiple Comparison post-test was used as 

nonparametric test. One way ANOVA tests followed by Tukey's multiple comparison test 

single and two way ANOVA with repeated measures followed by Bonferroni post-tests were 

used when appropriate. Differences were considered significant if p < 0.05. 

4. Results 

4.1. Experiment I – Modulation of focal ischemia outcome 

The green laser induced photothrombic ischemic lesions (12) were used as model of 

naturally occurring thromboembolisms in strokes. Laser activation of intravenously injected 

photosensitive dye induces endothelial damage via free radicals, leading to platelet 

aggregation and microvascular stasis (13). The functional outcome of focal ischemic lesion of 
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sensorimotor cortex was modified with use of FR scavengers and antioxidants – melatonin 

and tempol. 

4.1.1. Methods  

Sixty male Wistar rats 200-250 g, were randomly divided into five groups of 12 animals. One 

group was subjected to photothrombic cortical ischemia (Ischemia); two other groups, in 

addition to induction of ischemia, received the FR scavengers – tempol (IschTemp) or 

melatonin (IschMel). The fourth group was sham operated (Sham) and the fifth was a naïve 

intact control group (Control).  

Induction of ischemia 

The induction of ischemic lesion was performed as described in General methods. After the 

end of laser irradiation, animals’ scalps were sutured.  The animals were placed for recovery 

to their home-cages. The animals from the IschTemp and IschMel groups received an i.p. 

injection of tempol (50 mg/kg, in 2 ml H2O solution) or melatonin (100 mg/kg in 2 ml of 2% 

Tween 80 solution) respectively ten minutes after the end of irradiation. Sham operated 

animals received saline solution i.v. (0.9% NaCl, 1 ml/kg) and were also subjected to the 

laser irradiation; otherwise, a similar experimental protocol to the induction of ischemia was 

used. 

Sensorimotor tests 

Twenty four hours after induction of ischemia animals were tested only with the beam 

balance test (BB1). Forty-eight hours after induction of ischemia, the rats were further tested 

by the beam balance test 2 (BB2), rotarod test (RT), reverse rotarod test (rRT) and MWM 

visible platform acquisition.  

Spatial learning and memory tests  

Seventy-two hours after ischemic-induction, place navigation testing was started. It was 

conducted for six consequent days. Twenty-four hours after the last spatial learning trial the 

probe test was performed. 

Morphology 

Twenty-four hours after the probe test the animals were perfused transcardially with a 0.9% 

NaCl solution (8-10 °C) under the general anesthesia. The brains were removed immediately 

after the perfusion and cut into coronal slices (thickness = 500 µm) at the level of the laser 

irradiation. The 2,3,5-triphenyltetrazolium chloride reduction test (Khan et al. 2000) was used 

to detect mitochondrial survival. Digital photographs of the slices were taken and evaluated 

for signs of ischemia. 
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Figure 2. Morphological depiction of the irradiated points and ischemic lesion. 
A. Figure illustrates the location of bregma and lambda on the laboratory rat’s skull as defined by George 
Paxinos. Anteroposterior and lateral coordinates of the irradiated points (0, 5; 0.5, 4.1 and −0.5, 4.1) are 
marked red. Adapted from George Paxinos and Charles Watson: The Rat Brain in Stereotaxic 
Coordinates, Academic Press, New York, 1998. 
B.  The native photograph of the animal’s brain with the ischemic lesion at the frontal part of the right 
hemisphere. On the left hemisphere were superimposed cortical areas. The shadow area corresponds to 
the location and extension of the lesion on the opposite hemisphere. The following ares were involved: 
Fr1 – Frontal cortex, area 1 (primary motor); Fr2 – Frontal cortex, cortex area 2 (premotor, 
supplementary motor); FL – Parietal cortex, forelimb area (primary somatosensory); HL – Parietal cortex, 
hindlimb area (primary somatosensory).       
C. The ischemic lesions on the brain slices are pointed out by arrows. 

 

4.1.2. Results 

The morphological evaluation of the ischemic lesions showed minor but distinguishable 

changes in each animal and were maximally transcortical in the Ischemia group (Figure 2). 

