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The hippocampus is a complex area of the mammalian brain and is responsible for learning and memory. The trisynaptic circuit engages with explicit memory. Hippocampal neurons express two types of presynaptic voltage-gated calcium channels (VGCCs) comprising N and P/Q-types. These VGCCs play a vital role in the release of neurotransmitters from presynaptic neurons. The chief excitatory neurotransmitter at these synapses is glutamate. Glutamate has an essential function in learning and memory under normal conditions. The release of neurotransmitters depends on the activity of presynaptic VGCCs. Excessive glutamate activity, due to either excessive release or insufficient uptake from the synapse, leads to a condition called excitotoxicity. This pathological state is common among all neurodegenerative disorders, such as Alzheimer’s and Parkinson’s diseases. Under these conditions, glutamate adversely affects the trisynaptic circuitry, leading to synaptic destruction and loss of memory and learning performance. This study attempts to clarify the role of presynaptic VGCCs in memory performance and reveals that modulating the activity of presynaptic calcium channels in the trisynaptic pathway can regulate the excitotoxic state and consequently prevent the elimination of neurons and synaptic degradation. All of these can lead to an improvement in learning and memory function. In the current study, two calcium channel blockers—omega-agatoxin-Aa2a and omega-Lsp-IA—were extracted, purified, and identified from spiders (Agelena orientalis and Hogna radiata) and used to modulate N and P/Q VGCCs. The effect of omega-agatoxin-Aa2a and omega-Lsp-IA on glutamate-induced excitotoxicity in rats was evaluated using the Morris water maze task as a behavioral test. The local expression of synaptophysin (SYN) was visualized for synaptic quantification using an immunofluorescence assay. The electrophysiological amplitudes of the field excitatory postsynaptic potentials (fEPSPs) in the input-output and LTP curves of the mossy fiber and Schaffer collateral circuits were recorded. The results of our study demonstrated that N and P/Q VGCC modulation in the hippocampus trisynaptic circuit of rats with glutamate-induced excitotoxicity dysfunction could prevent the destructive consequences of excitotoxicity in synapses and improve memory function and performance.
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INTRODUCTION
The hippocampus is an area in the mammalian brain with a very intricate, extensive, and simultaneously precise function. The hippocampus has a variety of duties, including but not restricted to gathering massive amounts of information from internal and external body environments, as well as separating, classifying, encoding, storing, consolidating, and recalling them (Opitz, 2014). This crucial performance relies on neural circuits. The hippocampus consists of the dentate gyrus, cornu ammonis1 (CA1), CA2, and CA3, and the subiculum (Kjonigsen et al., 2011). Neural circuits of the hippocampus are categorized into direct and indirect types. The indirect pathway is called the trisynaptic pathway, because of the existence of three neurons in it, which transfer information from the entorhinal cortex to the CA1 area. The trisynaptic pathway includes three connection components. The entorhinal cortex neurons provide a perforant path to create excitatory synapses of the dentate gyrus granule cells. The granule cells proceed through the Mossy fiber pathway and make excitatory synapses with the pyramidal cells in the CA3 of the hippocampus. The CA3 cells excite the CA1 pyramidal cells through the Schaffer collateral pathway (Stepan et al., 2015; Chao et al., 2022). The facilitation of signal transduction in this pathway is significantly related to episodic memory (Hainmueller and Bartos, 2020; Salehifard et al., 2023). Spatial memory is a subcategory of episodic memory (Stepan et al., 2015; Hainmueller and Bartos, 2020). The episodic memory fluctuations and changes in experimental groups can be studied through spatial memory assessments, such as the Morris water maze test.
Glutamate is a primary excitatory neurotransmitter in the trisynaptic pathway and this neurotransmitter transmits information through this pathway (Bischofberger et al., 2006; Stepan et al., 2015). Therefore, in normal conditions, glutamate has a fundamental role in learning and memory via synapse firing, which in turn leads to synaptic plasticity (Dobrek and Thor, 2011). There are two classes of glutamate receptors. The first class of these receptors comprises ionotropic receptors, including α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), kainic acid, and N-methyl D-Aspartate receptors (NMDAR). The second class consists of metabotropic receptors, which couple with G-proteins (Dogra and Conn, 2021). Following the release from the presynaptic neuron into the synaptic cleft, the excitatory neurotransmitter binds to glutamate receptors. Balanced stimulation of glutamate receptors, particularly NMDARs, is indispensable for learning and memory formation through the long-term potentiation (LTP) process (Hayashi, 2022). LTP plays a crucial role in increasing dendrites and synaptic plasticity in the brain (Bin Ibrahim et al., 2022). Overstimulation of these receptors by agonists, such as NMDA, glutamate, aspartate, and kainic acid, can lead to destructive reactions in neuronal cells (Jarrard, 2002; Zhang et al., 2014; Hosseini-Sharifabad et al., 2021; Keimasi et al., 2022; Keimasi et al., 2023a). This hyper-stimulation may be due to the over-activity of the presynaptic voltage-gated calcium channels (VGCCs), which are involved in glutamate release (Schurr, 2004; Nimmrich and Gross, 2012; Sousa et al., 2013; Mochida, 2019).
