
        
    
        
            
            
                
            

            
        
    

        
    
        
            
            
                
            

            
        
    


        
    




        

        
    Skip to main content

    

    
    
        
            
                
                    
                        
                    
                
            
        


        
            
                
    
        Log in
    


            
        
    


    
        
            
                
                    
                        
                            
                        Menu
                    
                


                
                    
                        
                            Find a journal
                        
                    
                        
                            Publish with us
                        
                    
                        
                            Track your research
                        
                    
                


                
                    
                        
                            
                                
                                    
                                Search
                            
                        

                    
                    
                        
 
  
   
  Cart
 


                    
                

            

        
    




    
        
    
        
            
                
                    
    
        
            	
                        Home




	
                        Neurochemical Research

	
                        Article

Capsaicin Exerts Anti-convulsant and Neuroprotective Effects in Pentylenetetrazole-Induced Seizures


                    	Original Paper
	
                            Published: 08 February 2020
                        


                    	
                            Volume 45, pages 1045–1061, (2020)
                        
	
                            Cite this article
                        



                    
                        
        
            
                
                    
                        Download PDF
                        
                    
                
            

        

    

                        
                    

                
                
                    
                        
                            
                            
                                
                                
                            
                            Neurochemical Research
                        
                        
                            
                                Aims and scope
                                
                            
                        
                        
                            
                                Submit manuscript
                                
                            
                        
                    
                

            
        
    


        
            
                
                
                    
                        
                            
                                Capsaicin Exerts Anti-convulsant and Neuroprotective Effects in Pentylenetetrazole-Induced Seizures
                            

                            
                                
                                    
        
            
                
                    
                        Download PDF
                        
                    
                
            

        

    

                                

                            
                        

                    

                

                

                
                    
                        	Omar M. E. Abdel-Salam 
            ORCID: orcid.org/0000-0002-4450-15821, 
	Amany A. Sleem2, 
	Marawan Abd El Baset Mohamed Sayed2, 
	Eman R. Youness3 & 
	…
	Nermeen Shaffie4 

Show authors
                        
    

                        
                            	
            
                
            755 Accesses

        
	
            
                
            19 Citations

        
	
                
                    
                2 Altmetric

            
	
            Explore all metrics 
                
            

        


                        

                        
    
    
        
            
                
                    
                
            
            
                
                    A Correction to this article was published on 25 February 2020

                
            
        

    

    
        
            
                
                    
                
            
            This article has been updated

        

    
    


                        
                    
                


