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            Abstract

            
               
Temporal lobe epilepsy (TLE) is one of the non-communicable diseases characterized by dentate granule cell dispersion (GCD) and the loss
                  of the CA1 and CA3 neurons. This study investigated the effects of cyanidin on neurodegeneration after KA injection. Male
                  Wistar rats were divided into a saline-injected group as a control, KA alone and cyanidin treated group at a dose of 10 mg/kg
                  BW seven days before and after KA injection. The histomorphological analysis revealed that GCD was reduced in the ipsilateral
                  hippocampus of cyanidin treated group when compared with KA alone (P<0.05). There was no neurodegeneration observed in the
                  contralateral hippocampus. In contrast, neuronal degeneration was limited in the ipsilateral CA1 (P<0.01) and the hilar interneurons
                  (P<0.001) of cyanidin treated group when compared with KA alone. However, there was no significant difference in the number
                  of CA3 neurons of the ipsilateral between KA alone and cyanidin treated group. GFAP staining revealed a higher number of reactive
                  astrocytes in the ipsilateral hilus (P<0.001) and molecular layer (P<0.05) of cyanidin treated group when compared with KA
                  alone. Taken together, cyanidin could prevent neurodegeneration and promote astrocyte proliferation as well as mitigated GCD
                  following KA-induced hippocampal injury. 
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               Introduction

            Temporal lobe epilepsy (TLE) is characterized by spontaneous seizures results in neuron loss and granule cell dispersion (GCD) in the hippocampus.
               Nowadays, antiepileptic drugs are used as the treatment for epilepsy. However, almost half of the patients resist to the drugs
               (Laxer et al., 2014).  Moreover, the present pharmacotherapies produce several side effects  (Eadie, 2012). 
            

            A study showed that an imbalance between over-excitatory of glutamate and the less inhibitory activities of the GABAergic
               system results in over-excitation of the neuron leads to neuronal death. Therefore, the aim of pharmacological therapies is
               to reduce the effects of glutamatergic overflow that can cause cell death and promote inhibitory activities of the GABAergic
               system  (Aleksey et al., 2019). 
            

            Kainic acid (KA) binds to glutamate receptors (GluR) results in the increase of intracellular Ca2+ followed by activation of Ca2+ dependent enzyme (COX2, proteases, kinases, nucleases, phospholipases) that causes excessive free radicals (reactive oxygen
               species; ROS, reactive nitrogen species; RNS) leading to neuronal necrosis eventually cell death  (Xing-Mei, 2011).
            

            Cyanidin is an organic compound in the anthocyanin group which belongs to the flavonoids family. It has been reported that
               flavonoids can inhibit the activation of Ca2+ channels leads to the reduction of free Ca2+ concentration level  (Ahn et al., 2011; Saponara, Sgaragli, & Fusi, 2002). The study reported that cyanidin-3-glucoside (C3G), which is also in the anthocyanin family showed the effect to prevent
               neuronal death from ischemia condition  (Bhuiyan, Kim, Ha, Kim, & Cho, 2012). Moreover, C3G can prevent neuronal death in the rat hippocampus by inhibiting Ca2+ induced mitochondrial dysfunction and reducing the formation of ROS  (Yang, Perveen, Ha, Kim, & Yoon, 2015). In Alzheimer’s disease, C3G plays a role to protect cell death from the accumulation of beta-amyloid-induced ROS formation
               (Song et al., 2016). In addition, an antioxidant compound such as cyanidin has been shown to reduce lipid peroxidation, which causes cell death
               in the rat brain by inhibits H2O2 activity  (Noda, Kaneyuki, Mori, & Packer, 2002). Therefore, the study was to investigate the neuroprotective effects of cyanidin in the KA-induced neurodegeneration.
            

         

         
               Materials and Methods

            
               Animals
               
            

            The study was approved by the Animal Ethics Committee at the University of Phayao, Thailand (approval No. 5901040015). Young
               adult male Wistar rats aged about 8 weeks were obtained from Nomura Siam International, Thailand. The rats were housed in
               a temperature and humidity controlled room with 12/12 h light/dark cycles and fed with standard chow and water ad libitum.
            