The animals treated with melatonin and tempol had lesions reaching maximally into the IV-V 

cortical layers. In such diminished lesions, many times (n = 4), it was not possible to 

distinguish its borders.  

 

 

Sensorimotor changes 

There were no significant differences in the number of trials between either of group in the 

beam balance 1 (BB1) test performed 24 hours after induction of ischemia. 

Figure 1. Time schedule of Experiment I.  Abbreviations: IschTemp, IschMel – two groups, which in addition to induction 
of ischemia, received the FR scavengers, tempol and melatonin; BB1 – beam balance test 1; BB2 – beam balance test 2; 
RT – rotarod test; rRT – reverse rotarod; MWM – Morris mater maze.  
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Figure 3. Sensorimotor tests results 

Graph A illustrates the performance of each group individually in the beam balance 
2 (Mean ± SEM), which was conducted 48 hours after laser irradiation. Animals in 
Ischemia group needed more trials to meet the objective in comparison to the Control 
(p ≤ 0.001) and Sham animals (p < 0.05). There were no other statistically confirmed 
differences in the performance between the groups.  

Graph B shows performance of each group in the reverse rotarod test (Mean ± 
SEM). The performance of the Ischemia group was worse in respect to Control (p ≤ 
0.001) and Sham animals (p ≤ 0.01). The group with Melatonin application following 
the induction of ischemia had lower number of trials needed to meet the objective (p 
≤ 0.001). There were no statistically confirmed differences in the performance 
between the rests of groups. 

 

In the beam balance 2 (BB2) test performed 48 hours after the induction of ischemia (Figure 

3, A), the Ischemia group showed a significant increase in the number of necessary trials 

compared to the Control (p ≤ 0.001) and Sham animals (p < 0.05). IschMel and IschTemp did 

not differ significantly in the number of trials needed to meet the objective either from 

Ischemia or Control and Sham. Also, there was no statistically confirmed difference between 

Control and Sham animals in their performance. 

The rotarod test (RT) 

performed 48 hours 

after the induction of 

ischemia did not reveal 

any significant 

disturbances in 

vestibular and tactile 

functions in 

experimental animals. 

There were no any 

significant differences in 

performance of Control, 

Sham and experimental 

grous (Ischemia, 

IschMel, IschTemp). 

However, in the reverse rotarod test (rRT) (Figure 3, B) the Ischemia group performed more 

poorly than the Control (p ≤ 0.001) and Sham (p ≤ 0.01). There was no difference in 

performance of Control ans Sham animals. Also, the application of ROS scavenger 

Melatonin decreased the number of trials needed for reaching the objective (IschMel p ≤ 

0.001). The group of animals with Tempol application did not differ in performance from 

either group.    

In the MWM visible platform acquisition test, we did not find any significant difference in the 

latencies of platform aquisition. 

Spatial learning and memory changes 

All the animals, regardless of treatment, demonstrated learning abilities during the 6-day trial 

period, as demonstrated by the decreased latencies (p ≤ 0.001, F(4, 55) = 43.41), the moved 

distance (p ≤ 0.001, F(4, 55) = 44.57) and the search error (p ≤ 0.001, F(4, 55) = 38.34).  
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Figure 4. The Spatial learning in place navigation tests 

Graphs A illustrate the swimming latencies and cumulative distances (search errors) in the place navigation 
test (Mean ± SEM) of Ischemia and Control groups. The animals with induced ischemia needed a 
significantly longer time to find the hidden platform (ANOVA: p ≤ 0.01, F(4, 55) = 7.41). Search errors in 
ischemic animals were also significantly higher in respect to the Control group (ANOVA: p < 0.05, F(4, 55) = 
3.95). 

Graphs B represent a comparison of the swimming latencies and search errors of ischemia-induced and 
Melatonin treated animals (Mean ± SEM). Melatonin treated group had shorter time needed to find the 
platform (latency) than the Ischemic animals (ANOVA: p < 0.05, F(4, 55) = 4.67). The search error was also 
lower in Melatonin treated group (ANOVA: p < 0.05, F(4, 55) = 3.93). 