                
                    Abstract
The transient receptor potential vanilloid-1 (TRPV1) receptor has been implicated in the development of epileptic seizures. We examined the effect of the TRPV1 agonist capsaicin on epileptic seizures, neuronal injury and oxidative stress in a model of status epilepticus induced in the rat by intraperitoneal (i.p.) injections of pentylenetetrazole (PTZ). Capsaicin was i.p. given at 1 or 2 mg/kg, 30 min before the first PTZ injection. Other groups were i.p. treated with the vehicle or the anti-epileptic drug phenytoin (30 mg/kg) alone or co-administered with capsaicin at 2 mg/kg. Brain levels of malondialdehyde (MDA), reduced glutathione (GSH), nitric oxide, and paraoxonase-1 (PON-1) activity, seizure scores, latency time and PTZ dose required to reach status epilepticus were determined. Histopathological assessment of neuronal damage was done. Results showed that brain MDA decreased by treatment with capsaicin, phenytoin or capsaicin/phenytoin. Nitric oxide decreased by capsaicin or capsaicin/phenytoin. GSH and PON-1 activity increased after capsaicin, phenytoin or capsaicin/phenytoin. Mean total seizure score decreased by 48.8% and 66.3% by capsaicin compared with 78.7% for phenytoin and 69.8% for capsaicin/phenytoin treatment. Only phenytoin increased the latency (115.7%) and threshold dose of PTZ (78.3%). Capsaicin did not decrease the anti-convulsive effect of phenytoin but prevented the phenytoin-induced increase in latency time and threshold dose. Neuronal damage decreased by phenytoin or capsaicin at 2 mg/kg but almost completely prevented by capsaicin/phenytoin. Thus in this model of status epilepticus, capsaicin decreased brain oxidative stress, the severity of seizures and neuronal injury and its co-administration with phenytoin afforded neuronal protection.
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                                    Introduction
Epilepsy is a common neurological disorder affecting more than 50 million people all over the World [1]. Epileptic seizures are due to the sudden and repetitive occurrence of excessive and/or synchronous discharges in neurons of the cerebral cortex. Epilepsy usually starts in childhood and unless effectively managed, the disorder has negative impact on the quality of life [2]. It is estimated that ∼ one third of epileptic patients have “refractory epilepsy” which is uncontrolled by two or more appropriate antiepileptic drugs or other therapies [3]. On the other hand, status epilepticus refers to abnormally prolonged seizures that can result in neuronal injury or death [4]. One of the possible pathogenetic mechanisms of epileptogenesis is oxidative brain injury leading to neuronal hyperexcitability and neurodegeneration [5, 6]. Oxidative stress ensues when the antioxidative capacity of the cell is overwhelmed by the increased generation of reactive oxygen species or is depleted with resultant damage to cellular biomolecules such as membrane lipids, proteins, and nucleic acids, perturbed metabolic cell machinery and even cell death [7]. Reactive oxygen species are produced during normal cellular metabolism. Sources include leakage of electrons from the mitochondrial electron transport chain onto molecular oxygen resulting in formation of superoxide (O2·−), cytochrome P450, xanthine oxidase, autoxidation reactions involving catecholamines with O2 to form O2·−, activated phagocytes that produce O2·−, hypochlorous acid, and hydrogen peroxide [8]. The major antioxidants in the cell are the enzymes superoxide dismutase, catalases and glutathione peroxidase. In addition, antioxidants include the low molecular weight scavengers of free radicals eg., reduced glutathione, α-tocopherol, ascorbic acid and uric acid [9]. Increased generation of reactive oxygen species occurs because of mitochondrial dysfunction as in neurodegenerative diseases [10] and epilepsy [11], and during inflammation and tissue damage [12]. It is generally agreed that brain is most susceptible to oxidative injury because of a rich content of polyunsaturated fatty acids and inadequate antioxidants relative to other organs [13]. In this context, the presence of high levels of oxidative stress has been shown in drug-resistant epilepsy [14].
Recently, a role for the transient receptor potential vanilloid type 1 cation channel (TRPV1) in modulation of epilepsy has been suggested [15, 16] and an increase in the expression of TRPV1 was reported in patients with a temporal lobe epilepsy variant [17]. The TRPV1 or the capsaicin receptor is one subfamily of the TRP channels and is highly permeable to calcium ions. Capsaicin (8 methyl-N-vanillyl-6 nonenmide), the irritant ingredient in hot chilli pepper of the plant genus Capsicum (family Solanaceae) is a selective agonist at the TRPV1. The TRPV1 channel is also activated by the potent capsaicin analogue resiniferatoxin, heat > 43 °C, protons, lipoxygenase products and endocannabinoids [18, 19]. The TRPV1 channel acts as a polymodal molecular detector of noxious thermal and chemical stimuli. In the peripheral nervous system, TRPV1 is expressed on the peripheral nerve endings of a subset of sensory neurons with unmyelinated C fibers and thinly myelinated Aδ fibres [20]. The TRPV1 channel is also expressed in the brain in such areas as the cerebral cortex, hippocampus and substantia nigra in neuronal cell bodies and dendrites, microglia, astrocytes and pericytes [21, 22].
Pentylenetetrazole (PTZ), a non-competitive GABA-A receptor antagonist is widely used to model human epilepsy in rodents [23]. The PTZ-seizure test is useful in studying the pathogenetic mechanisms involved in epileptogenesis and to test the effectiveness of anti-epileptic agents against generalized myoclonic and clonic seizures evoked by the systemic administration of PTZ. Seizures are largely thought to result from a decreased GABAergic function and consequent increase in glutamatergic activity [24, 25].
The systemic administration of capsaicin has been shown to exert neuroprotective effects in experimental brain ischaemia [26] and to rescue dopaminergic neurons in experimental Parkinson’s disease [27]. The aim of the present study therefore, was to examine the effect of systemic capsaicin treatment on seizure development, oxidative stress, and neurodegeneration in PTZ-induced status epilepticus. We in addition investigated the possible modulation by capsaicin of the anti-convulsant action of the anti-epileptic drug phenytoin.