            Rats were randomly divided into three experimental groups (n=6): saline-injected as a control group and KA injected group
               and KA injection with cyanidin treated group. Cyanidin (Sigma-Aldrich) was dissolved in normal saline before used and intraperitoneally
               administered (i.p.) at a dose of 10 mg/kg body weight for 7 days before and 7 days after KA injection.
            

            
               Intrahippocampal Injections of KA
               
            

            KA injection was performed using stereotactic apparatus. The rats were deeply anesthetized with pentobarbital sodium (50 mg/kg,
               i.p.; Ceva Sante´ Animale). They were immobilized on a stereotactic apparatus (RWD, LIFE SCIENCE). The coordinates from bregma
               are as followed; AP = −3.8 mm; ML = −2 mm; DV = −2 mm to target the dorsal hippocampus according to the stereotactic coordinates
               of Paxinos and Watson’s rat brain atlas  (Paxinos & Watson, 1998). KA (EMD Millipore) is freshly prepared (5 mL of sterile normal saline containing 1 mg of kainate)  (Khamse, Sadr, Roghani, Hasanzadeh, & Mohammadian, 2015) then 50 nL of KA solution was injected with a 0.5 mL Hamilton syringe. The control group was received the same volume of
               normal saline. Seven days later, rats were sacrificed by an overdose of pentobarbital sodium (150 mg/kg), followed by transcardial
               perfusion with 4% paraformaldehyde in 50 mM phosphate-buffered saline (PBS), pH 7.2. Following the perfusion, the brains were
               washed with PBS then immersed in 20% sucrose in PBS at 4°C for 2 days. Then, sections were cut at a 30 µm thickness on a cryostat
               microtome (AST 500 semi-automatic cryostat microtome).
            

            

            
                  
                  Figure 1

                  GCD 7 days after the injection of saline (A), KA alone (B) and KA with cyanidin treated group(C). Quantification reveals the
                     alteration in the total area of the granule cell layer (D). The data are shown as mean ± SEM (n=6), *p < 0.05, bar=500µm
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                  Figure 2

                  The injection of saline or KA. Cyanidin prevents cell death in the ipsilateral CA1 (D, E, P; **P<0.01), and hilus (N, O, R;
                     ***P<0.001) but not CA3 (I, J, Q). There are no changes in the contralateral (B, C, G, H, L, M). The data are shown as mean
                     ± SEM (n=6), bar=100 µm
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                  Figure 3

                  KA induced reactive astrocytes in the ipsilateral hilus and molecular layer. Cyanidin displays more reactive astrocytes (arrowheads)
                     in hilus (E, K) and molecular layer (J, L). The data are shown as mean ± SEM (n=6), bar=100 µm. (*P<0.05, ***P<0.001) 
                  

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/017ae832-83b7-46f9-9e1f-0181fe24fbaa/image/81c806c8-b6af-44e0-9343-9278fbe2d20a-upicture3.png]

            
               Histological Analysis
               
            

            The brain sections were stained with 0.1% cresyl violet (Sigma-Aldrich) for investigating the morphological change of the
               hippocampus. Immunohistochemistry was used to detect the change of reactive astrocytes, and the sections were blocked by 10%
               normal goat serum and 0.3% Triton X-100 in PBS for 90 minutes. Primary antibody, rabbit anti-glial fibrillary acidic protein
               (GFAP, 1:500, EMD Millipore) was incubated overnight at room temperature. After that, the sections were washed with PBS and
               incubated with horseradish peroxidase conjugated secondary antibody (1:500, EMD Millipore). 3,3´-diaminobenzidine was used
               for detection.
            

            Hippocampal neurons were counts and GCD was measured from the sections near the injected site. In cresyl violet-stained sections,
               neuronal loss was quantified in CA1 and CA3 regions of the hippocampus. Pyramidal neurons were assessed in regions of interest
               (125 µm length, covering the whole width of the layer). Interneurons were counted in the hilus of the dentate gyrus. Reactive
               astrocytes were counted in the hilus and molecular layer of the dentate gyrus (10,000 µm2). All data were analyzed by the SX view program.
            