Overstimulation of glutamate receptors allows excessive amounts of calcium into the neurons, which in turn leads to inflammation and neuronal damage (Arundine and Tymianski, 2003). On the other hand, calcium accumulation in mitochondria results in the production of numerous free radical species and triggers the apoptosis internal pathway (Szydlowska and Tymianski, 2010). These events lead to the induction of apoptosis in nerve cells, resulting in neuronal death, the elimination of neurotrophic factors, and synaptic plasticity (Verma et al., 2022; Salehifard et al., 2023). Many studies have indicated that the overactivation of glutamate receptors is essential for the development and progression of neurotoxicity and neurodegenerative disorders, known as excitotoxicity (Dong et al., 2009; Mehta et al., 2013; Lai et al., 2014). This phenomenon leads to neuronal dysfunction, synaptic degeneration, and the elimination of synaptic proteins, including synaptophysin (SYN) (Zhang et al., 2014; Ji et al., 2017). Intracellular calcium concentration control is an important issue during excitotoxicity as this balance can prevent the destructive effects of excitotoxicity on the neuronal cells as well as alleviate them.
According to several studies regarding neurotoxic models, the overstimulation of NMDA receptors is a consequence of NMDA administration in the rat hippocampus (Jarrard, 2002; Gilmour et al., 2012; Morland and Nordengen, 2022). This is similar to the excitotoxicity conditions in Alzheimer’s disease (AD) (Esposito et al., 2013; Ong et al., 2013). Dementia is described as a deterioration in cognitive function and is currently recognized as the seventh leading cause of death and one of the main causes of disability, particularly among the elderly (Organization, 2021). AD is the most common type of dementia. The intense scientific interest in AD represents the high prevalence of this progressive neurodegenerative disorder (Fahanik-Babaei et al., 2022). AD is identified by the progressive deprivation of memory and cognitive deficits (Kumar and Singh, 2015; Naseri et al., 2022). This disease imposes a wide range of direct and indirect costs on people and is highly prevalent across the world (Sarlaki et al., 2022). The financial burden of AD and related dementias (ADRDs) is anticipated to rise rapidly with the aging global population aging (Nandi et al., 2022). It is estimated that the global costs of dementia will escalate to US$ 1.7 trillion by 2030. If informal care costs are taken into account, this is projected to rise 60% more (US$ 1.7 trillion) (Organization, 2021). These all represent the importance of finding new ways to treat or prevent the progression of dementia, particularly AD, on economic and health grounds.
VGCCs are categorized into two major types: high voltage-activated (L, P/Q, N, and R) and low voltage-activated (T) VGCCs (Shafer and Meyer, 2004; Mochida, 2019). Presynaptic VGCCs (N and P/Q) are expressed in the nerve terminal and trigger docking, resulting in the merging of synaptic vesicles with presynaptic membranes through calcium entering the neuron cytoplasm. This mediates the release of neurotransmitter into the synaptic cleft (Atlas, 2001; Mochida, 2019). Consequently, presynaptic VGCC modulation can have significant effects on the excitotoxic state. Synaptophysin (SYN) is a synaptic vesicle protein that participates in synaptic transmission with a key role. This protein can be used for the quantification of synapses (Valtorta et al., 2004; Beiki et al., 2021). The rate of the effect of presynaptic VGCCs on synapses and episodic memory in the trisynaptic circuit can be evaluated by measuring local SYN protein expression.
The P/Q- and N-type VGCC modulators or blockers can bind to presynaptic VGCCs in various binding sites. For example, some drug agents bind to the alpha-2 delta subunit, whereas some bio-active small proteins such as omega-agatoxins, omega-lycotoxins, and omega-conotoxins seem to interact with the alpha-1 subunit (Nimmrich and Gross, 2012). In the present study, omega-agatoxin-Aa2a and omega-Lsp-IA were extracted and identified from the venom of two types of spiders (Agelena orientalis and Hogna radiata).