 

Overall the Ischemia group performed poorly compared to the Control (Figure 4, A) and the 

IschMel (Figure 4, B) groups. It showed an increase in the latencies, search error (for 

significance see the legend of figure 4) and the moved distance (Control: p ≤ 0.001, F(4, 55) = 

15.5; IschMel: p ≤ 0.01, F(4, 55) = 8.45). Ischemia group also differed from the Sham group in 

the distance moved (p ≤ 0.01, F(4, 55) = 8.61). Tempol treated animals were significantly worse 

than the Control in latency to find the platform (p ≤ 0.01, F(4, 55) = 6.74) and distance moved (p 

≤ 0.01, F(4, 55) = 8.45). They differed from the Sham (p < 0.05, F(4, 55) = 4.84) and IschMel (p < 

0.05, F(4, 55) = 4.78) groups only in longer distances moved. The Memory retention conducted 

by the Probe test in all groups was not affected. 

 

4.2. Experiment II – Modulation of flurothyl epileptic seizures 

Generally, epileptic seizures increase levels of free radicals and a number of negative 

consequences are associated with this increase. Any significant change can affect 
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homeostasis in various aspects of cell metabolism (14), changing different functions of the 

CNS, including behavior. 

The experiment was aimed on assessing the protective effects of scavenger and antioxidant 

– melatonin, which was applied before and after the seizure development. The influence of 

melatonin on increases ROS production during and shortly after seizures was tested on the 

performance in MWM. 

4.2.1. Methods  

Adult, male Wistar 200–250 g, were used in the experiments. Experimental groups: (1) 

flurothyl only – F (n=11) was exposed to increasing concentrations of flurothyl vapors until a 

tonic–clonic seizure was elicited; (2) melatonin + flurothyl – MF (n=10) was pre-treated with 

an melatonin 1 h before flurothyl seizure induction; (3) flurothyl + melatonin 150 s – FM1 

(n=11) received melatonin 150 s after the seizure; (4) flurothyl + melatonin 6 h – FM2 (n=12) 

received melatonin 6 h after the seizure. Control group (C; n=12) was tested in the MWM 24 

h after sham handling. 

The animals from the experimental group F, MF, FM1 and FM2 were exposed to flurothyl, 

until a tonic-clonic seizure was observed. Twenty-four hours after the end of the seizure, 

place navigation testing was started. It was conducted for seven consequent days. The 

latency to reach the hidden platform was manually recorded by stopwatch.  

4.2.2. Results 

Learning occurred in all groups. The latencies to reach the submerged platform shortened 

with daily repetition (F = 340; DF = 6; p < 0.0001). In all groups, learning in the MWM showed 

significant shortening of latencies until the 4th or 5th day. Afterward, there were no significant 

changes in latencies in any of the groups. This plateau occurred in all groups, but significant 

differences were seen in the level of latencies reached. Based on the plateau level, groups 

Figure 5. Time schedule of Experiment II. Abbreviations: F – animals exposed to flurothyl only; MF – animals pre-
treated with an melatonin 1 h before flurothyl seizure induction; FM1– flurothyl + melatonin 150 s  after the seizure; 
FM2 – flurothyl + melatonin 6 h after the seizure; MWM – Morris water maze. 
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could be split into two clusters. One contained controls (C) and melatonin prior to flurothyl 

(MF) groups, while the second contained flurothyl only (F), as well as both groups in which 

melatonin was given after the seizure (FM1 and FM2). 

The significant differences between groups exhibited two phases when the MF was 

compared to C and F groups. At the beginning of learning, group MF had longer latencies to 

reach the platform. The situation was reversed during the last days of learning when 

occurred shortening of latencies in comparison with group F and those latencies did not differ 

from control group (Figure 6). 

 

4.3. Experiment III – Evaluation of hypoxic preconditioning  

The endogenous protection gained by the nervous tissue ability to ‘condition’ itself, has been 

brought into attention as a powerful new strategy for limiting CNS injury. It was described 

(15)  that hypobaric hypoxia exposure has neuroprotective effect over flurothyl epileptic 

seizure’s induced worsening of cognitive function. The similar cross-preconditioning effect of 

hypobaric hypoxia was expected be found in respect to photothrombic cortical ischemia. 