            
               Statistical Analysis
               
            

            One-way ANOVA, followed by Tukey's post hoc test, was used to analyze the data. The data were shown as means±standard error of mean (SEM) using GraphPad Prism7 software
               (* = P<0.05, **P = <0.01, ***P = <0.001).
            

         

         
               Results and Discussion

            
               Effect of cyanidin on GCD after KA injection
               
            

            The GCD was observed in the hippocampus after KA injection. GCD has been shown to develop in 1 week after administration of
               KA and clearly obvious after 3 weeks  (Suzuki, Junier, Guilhem, Sørensen, & Onteniente, 1995; Thongrong et al., 2016). Seven days after KA injection, GCD was observed in the ipsilateral (Figure  1 B and Figure  1 C). This GCD was significantly more observed in KA alone when compared with cyanidin treated group (160,744±6,932 µm2 vs. 122,766±5,104 µm2; *P<0.05; Figure  1 D). GCD was not detected in the contralateral hippocampus of KA injected (data not shown) and in saline-injected rats. 
            

            
               Hippocampus cytoarchitecture in the Nissl staining
               
            

            The neurodegeneration in rat hippocampus was demonstrated by counting neuronal number in CA1, CA3 and hilar interneurons.
               After KA injection, neurodegeneration was prominent in the ipsilateral CA1 (Figure  2 D and Figure  2 E), CA3 (Figure  2 I and Figure  2 J) and hilus (Figure  2 N and Figure  2 O). Our results showed that cyanidin treated rats revealed a significant difference in a number of neurons in the ipsilateral
               CA1 when compared with KA injection alone (54.17±3.08 vs. 38.83±2.44; **P<0.01; Figure  2 P). In contrast, the ipsilateral CA3 showed no significant difference in the number of neurons (Figure  2 Q). Hilar interneurons were protected by cyanidin in the ipsilateral (21±0.97 vs.13.17±0.88; ***P<0.001; Figure  2 O and Figure  2 R). However, in the contralateral, there were no significant differences in the number of neurons in CA1, CA3 of and interneurons
               in the hilus (Figure  2). 
            

            
               Alterations in reactive astrocytes
               
            

            Reactive astrocytes are increased in epilepsy and play a role to promote recovery  (Devinsky, Vezzani, Najjar, Lanerolle, & Rogawski, 2013). Seven days after KA injection, there was the increased in the number of reactive astrocytes in the ipsilateral hilus (Figure  3 D and Figure  3 E) and molecular subfields of dentate gyrus (Figure  3 I and Figure  3 J). The number of reactive astrocytes in the ipsilateral hilus and molecular layer was markedly increased in both KA alone
               and KA with cyanidin treated groups (Figure  3 K and Figure  3 L). 
            

            In the ipsilateral hilus, cyanidin treated group showed a higher number of reactive astrocytes when compared with KA injection
               alone (57.33±2.60 vs. 40.67±2.14; ***P<0.001; Figure  3 K) as well as in the molecular layer (53.33±2.78 vs. 40.67±3.73; *P<0.05; Figure  3 L). However, there was no significant difference in all subfields of the contralateral. 
            

            This study demonstrated that cyanidin could prevent KA-induced neurodegeneration in adult hippocampus. However, the mechanism
               of this effect is not fully understood. Over stimulation of kainate receptors by KA results in high Ca2+ influx into the neurons. Calcium ions activated Ca2+-dependent enzyme leading to the production of free radicals (ROS and RNS). High levels of free radicals induce mitochondria
               dysfunction and damage of cell membrane eventually cell death  (Xing-Mei, 2011).
            

             Our results demonstrated that pretreatment with cyanidin 7 days before and post-treatment 7 days after KA injection significantly
               protected against excitotoxicity after KA injection. As cyanidin is belonged to the anthocyanin family and contains antioxidant
               activity, we suggested that the protective effect of cyanidin in KA-induced excitotoxicity is possibly associated with suppression
               of free radicals. In mouse hippocampal cell line (HT22) and primary prenatal rat hippocampal neurons, anthocyanins have been
               shown to diminish KA-induced dysregulation of Ca2+, accumulation of ROS and prevent neurodegeneration in the hippocampus  (Ullah, Park, & Kim, 2014). 
            