Materials and Methods
Animals
The study was conducted on male Sprague-Dawley rats weighing 180–200 g. Rats were group-housed under temperature- and light-controlled conditions and allowed standard laboratory rodent chow and water ad libitum. The experiments were done at 9 O’clock to avoid changes in circadian rhythm. The experiments were conducted in accordance with the ethical guidelines for care, use and handling laboratory animals by the Ethics Committee of the NRC and followed the recommendations of the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985).
Drugs and Chemicals
Pentylenetetrazole (PTZ) and capsaicin were purchased from Sigma (St. Louis, USA). Phenytoin (a clinically injectable form; Nile Pharmaceutical Co., A.R.E.). Pentylenetetrazole was dissolved in saline. Stock solutions of capsaicin (4 mg/ml) contained 10% ethanol, 10% Tween 80, and 80% saline solution. Capsaicin was i.p. given at doses of 1 or 2 mg/kg [15]. Phenytoin was diluted in saline and i.p. given at a dose of 30 mg/kg.


Study Design and Seizure Induction
Rats were randomly allocated into six groups (7–8 rats each). Groups 1–5 received repeated PTZ injections. PTZ was injected i.p. at an initial dose of 30 mg/kg, followed by 10 mg/kg every 10 min until the development of status epilepticus. The latter is defined as seizures that last at least 10 min and consists of prolonged episodes of seizures which are interrupted by post-ictal phases of depression but do not return to the quadruped posture or consciousness [28]. Group 1 received the vehicle i.p. 30 min prior to the start of PTZ injections and served as PTZ control group. Groups 2 and 3 received i.p. capsaicin at doses of 1 or 2 mg/kg, 30 min prior to the beginning of PTZ injections. Group 4 was treated with the anti-epileptic agent phenytoin at a dose of 30 mg/kg while group 5 co-administered phenytoin (30 mg/kg) and capsaicin (2 mg/kg), 30 min before starting PTZ injections. The 6th group was treated with only the vehicle (no PTZ) and served as a negative control.
Seizure behaviors during the study were classified into 5 stages and scored as follows: stage 0: no response; stage 1: ear and facial twitching; stage 2: convulsive waves through the body; stage 3: myoclonic jerks with rearing; stage 4: turn over onto side position; stage 5: turn over onto back position, generalized tonic-clonic seizures [29]. Seizure scores, the latency time and the PTZ dose for each group required to reach status epilepticus were determined.
Two hours after the last PTZ injection, rats were quickly euthanized by decapitation, their brains removed on ice cold glass plate, stored at − 80 °C until the biochemical assays. One half of each brain was kept in 10% formol saline for histopathological processing.
Biochemical Assays
Determination of Lipid Peroxidation
Malondialdehyde (MDA), a product of lipid peroxidation was colorimetrically determined in tissue homogenates. In this assay thiobarbituric acid reactive substances (TBA) react with thiobarbituric acid to form TBA-MDA adduct which can be measured at 532 nm [30].
Determination of Nitric Oxide
Nitric oxide was determined using colorimetric assay where nitrate is converted to nitrite via nitrate reductase. Griess reagent then act to convert nitrite to a deep purple azo compound that can be determined using spectrophotometer [31].
Determination of Reduced Glutathione
Reduced glutathione (GSH) was determined in tissue homogenates using the procedure of Ellman [32]. The assay is based on the reduction of Ellman´s reagent [DTNB; 5,5′-dithiobis (2-nitrobenzoic acid)] by the free sulfhydryl group on GSH to form yellow colored 5-thio-2-nitrobenzoic acid which can be determined using spectrophotometer at 412 nm.
Determination of Paraoxonase-1
The arylesterase activity of PON-1 was determined by a colorimetric method using phenyl acetate as a substrate. In this assay, PON-1 catalyzes the cleavage of phenyl acetate resulting in phenol formation. The rate of formation of phenol was measured by monitoring the increase in absorbance at 270 nm at 25 °C. The working mix consisted of 20 mM Tris/HCl buffer, pH 8.0, containing 1 mM CaCl2 and 4 mM phenyl acetate as the substrate. Samples diluted 1:3 in buffer were added to the above mix and the changes in absorbance were recorded following a 20 s lag time. One unit of arylesterase activity is equivalent to 1 µmole of phenol formed per minute. Enzyme activity expressed as kU/l is calculated based on the molar extinction coefficient of 1310 M− 1 cm− 1 for phenol at 270 nm, pH 8.0 and 25 °C. Blank samples containing water were used to correct for the spontaneous hydrolysis of phenyl acetate [33].
Histological Assessment Studies
Brain specimens were fixed in 10% neutral-buffered formalin saline for 72 h at least. All the specimens were washed in tap water for half an hour and then dehydrated in ascending grades of alcohol, cleared in xylene and embedded in paraffin. Serial sections of 5 µm thick were cut and stained with haematoxylin and eosin for histological investigation [34].
Quantitative Assessment of Neuronal Damage
Ten fields for each section for cerebral cortex and hippocampus were investigated and counted for total cells in the fields and cells that show degenerative signs such as pyknotic nuclei. The number of cells and percentage of damaged cells were calculated.
Statistics
Results are expressed as mean ± SEM. The results of the biochemical assays were analyzed using One Way ANOVA and Duncan’s multiple range test. Data of the behavioral study were analyzed by Kruskal-Wallis test followed by uncorrected Dunn’s test. GraphPad Prism software, version 5 (GraphPad Software, Inc., San Diego, USA) was used for the statistical analysis. A probability value of less than 0.05 was considered statistically significant.