Never the less, it showed to have only minimal effect (16). 

The purpose of this experiment was to assess a possibility of cross-preconditioning elicited 

by intermittent normobaric hypoxia exposition prior to induction of cortical ischemia. This type 

of hypoxia due to switching of phases of hypoxia and normoxia would simulate the condition 

of ischemia/reperfusion preconditioning on the heart (17).  

Figure 6. Comparison of learning in the Morris water maze. Three groups 
are compared: control animals (C), animals with one i.p. application of 
melatonin before flurothyl seizures (MF) and animals after one tonic-clonic 
epileptic seizure elicited by flurothyl (F). Data represent (Mean ± SEM). 
Statistical analysis: two-way ANOVA, Bonferroni post-test, p < 0.0001 between 
either pair of groups). The significant differences are indicated by asterisks (*). 
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Figure 7. Time schedule of Experiment III. Abbreviations: H – group exposed to intermittent normobaric 
hypoxia only; Isch – group with photochemically induced ischemic lesion; HIsch – animals exposed to 
hypoxia and 72 hours later had ischemia induced; C – control group; MWM – Morris water maze. 

 

 

4.3.1. Methods  

Forty male Wistar rats, 200-250 g, were randomly divided into four groups (n = 10). 

Experimental groups were following: (1) animals exposed to intermittent hypoxia four days 

before testing in Morris water maze – H, (2) animals with photothrombic ischemic lesion 

induced 24 hours before the testing – Isch, and (3) combination of both – exposition to 

hypoxia three days prior to induction of ischemia – HIsch, with following testing; and (4) 

naïve control group – C.  

The induction of ischemic lesion was performed by the procedure protocol of experiment I 

with modification of the duration of laser beam irradiation. The irradiation beam was 

subsequently centered on the three points for 8 minutes.  

The intermittent normobaric hypoxia was induced in the air-tight chamber with FiO2 cycled 

from 21 to 8% and back to 21% every one minute during one hour. The normobaric pressure 

was achieved by admixture of nitrogen to ambient air. 

 

 

 

 

 

 

 

 

4.3.2. Results 

All the animals, regardless of intervention, demonstrated learning abilities during the 7-day 

trial period that was demonstrated by the decreased swimming latencies (p ≤ 0.0001, F(3, 36) = 

222.6).  

Exposure to hypoxia did not affect animals’ performance in comparison to control group. 

Overall the Isch group performed poorly compared to the C group (Figure 4.3.3). It showed 

an increase in the latencies (Two-way ANOVA: p ≤ 0.0001, F(3, 36) = 12.94). However 

Bonferroni post-tests did not reveal any significant differences within individual days of trials 

for these two groups. 
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Figure 8. Spacial learning curves in plase nevigation test over 7- days period illustrate 
the swimming latencies (Mean ± SEM) of control (C) group, group with cortical ischemia 
(Isch) and the group exposed to intermittent normobaric hypoxia and 72 hours later was 
subjected to photothrombic ischemia (HIsch). C shoved better performance then Isch (p ≤ 
0.0001, F(3, 36) = 32.49) and HIsch (p ≤ 0.0001, F(3, 36) = 32.49). The significant differences 
within individual days of trials between C and HIsch (2nd day p ≤ 0.01; 3rd day p < 0.05) 
are indicated by asterisks (*).  

Unexpectedly, the experimental group of ischemia preconditioned by hypoxia did not show 

improvement in comparison to Isch group. In contrary, there was worsening in performance 

comparing to control animals, even greater then C vs. Isch (two-way ANOVA: p ≤ 0.0001, F(3, 

36) = 32.49; Figure 8), especially on trial day 2 (Bonferroni post-tests: p ≤ 0.01) and trail day 3 

(Bonferroni post-tests: p < 0.05). HIsch group also overall differed from the Isch group (two-

way ANOVA: p < 0.05, F(3, 36) = 5.299; Figure 8). Similarly as was demonstrated by 

comparison of C and Isch, Bonferroni post-tests did not reveal any significant differences 

within individual days of trials.  