            The study has demonstrated that ROS has been involved in the seizure-induced neurodegeneration. The production of free radicals
               induced lipid peroxidation; however, antioxidants such as vitamin E and glutathione have the potential effects to prevent
               the increasing level of lipid peroxidation and hippocampal cell loss in the development of seizure  (Frantseva et al., 2000). TLE is characterized by loss of CA1 and CA3 principal neurons and in the hilar interneurons  (Lee, Jeon, Kim, Cho, & Cho, 2010). It has been reported that hilar interneurons are sensitive to KA-induced excitotoxicity via increased ROS and RNS  (Ueda et al., 2002).
            

             In our study, cyanidin treated rats showed a higher number of hilar interneurons compared to the KA injected group after
               administration of KA suggested the beneficial effects of antioxidants on the lesion model used here. Many studies have reported
               that consumption of flavonoids such as apigenin, luteolin and genistein can reduce in KA-induced mitochondrial ROS and number
               of apoptotic neurons in vitro and in vivo and significantly reduce the latency of seizure onset  (Avallone et al., 2000; Khodamoradi, Asadi-Shekaari, Esmaeili-Mahani, Esmaeilpour, & Sheibani, 2016; Zhen et al., 2016). GCD is associated with hippocampal sclerosis in 50% of epilepsy patients  (Kobow et al., 2009). In this study, we demonstrated that GCD was diminished by cyanidin. Likely, oral administration of morin, a bioflavonoid
               1 day before the KA injection, and then administered for 7 more days markedly reduced the KA-induced GCD in the hippocampus
               by reducing oxidative stress  (Yang et al., 2015). 
            

            In this experiment, cyanidin promoted a higher number of reactive astrocytes when compared with KA alone. A study in a mouse
               model showed that reactive astrocytes secret gial derived neurotrophic factor (GDNF) and glutathione, an antioxidant which
               can protect neuronal death from 6OHDA  (Sandhu et al., 2009). The recent studies revealed that astrocytes are an important source of antioxidants in the brain and play a role in cellular
               defense mechanisms against injury  (Ma, 2013). In addition, a study in mice showed that astrocytes can prevent neurons from glutamate-induced excitotoxicity  (Rothstein et al., 1996).
            

         

         
               Conclusions

            In conclusion, this research provides the effect of cyanidin on KA-induced neurodegeneration, GCD and reactive astrocytosis.
               Neurodegeneration and GCD are reduced while reactive astrocytosis is clearly enhanced in cyanidin treated rats after administration
               of KA. So far, many flavonoids have been reported to protect neurodegeneration in the epileptic model suggest that cyanidin,
               a member of the flavonoid family, could have the potential to become the alternative medicines for developing novel therapeutic
               strategies for the treatment of epilepsy.
            

         

      

      
         
               Acknowledgement

            The study was supported by the grants from the University of Phayao (No. RD61068). 

         

         
               References

            
                  
                  
                     
                        1 
                              

                     

                     Laxer, K D, Trinka, E, Hirsch, L J, Cendes, F, Langfitt, J, Delanty, N & Benbadis, S R,   (2014). The consequences of refractory epilepsy and its treatment. Epilepsy & Behavior, 37, 59–70.
                     

                  

                  
                     
                        2 
                              

                     

                     Eadie, M J,   (2012). Shortcomings in the current treatment of epilepsy. Expert Review of Neurotherapeutics, 12(12), 1419–1427.
                     

                  

                  
                     
                        3 
                              

                     

                     Aleksey, V Z, Sergey, L M, Tatyana, Y P, Ilya, V S, Olga, E Z & Irina, V R,   (2019). Ceftriaxone  treatment affects EAAT2 expression and glutamatergic neurotransmission and exerts a weak anticonvulsant
                        effect in young rats. Int J Mol Sci, 20(23), 5852.
                     

                  

                  
                     
                        4 
                              

                     

                     Xing-Mei  (2011). Kainic Acid-Induced Neurotoxicity: Targeting Glial Responses and Glia-Derived Cytokines. Current Neuropharmacology, 9, 388–398.
                     