Results
Effect of Capsaicin, Phenytoin or Capsaicin/Phenytoin on Biochemical Changes in PTZ-Kindled Rats
Lipid Peroxidation
The level of brain malondialdehyde (MDA) was significantly increased in the PTZ only group by 70.4% compared to the vehicle-treated group (30.0 ± 1.12 vs. 17.6 ± 0.65 nmol/g.tissue). Capsaicin given at 1 or 2 mg/kg resulted in 17.5% and 20.0% decrease in MDA level (24.8 ± 1.23 and 23.9 ± 1.64 vs. 30.0 ± 1.12 nmol/g.tissue). In the phenytoin and capsaicin/phenytoin groups, the MDA level was significantly decreased by 14.0% and 25.3%, respectively compared to the PTZ control value (25.8 ± 0.74 and 22.4 ± 1.15 vs. 30.0 ± 1.12 nmol/g.tissue) (Fig. 1a).
Nitric Oxide
In the PTZ only group, brain nitric oxide was significantly higher by 154.5% compared to the vehicle-treated group (42.5 ± 2.1 vs. 16.7 ± 1.48 µmol/g. tissue). The level of nitric oxide significantly decreased by 14.6%, 17.2% and 18.3% following treatment with capsaicin or capsaicin/phenytoin (36.3 ± 1.3, 35.2 ± 1.6 and 34.7 ± 1.2 vs. 42.5 ± 2.1 µmol/g. tissue) (Fig. 1b).
Reduced Glutathione
A significant decrease in brain GSH by 53.3% was observed in the PTZ only group compared to the vehicle group (1.97 ± 0.14 vs. 4.22 ± 0.27 µmol/g. tissue). Treatment with capsaicin at 1 or 2 mg/kg significantly increased brain GSH by 49.7% and 90.9%, respectively (2.95 ± 0.26 and 3.76 ± 0.18 vs. 1.97 ± 0.14 µmol/g. tissue). The level of GSH was almost restored to the saline control value by treatment with phenytoin or capsaicin/phenytoin (Fig. 1c).
Paraoxonase-1
PON-1 activity was significantly decreased by 64.0% in the PTZ only group compared to the vehicle control (4.44 ± 0.33 vs. 12.35 ± 0.28 kU/l; p < 0.05). Capsaicin treatment increased PON-1 activity by 66.7% and 75.9% (7.4 ± 0.92 and 7.81 ± 0.30 vs. 4.44 ± 0.33 kU/l). PON-1 activity increased by 157.9% and 122.7% by treatment with phenytoin or capsaicin/phenytoin (11.45 ± 0.84 and 9.89 ± 0.26 vs. 4.44 ± 0.33 kU/l) (Fig. 1d).
Fig. 1
a–d Effect of capsaicin, phenytoin or capsaicin/phenytoin on a brain malondialdehyde (MDA), b nitric oxide, c reduced glutathione (GSH) and d paraoxonase-1 (PON-1) activity in pentylenetetrazole (PTZ)- kindled rats. *p < 0.05 vs. vehicle-treated group and between different groups as shown in the figure. +p < 0.05 vs. PTZ control group. #p < 0.05 vs. PTZ + capsaicin 1 mg/kg. @p < 0.05 vs. PTZ + capsaicin 1 or 2 mg/kg