 

5. General discussion  

The experiments were aiming on evaluation of hypothesis that FR are playing an important 

role in the pathogenesis of different CNS insults and development of their functional 

outcome.  

The major conclusive result of the experiment I is that the FR scavenger and antioxidant, 

melatonin, improves performance of animals subjected to ischemia of sensorimotor cortex in 

behavioral tests. These test evaluated animals’ sensorimotor coordination, static and 

dynamic motor function and spatial learning. It was shown that motor learning capability 

plays role in the results outcome of these tests. The melatonin was applied shortly after the 

procedure of induction of ischemia. The neuroprotective effect of melatonin develops over 48 

hours after an induction of ischemia. Animals were tested in experimental settings when they 
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first of all had to learn a new skill. Static motor function was evaluated by performance on a 

narrow rod – beam balance test. Sensorimotor coordination and dynamic motor function was 

thereafter evaluated in classical rotarod test settings. To successfully perform in reverse 

rotarod test animals had to adapt to more complex and unusual for them situation. In order to 

do so, animals had to rapidly precess a new for them dynamic sensorimotor information. The 

cognition was estimated by spatial learning ability. Melatonin improved animals’ performance 

in all of the mentioned tests. These facts strongly support the conclusion that melatonin not 

only affects action of FR in the area affected by ischemia but also attenuates further 

functional changes. It is known that melatonin combines properties of FR scavengers that 

trap already generated FR with properties of antioxidant that interfere with FR generation 

cascade (18). In addition, it acts intracellularly as well as extracellularly (19). This dual action 

important because FR generated during and after ischemia development not only cause 

structural damage but also act as cellular signalling molecules. In this role they are able to 

change cellular energy metabolism and activate self-destruction pathways (20, 21). That is 

why it is not surprising that melatonin had the revealed effect on ischemic neurons. It is also 

important that that melatonin was used as a treatment, i. e. after an induction of ischemia. 

The question remains why the other FR scavenger, tempol, did not show similar effect. 

Firstly, it is already discussed issue of dosage. Secondly, tempol is stable piperidine nitroxide 

(stable free radical) of low molecular weight that easily crosses biological membranes. It has 

SOD-like activity and scavenges superoxide anions (22). SOD is known to scavenge 

superoxide anions, however it is lacking the ability for efficient removal of the hydrogen 

peroxide (23). In addition, there is possibility of pro-oxidant activity of SOD as a catalyzer of 

the hydrogen peroxide conversion to hydroxyl radicals (24). The question is whether the lack 

of tempol effect on surviving ischemic neurons can be caused by its possible pro-oxidant 

activity and whether tempol scavenges superoxide, hydroxyl (25) and nitrous radicals with 

the same potential.   

The results of experiment II confirmed neuroprotective effect of melatonin against the 

cognitive function disturbances induced by the seizures elicited by flurothyl vapors. The 

attenuation of these disturbances seen when melatonin was applied an hour before 

development of seizure and, in lesser degree, when it was applied shortly after. It is thought 

that mitochondria, which are located in presynaptic neuronal endings, are loaded the most 

throughout the course of seizure (26). Substantial increase in amount of FR thereafter could 

be localized to the synaptic contacts and influence their activity. There is one more aspect. 

Although, morphological damage of the mitochondria is restored to normal within 10 minutes 

(26), it may lead to longer disturbance of energy metabolism and increase of FR production 

with following disturbances synaptic conduction. Despite of fast mitochondrial recovery, 
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changes of cognitive function remain, in terms of changes of spatial learning ability, even 

after single seizure, as was shown in experiment II. Learning as well as seizures is many 

times mentioned in papers dealing with post-tetanic potentiation (27). These facts give a 

raise to the hypothesis and even speculation that seizure induces functional or morphological 

changes of neurons in two steps. First, it leads to mitochondrial damage, thus local synaptic 

effects. Second, insufficient recovery of firing neurons due to lack of energy because of 

damaged mitochondria. As a result, disbalance of neuronal network connectivity develops 

leading to disruption of the functional integrity of the system, i.e. CNS functional 

disturbances. It would support an idea of possibility to influence seizures and their 

consequences by modulating synaptic conductions with FR scavengers (28).    