                  

                  
                     
                        5 
                              

                     

                     Ahn, S.-H, Kim, H, Jeong, I, Hong, Y, Kim, M.-J, Rhie, D.-J & Yoon, S,   (2011). Grape seed proanthocyanidin extract inhibits glutamate-induced cell death through inhibition of calcium signals
                        and nitric oxide formation in cultured rat hippocampal neurons. BMC Neuroscience, 12(1).
                     

                  

                  
                     
                        6 
                              

                     

                     Saponara, S, Sgaragli, G & Fusi, F,   (2002). Quercetin as a novel activator of L-type Ca 2+ channels in rat tail artery smooth muscle cells. British Journal of Pharmacology, 135(7), 1819–1827.
                     

                  

                  
                     
                        7 
                              

                     

                     Bhuiyan, M I H, Kim, J Y, Ha, T J, Kim, S Y & Cho, K.-O,   (2012). Anthocyanins Extracted from Black Soybean Seed Coat Protect Primary Cortical Neurons against in Vitro Ischemia.
                        Biological and Pharmaceutical Bulletin, 35(7), 999–1008.
                     

                  

                  
                     
                        8 
                              

                     

                     Yang, J S, Perveen, S, Ha, T J, Kim, S Y & Yoon, S H,   (2015). Cyanidin-3-glucoside inhibits glutamate-induced Zn2+ signaling and neuronal cell death in cultured rat hippocampal
                        neurons by inhibiting Ca2+-induced mitochondrial depolarization and formation of reactive oxygen species. Brain Research, 1606, 9–20.
                     

                  

                  
                     
                        9 
                              

                     

                     Song, N, Zhang, L, Chen, W, Zhu, H, Deng, W, Han, Y & Qin, C,   (2016). Cyanidin 3- O -β-glucopyranoside activates peroxisome proliferator-activated receptor-γ and alleviates cognitive
                        impairment in the APP swe /PS1 ΔE9 mouse model. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease, 1862(9), 1786–1800.
                     

                  

                  
                     
                        10 
                              

                     

                     Noda, Y, Kaneyuki, T, Mori, A & Packer, L,   (2002). Antioxidant activities of pomegranate fruit extract and its anthocyanidins: delphinidin, cyanidin, and pelargonidin.
                        Journal of Agricultural and Food Chemistry, 50(1), 166–171.
                     

                  

                  
                     
                        11 
                              

                     

                     Paxinos, G & Watson, C,   (1998). The rat brain in stereotaxic coordinates.   San Diego: Academic Press.   ISBN: 978-0-12-547620-1
                     

                  

                  
                     
                        12 
                              

                     

                     Khamse, S, Sadr, S S, Roghani, M, Hasanzadeh, G & Mohammadian, M,   (2015). Rosmarinic acid exerts a neuroprotective effect in the kainate rat model of temporal lobe epilepsy: Underlying mechanisms.
                        Pharmaceutical Biology, 53(12), 1818–1825.
                     

                  

                  
                     
                        13 
                              

                     

                     Suzuki, F, Junier, M.-P, Guilhem, D, Sørensen, J.-C & Onteniente, B,   (1995). Morphogenetic effect of kainate on adult hippocampal neurons associated with a prolonged-expression of brain-derived
                        neurotrophic factor. Neuroscience, 64(3), 665–674.
                     

                  

                  
                     
                        14 
                              

                     

                     Thongrong, S, Hausott, B, Marvaldi, L, Agostinho, A, Zangrandi, L & Burtscher, J,   (2016). Sprouty2 and -4 hypomorphism promotes neuronal survival and astrocytosis in a mouse model of kainic acid-induced
                        neuronal damage. Hippocampus, 26, 658–667.
                     

                  

                  
                     
                        15 
                              

                     

                     Devinsky, O, Vezzani, A, Najjar, S, De Lanerolle, N C & Rogawski, M A,   (2013). Glia and epilepsy: Excitability and inflammation. Trends Neurosci, 36, 174–184.
                     