Full size image

Effect of Capsaicin, Phenytoin or Capsaicin/Phenytoin on PTZ-Induced Convulsions

As shown in Fig. 2a, treatment with capsaicin, phenytoin or their combined administration significantly decreased the total seizure score by 48.8%, 66.3%, 76.7% and 69.8% respectively, as compared to PTZ control group (values were 4.3 ± 0.33, 2.2 ± 0.31, 1.45 ± 0.15, 1.0 ± 0.09, 1.3 ± 0.32 for the PTZ control, capsaicin, phenytoin and capsaicin/phenytoin treatment groups, respectively). Capsaicin did not significantly decrease the anti-convulasnt effect of phenytoin (Fig. 2a). On the other hand, the administration of phenytoin resulted in significant increase in the time to status epilepticus onset (the latency time) and the threshold dose to reach status epilepticus by 115.7% (78.75 ± 2.6 vs. PTZ control value 36.5 ± 1.52 min) and 78.3% (102.5 ± 3.1 vs. PTZ control value 57.5 ± 1.63 mg/kg) respectively, as compared to the group given only PTZ (Fig. 2b and c). These effects of phenytoin were not observed upon co-administration of capsaicin. Rats that received co-injections of capsaicin and phenytoin exhibited 22.6% increase in the latency time (44.75 ± 5.8 vs. PTZ control value 36.5 ± 1.52 min) and 17.4% increase in the threshold dose (67.5 ± 7.2 vs. PTZ control value 57.5 ± 1.63 mg/kg) compared to the PTZ only group. These figures were not statistically significant (Fig. 2b, c).
Fig. 2
a The total epilepsy score. b Latency time for status epilepticus. c Threshold dose for inducing status epilepticus. Each bar represents mean ± S.E. of 7–8 experiments. Kruskal–Wallis test and uncorrected Dunn’s test. *p < 0.05 vs. PTZ control. +p < 0.05 vs. PTZ + capsaicin 1 or 2 mg/kg


Full size image

Figure 3 shows the epilepsy score for each convulsive stage. Compared to the PTZ control group, stage 1 score (ear and facial twitching) significantly decreased by 71.9% and 81.2% after treatment with capsaicin 2 mg/kg or phenytoin (2.25 ± 0.16 and 1.5 ± 0.19 vs. PTZ control value 8.0 ± 0.28). The co-administration of capsaicin and phenytoin resulted in 53.1% decrease in stage 1 score (3.75 ± 0.16 vs. PTZ control value 8.0 ± 0.28) (Fig. 3a). The score for stage 2 (convulsive waves through the body) significantly decreased by 58.3% and 66.7% following treatment with phenytoin or capsaicin/phenytoin (1.25 ± 0.16 and 1.0 ± 0.26 vs. PTZ control value 3.0 ± 0.27) (Fig. 3b). On the other hand, the score for myoclonic jerks and rearing (stage 3) showed significant decrease by 89.5% and 84.2% after capsaicin treatment, 84.2% after phenytoin treatment and 89.5% following capsaicin/phenytoin, respectively, as compared to the PTZ control group (Fig. 3c). Stage 4 was also markedly inhibited by treatment with capsaicin, phenytoin or their combined administration. The percent inhibition of stage 4 score (turn over onto one side position) were 92.3% for either dose of capsaicin, 84.6% for phenytoin, and 92.3% for capsaicin/phenytoin, respectively, as compared to the PTZ control group (Fig. 3d). Treatment with either phenytoin or capsaicin/phenytoin resulted in significant inhibition of generalized tonic-clonic seizures (stage 5) by 62.0% (0.95 ± 0.03 and 0.95 ± 0.02 vs. PTZ control value 2.5 ± 0.18). Tonic-clonic seizures were also inhibited by 40% following capsaicin 2 mg/kg but this did not reach statistical significance (Fig. 3e).
Fig. 3
Scores of individual epilepsy stages after treatment with capsaicin, phenytoin or capsaicin/phenytoin in PTZ status epilepticus in rats. Each bar represents mean ± S.E. of 7–8 experiments. Kruskal-Wallis test and uncorrected Dunn’s test. *p < 0.05 vs. PTZ control. +p < 0.05 vs. PTZ + capsaicin 1 mg/kg. #p < 0.05 vs. PTZ + capsaicin 2 mg/kg
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Effect of capsaicin, phenytoin or capsaicin/phenytoin on PTZ-induced histologic damage
The hippocampus from saline-treated rats showed normal structure (Fig. 4a, b). In PTZ only treated rats, neurodegenerative changes were observed with dark and flattened neurons and a decrease in the thickness of the hippocampus (Fig. 4c). Capsaicin or phenytoin reduced the neurodegenerative changes (Figs. 4d and 5a–d). However, following treatment with capsaicin/phenytoin most of neurons are of normal shape (Fig. 5e, f). Neurodegenerative changes were also observed in the cerebral cortex and substantia nigra of PTZ only treated rats. These histopathological alterations improved by capsaicin or phenytoin but showed marked amelioration by capsaicin/phenytoin co-treatment (Figs. 6, 7, 8, and 9).
Fig. 4
Representative photomicrographs of sections from the hippocampus. a and b Saline control. c PTZ only shows in two different magnifications that many neurons became dark and flattened with decreased thickness of this area. d PTZ + 1 mg/kg capsaicin shows in the left side some dark neurons. The thickness of this area is still narrowed. In the right side some neurons with karyolysis (arrow) are observed. Other neurons show apoptotic changes