During seizures there is increased demand of oxygen and nutrients by loop-firing neurons 

and it partially mimics the pathogenic processes of hypoxia and ischemia. Therefore, in 

respect to the findings, the mechanisms of melatonin protection of neuronal system’s 

function in a great part are related to its FR scavenger and antioxidant properties. Never the 

less, there is issue of additional involvement of neuronal melatonin receptors in hippocampus 

that results in better animals’ spatial learning ability after seizures. In this relation, melatonin 

acts via a receptor-mediated pathway and inhibits proteolytic pathways mediated by calpain 

and caspases. Calpain and caspase-3 decreased activity is also associated with inhibition of 

kinases and protease activities giving rise to neuroprotection (29). The involvement of this 

additional melatonin property is also suggested by the results when effect of melatonin is 

compared with hypoxic preconditioning effect of hypobaric hypoxia (30). In this study there 

was an improvement of spatial learning in animals treated by melatonin and exposed to 

hypoxia. However, melatonin did not markedly change the pattern of behavior preceding the 

seizures, while hypoxia did change the pattern. It can not be, therefore, excluded that 

activation of melatonin receptors supports mechanisms of neuroprotection in addition to 

melatonin scavenger and antioxidant activity in hippocampus. 

The results of the last experiment III confronted the suggestion that intermittent normobaric 

hypoxia would activate defence mechanisms in form of hypoxic preconditioning. The animals 

were exposed to this type of hypoxia only during one hour and, in combination with ischemic 

lesion of sensorimotor cortex induced tree days later, caused significant worsening of the 

animals’ cognitive function. In contrast, the continuous one-hour hypobaric hypoxia that was 

also induced three days prior to the induction of ischemic lesion, which did not have these 

negatively cumulative effects on cognition as intermittent normobaric hypoxia. Therefore, the 

type of hypoxia used is more severe cerebral insult due to repeated reoxygenation phases. 

In general, preconditioning main goal is protection of structural integrity and sequential 

protection of functional disturbances.   It seems that in the situation of intermittent normobaric 
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hypoxia neuronal tissue deals with more general characteristics of preconditioning, which 

eventually cause worsening of state from the following result. It is assumed that the effect is 

related to the kind of cumulative effects of two noxious stimuli. Although, it should not be 

forgotten the other possible mechanism when similar insults would prone tissue to either pro-

apoptotic or antiapoptotic actions depending on intensity and duration of exposure. Therefore 

rises the question, whether energy demanding process of the cell integrity preservation in 

this case could not be the cause of functional disturbances. The development of protective 

preconditioning by intermittent hypoxia showed to be effective in the animal models of 

ethanol withdrawal syndrome, spontaneous hypertension and myocardial ischemia (31-33). 

However, this should not be the rule for the brain tissue and the synergy of two factors 

develops. Similar synergy of pathogenic factors is seen in sleep apnea syndrome when 

distorted sleep associated with chronic repetitive hypoxia and existing comorbidity of high 

blood pressure. The knowledge of the result from the experiment III opens the opportunity for 

better understanding of such synergy.  

 

 

 

 

 

6. Conclusions 

The acquired results support the hypothesis that free radicals could play important role in the 

development of negative outcome of focal cortical ischemia and seizures induced by 

flurothyl. The set aims were achieved, although, the hypoxic preconditioning effect of 

intermittent normobaric hypoxia was found cumulative negative. Even though, there is no 

doubt that melatonin application has positive effect on cognitive and sensorimotor function of 

affected animals.  

The gained knowledge thereafter could be enriched by further assessment. Firstly, deeper 

understanding of melatonin actions on and interactions with CNS insults, not only from the 

aspect of its antioxidant and scavenger properties and interaction with free radicals 

production. Secondly, search for the explanations of the differences in pathogenesis and 

effect of intermittent normobaric hypoxia and hypobaric continuous hypoxia. 
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