                  

                  
                     
                        16 
                              

                     

                     Ullah, I, Park, H Y & Kim, M O,   (2014). Anthocyanins Protect against Kainic acid-induced Excitotoxicity and Apoptosis via ROS-activated AMPK Pathway in
                        Hippocampal Neurons. CNS Neuroscience & Therapeutics, 20(4), 327–338.
                     

                  

                  
                     
                        17 
                              

                     

                     Frantseva, M V, Velazquez, Perez, Tsoraklidis, J L, Mendonca, G, Adamchik, A J, Mills, Y & Burnham, L R,   (2000). Oxidative stress is involved in seizure-induced neurodegeneration in the kindling model of epilepsy. Neuroscience, 97(3), 41–46.
                     

                  

                  
                     
                        18 
                              

                     

                     Lee, H N, Jeon, G S, Kim, D W, Cho, I.-H & Cho, S S,   (2010). Expression of Adenomatous Polyposis Coli Protein in Reactive Astrocytes in the Hippocampus of Kainic Acid-Induced
                        Rat. Neurochemical Research, 35(1), 114–121.
                     

                  

                  
                     
                        19 
                              

                     

                     Ueda, Y, Yokoyama, H, Nakajima, A, Tokumaru, J, Doi, T & Mitsuyama, Y,   (2002). Glutamate excess and free radical formation during and following kainic acid-induced status epilepticus. Experimental Brain Research, 147(2), 219–226.
                     

                  

                  
                     
                        20 
                              

                     

                     Avallone, R, Zanoli, P, Puia, G, Kleinschnitz, M, Schreier, P & Baraldi, M,   (2000). Pharmacological profile of apigenin, a flavonoid isolated from Matricaria chamomilla. Biochemical Pharmacology, 59(11), 264–265.
                     

                  

                  
                     
                        21 
                              

                     

                     Zhen, J.-L, Chang, Y.-N, Qu, Z.-Z, Fu, T, Liu, J.-Q & Wang, W.-P,   (2016). Luteolin rescues pentylenetetrazole-induced cognitive impairment in epileptic rats by reducing oxidative stress
                        and activating PKA/CREB/BDNF signaling. Epilepsy & Behavior, 57, 177–184.
                     

                  

                  
                     
                        22 
                              

                     

                     Khodamoradi, M, Asadi-Shekaari, M, Esmaeili-Mahani, S, Esmaeilpour, K & Sheibani, V,   (2016). Effects of genistein on cognitive dysfunction and hippocampal synaptic plasticity impairment in an ovariectomized
                        rat kainic acid model of seizure. European Journal of Pharmacology, 786, 1–9.
                     

                  

                  
                     
                        23 
                              

                     

                     Kobow, K, Jeske, I, Hildebrandt, M, Hauke, J, Hahnen, E, Buslei, R & Blümcke, I,   (2009). Increased Reelin Promoter Methylation Is Associated With Granule Cell Dispersion in Human Temporal Lobe Epilepsy.
                        Journal of Neuropathology & Experimental Neurology, 68(4), 356–364.
                     

                  

                  
                     
                        24 
                              

                     

                     Sandhu, J K, Gardaneh, M, Iwasiow, R, Lanthier, P, Gangaraju, S & Ribecco-Lutkiewicz, M,   (2009). Astrocyte-secreted GDNF and glutathione antioxidant system protect neurons against 6OHDA cytotoxicity. Neurobiology of Disease, 33(3), 405–414.
                     

                  

                  
                     
                        25 
                              

                     

                     Ma, Q,   (2013). Role of nrf2 in oxidative stress and toxicity. Annual Review of Pharmacology and Toxicology, 53, 401–426.
                     

                  

                  
                     
                        26 
                              

                     

                     Rothstein, J D, Dykes-Hoberg, M, Pardo, C A, Bristol, L A, Jin, L, Kuncl, R W & Welty, D F,   (1996). Knockout of glutamate transporters reveals a major role for astroglial transport in excitotoxicity and clearance
                        of glutamate. Neuron, 16(3), 675–686.
                     

                  

               

            

         

      

      

   EPUB/nav.xhtml

    
      Cyanidin prevents hippocampal cell death and promotes astrocytosis in kainic acid-induced neurodegeneration


      
        		
          Content
        


      


    
  