Full size image

Fig. 5
Representative photomicrographs of sections from the hippocampus. a PTZ + 2 mg/kg capsaicin shows few dark neurons. b A higher magnification of the previous section shows few neurons with dark (arrow) or karyolitic (arrowhead) nuclei. c PTZ + phenytoin show disorganization of the area with presence of some dark apoptotic neurons. d A part of the previous section shows some dark neurons scattered among disorganized normal neurons. e PTZ + capsaicin/phenytoin shows that most of neurons appear normal. f A higher magnification of the same section shows normal neurons


Full size image

Fig. 6
Representative photomicrographs of sections from the cerebral cortex. a and b Saline control. c PTZ only shows numerous apoptotic neurons. d A higher magnification of the previous section shows many strong acidophilic neurons with dark nuclei among normal neurons. e PTZ + 1 mg/kg capsaicin shows many apoptotic neurons. f A part of the previous section with higher magnification shows that dark neurons are still observed


Full size image

Fig. 7
Representative photomicrographs of sections from the cerebral cortex. a PTZ + 2 mg/kg capsaicin shows that almost all the neurons appear normal except for only a few apoptotic ones. b A higher magnification of the previous section shows a reduction in dark neurons. c PTZ + phenytoin shows some abnormal neurons and dilated blood capillaries. d The same section with higher magnification shows neurons with degenerative signs (karyolysis), dilated blood capillaries with edema around. e PTZ + capsaicin/phenytoin shows normal neurons. f A higher magnification of the previous section shows normal cortex tissue


Full size image

Fig. 8
Representative photomicrographs of sections from the substantia nigra. a and b Saline control. c PTZ only shows marked decrease in number of pigmented neurons with decrease in their size. d A higher magnification of the previous section shows pigmented neurons that appear smaller and flattened than normal. e PTZ + 1 mg/kg capsaicin shows mild increase in number of pigmented neurons but most of them are still small in size. f A higher magnified figure for the same section shows the small pigmented neurons
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Fig. 9
Representative photomicrographs of sections from the substantia nigra. a PTZ + 2 mg/kg capsaicin shows mild increase of the pigmented neurons. b A higher magnification of the same section shows that most of the pigmented neurons are still smaller in size than normal. c PTZ + phenytoin shows a decrease in number and size of neurons. d A part of the same section with higher magnification shows most of the pigmented neurons are still small in size. e PTZ + phenytoin + 2 mg/kg capsaicin shows mild increase in pigmented neurons. f A higher magnification of the previous section shows that many of neurons are of normal size
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Quantitative Assessment of Neuronal Damage
Hippocampus
Sections of the hippocampus from saline-treated rats showed that 6 cells only exhibited variable levels of damage out of 504 counted cells (1.19%). In contrast, kindled rats treated with only PTZ exhibited 179 cells with signs of degeneration out of 462 counted cells (38.7%). Capsaicin administered at 1 or 2 mg/kg to PTZ-treated rats decreased the number of damaged cells to 115 and 75 out of 363 and 372 counted cells, respectively (31.68% and 24.59%). Following phenytoin administration or phenytoin + capsaicin 2 mg/kg, the % of damaged neurons decreased to 27.38% and 21.73%, respectively (Table 1).
Cerebral Cortex
Cells with signs of damage in saline control rats were 5 out of 459 counted cells (1.08%). The PTZ control group exhibited 214 damaged cells out of 496 counted neurons (43.14%). Capsaicin given at 1 or 2 mg/kg decreased the % of damaged cells to 33.7% and 23.28%, respectively. The % of neurons with signs of damage decreased by 26.09% and 15.04% after treatment with phenytoin or phenytoin + capsaicin 2 mg/kg, respectively (Table 1).

                    Table 1 Count and % of neurons with degenerative changes (Deg. Neu) in PTZ-treated rats and the effect of capsaicin and/or phenytoinFull size table


                  

Discussion
This study aimed to (i) examine the effect of the TPRV1 agonist capsaicin on the development of seizures and neuronal damage in a model of status epilepticus induced by PTZ injections in the rat; (ii) investigate the possible modulation by capsaicin of the anti-convulsant activity of the anti-epileptic drug phenytoin. Our data shows that the systemic administration of capsaicin at 1 or 2 mg/kg induced significant inhibition of the total seizure score. Capsaicin had no effect on the latency to the onset of status epilepticus or the threshold dose of PTZ needed to evoke status epilepticus. Capsaicin co-administered at 2 mg/kg did not influence the anti-convulsant activity of phenytoin. The TPRV1 agonist, however, almost prevented the increase in the latency time and threshold dose of PTZ for status epilepticus induced by the antiepileptic drug. These effects of capsaicin and/or phenytoin were accompanied by a decrease in the level of oxidative stress parameters and a reduction in the number of degenerated neurons in different brain regions, thereby suggesting an anti-epileptic and neuroprotective effects.
The anti-epileptic potential of capsaicin reported herein is supported by previous findings, where in a model of status epilepticus in mice induced by i.p. kainic acid injection, capsaicin, given subcutaneously (s.c.) at a dose of 1 mg/kg has been reported to decrease seizures duration, severity and onset latency as well as apoptotic cell death in hippocampus. Capsaicin alleviated the decrease in blood total antioxidant capacity and the increase in brain TBARS and cytokines induced by kainic acid [15]. Moreover, piperine, a TRPV1 agonist also showed anti-epileptic activity in the PTZ-induced kindling in mice [35]. Other researchers found that specific TRPV1 antagonists reversed the anti-epileptic effects of the cannabinoid drug cannabidiol [36] or acetaminophen [37], while deletion of TRPV1 in immature mice resulted in a decrease in the latency for febrile seizures, suggesting a proconvulant effect for absence of the channel [16]. These observations suggest that agonist-induced stimulation of TRPV1 suppresses seizure activity. Capsaicin was also reported to reduce the number and amplitude of action potentials in pyramidal neurons from somatosensory cortex, and the bursting behavior induced by the GABA-A antagonist gabazine in vitro via TRP-independent pathway [38].
Oxidative stress is implicated in neuronal excitability and neuronal injury in epilepsy [6]. In this study and consistent with previous reports, the administration of PTZ led to significantly increased brain oxidative stress. This is evidenced by an increase in the lipid peroxidation product malondialdehyde, indicative of increased reactive oxygen species with consequent attack on membrane lipids [39]. The presence of oxidative stress is also supported by the finding of decreased level of reduced glutathione, a scavenger of free radicals and an important antioxidant [40], suggesting its consumption by the increased generation of free radical species. Other researchers reported decreased activity of the antioxidant enzymes superoxide dismutase and catalase in PTZ kindled rats [41]. The role of free radicals in the generation of seizures is supported by studies in which the administration of antioxidants led to reduced seizure severity and neuroprotection in the PTZ-induced kindling in rats [42, 43]. Our present results demonstrate that administration of capsaicin reduced malondialdehyde and alleviated the depletion of reduced glutathione in brain of PTZ-treated rats. The ability of systemic capsaicin to modulate oxidative stress has been shown by previous studies. In rats with lipopolysaccharide (LPS)-induced sepsis, capsaicin (1 mg/kg, s.c.) decreased malondialdehyde in liver, lung, and heart tissue, plasma nitric oxide as well as plasma concentration of interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α) [44]. Capsaicin given i.p. at 0.15 or 1.5 mg/kg increased brain GSH in rats with mild systemic inflammation caused by LPS endotoxin [45]. Other researchers reported decreased malondialdehyde levels in liver, kidney, lung, and muscle 3 days following i.p. injection of capsaicin at a dose of 3 mg/kg [46].
Our results also indicate increased nitric oxide level in brain of PTZ-treated rats which is in agreement with previous observations [47, 48]. Nitric oxide (NO) is formed from L-arginine by nitric oxide synthase (NOS) which occurs in two constitutive isoforms, neuronal NOS (nNOS) and endothelial NOS (eNOS), and one inducible isoform (iNOS). The effects of NO within cells depend on the concentration and duration of NO release. In the central nervous system, low physiological concentrations of NO are important in neurotransmission and maintaining the microcirculation. In contrast, high fluxes of NO for periods of hours to days generated by iNOS expressed on glial cells after inflammatory mediators and cytokine stimulation are detrimental to neurons causing energy failure and neuronal death [49, 50]. These indirect effects of NO are due to the formation of strong oxidant species eg., peroxynitrite (ONOO−) through the reaction of NO with the superoxide or the nitrogen oxides NO2 and N2O3 by the reaction of NO with molecular oxygen [51, 52]. The increase in brain nitric oxide could also be involved in the initiation of seizures, where the administration of NOS inhibitors was able to suppress the PTZ-induced kindling and increase the latency for myoclonic jerks and clonic seizures [53]. In this study, treatment with capsaicin resulted in mild yet significant decrease in brain nitric oxide, which could be partly involved in the neuroprotective effect of capsaicin.
Studies showed that the arylesterase activity of PON-1 is reduced in brain of PTZ-treated rats [47, 48]. Our study confirms these previous observations. Paraoxonase-1, a calcium-dependent esterase, is important in the hydrolysis of the active metabolites of some organophosphate compounds, nerve agents and several other xenobiotics as well [54]. Besides its esterase activity, it possesses lactonase and peroxidase-like activities which could account for its antioxidant and anti-inflammatory effects [55]. Recently, the enzyme has been the focus of much interest in view of its role in atherogenesis [56], liver disease [57], and neurological disorders [58]. Given that PON-1 is protective against oxidative stress, it is expected that lower levels would render the cell vulnerable to further free radical-mediated damage. Paraoxonase-1 is inactivated by oxidative stress [59] which could explain the decline in its activity observed herein. Paradoxically, the increase in enzyme activity following treatment with capsaicin and/or phenytoin is likely to reflect lower levels of oxidative stress.
Seizures due to PTZ are generated as a result of increased activity of glutamatergic neurotransmission which also results in excitotoxic brain damage [25]. Oxidative stress is another important contributor to neuronal injury in this model [60]. The administration of PTZ results in loss of hippocampal neurons [61]. In the present study, the histopathological results indicate neurodegenerative changes and decreased thickness in the hippocampus of PTZ-treated rats. There were also neurodegenerative changes in the cerebral cortex and substantia nigra after PTZ injections, possibly due to seizure spread. These histopathological changes were reduced following capsaicin or phenytoin administration, but almost completely prevented by their combined administration, suggesting interference with the pathogenetic mechanisms underlying neuronal injury in this model of epilepsy. The neuroprotection induced by capsaicin could thus involve a decrease in oxidative stress and/or neuroinflammation. Capsaicin is readily absorbed following systemic administration and is detected at ng/g concentrations in brain, liver and blood after intravenous injection at a dose of 2 mg/kg [62]. Capsaicin has been shown to decrease lipid peroxidation, IL-1β, TNF-α in brain of mice with kainic acid-induced status epilepticus [15], to decrease plasma concentration of pro-inflammatory cytokines such as IL-6 and TNF-α in LPS-induced sepsis [44], and to inhibit microglia activation and reduce the expression of IL-1β, TNF-α and iNOS in the substantia nigra of mice treated with the nigrostriatal toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [27].
The mechanisms by which capsaicin exerts anti-epileptic activity and/or neuroprotection might also involve modulation of neural activity, neurotransmitter and/or neuropeptide release. TRPV1 channel activation with capsaicin induced axon outgrowth of dorsal root ganglion sensory neurons in vitro [63]. Capsaicin was shown to dampen neural response in pyramidal neurons of neocortex decreasing generation of action potentials. Moreover, capsaicin decreased the action potential bursts induced by GABA-A antagonist in vitro via TRP-independent pathway [38]. The TRPV1 channel is able to modulate neurotransmitter release and its activation triggers long-term synaptic depression in the hippocampus [64]. In the peripheral nervous system, capsaicin causes the release of neuropeptides such as substance P, calcitonin gene related peptide and somatostatin from the peripheral terminals of capsaicin sensitive sensory neurons [20]. Substance P (SP) and somatostatin are widely distributed in several brain regions including the hippocampus and while SP facilitates epileptic activity acting via neurokinin 1 receptor, somatotatin decreases glutamateric neurotransmission and exerts anticonvulsant action via somatostatin receptors ss2-ss4 [65, 66].
In summary, the results of the present study indicate that the systemic administration of capsaicin, a TPRV1 agonist, led to marked decrease in the severity of seizures and neuronal damage in PTZ-induced status epilepticus in the rat. Capsaicin had no effect on the anticonvulsant action of phenytoin but their combined administration resulted in marked alleviation of neuronal damage in brain of PTZ-treated rats.
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