Venom is a complex biochemical compound that is produced and stored in living organisms, such as snakes, scorpions, lizards, bees, and spiders. For thousands of years, venom has been traditionally used to treat inflammation, joint pain, and arthritis in Chinese, Indian, and Egyptian medicine (Moradi et al., 2018). High solubility, low molecular weight, acceptable stability (due to the presence of disulfide bonds), synthesizability, and selectivity in binding to target receptors are some of the advantages of venom peptides. Hence, venom-modulatory proteins and peptides are highly selective for specific channels, and they can also target ion channels and receptor-coupled G proteins (Lewis and Garcia, 2003).
The UniProt database has shown that the venoms of the Lycosidae and Agelenidae spider families contain high levels of Lycotoxin (Liu et al., 2009) and Agatoxin proteins (Consortium, 2019), which are related to L-, P/Q-, and N-type VGCC modulators and blockers (Nimmrich and Gross, 2012; Sousa et al., 2013). Therefore, omega-Lsp-IA and omega-agatoxin-Aa2a can be considered as P/Q-type and N-type VGCC modulators, respectively (Consortium, 2019; Keimasi et al., 2022; Keimasi et al., 2023a).
This study aimed to assess the effects of neurotransmitter release on episodic memory under normal and excitotoxic conditions in the hippocampal trisynaptic circuit. To achieve this goal, a variety of behavioral, molecular, and electrophysiological methods were used. The crude venoms for this study were extracted from two types of spiders (Agelena orientalis and Hogna radiata). Omega-Lsp-IA and omega-agatoxin-Aa2a were identified and purified from the extracted crude venoms. These bio-active proteins were used together as P/Q- and N-type VGCC modulators in the character of co-treatment. A behavioral test (Morris water maze) was used to evaluate long-term and spatial memories. The electrophysiological amplitude of field excitatory postsynaptic potentials (fEPSPs) in the input-output and LTP curves was also recorded in the mossy fiber and Schaffer collateral pathways. Subsequently, we measured the amount of SYN for synaptic quantification using an immunofluorescence technique.
MATERIALS AND METHODS
Chemicals, reagents, and buffers
All chemicals, except those mentioned in the text, were purchased from Sigma-Aldrich (Darmstadt, Germany).
Spider collection, identification, and venom extraction
For this study, live specimens were collected from Iran (Zamani et al., 2021). Suitable conditions in terms of humidity and temperature were provided for the specimens. They were fed with crickets and mealworms. Taxonomic keys (particularly by epigyne of female spiders) were used to identify the specimens (Nentwig et al., 2017; Keimasi et al., 2023a; Keimasi et al., 2023b).
Female spiders (Agelena orientalis and Hogna radiata) were separated for venom extraction. Specimens were anesthetized with CO2 in a small chamber, and the opisthosoma and carapace were removed under a stereomicroscope. Venom glands collected in phosphate-buffered saline (PBS) at 4°C were prepared in the laboratory, using 137 mM NaCl, 3 mM KCl, 10 mM Na2PO4, and 2 mM KH2PO4 (pH 7.4). The collected glands were gently crushed for 30 min with a glass stirrer. Subsequently, the pieces of the venom glands were removed from the solution by centrifugation at 13,000 rpm for 30 min at 4°C. The supernatant was lyophilized and stored at −70°C. The concentration of the protein was measured by Bradford assay using bovine serum albumin (BSA) as the standard protein. The tissue samples and vouchers were stored in the Zoological Museum, University of Isfahan (ZMUI).
Protein purification using gel-filtration chromatography
To purify protein with gel-filtration chromatography, initially, 10 mg of each lyophilized crude venom (Agelena orientalis and Hogna radiata) was resuspended in 1.5 mL PBS buffer. The samples were incubated for 2 h at 4°C following the addition of RNase (0.14 mg/mL) and DNase (0.14 mg/mL) enzymes. Then, the plain solution was injected into a GE Healthcare HiLoad 16/600 Superdex® 75 pg prep grade gel-filtration column and ran over it using a fast protein liquid chromatography (FPLC) system (Sykam, Germany). PBS Buffer was used for washing the column. A flow rate of 0.7 mL/min and an injection volume of 1,200 μL were used. Absorbance at 280 nm was obtained for the fractions, which were then accumulated in a 0.75 mL fraction. The selected fractions, marked on the graph, were accumulated and injected into a capillary electrophoresis instrument (Keimasi et al., 2022; Keimasi et al., 2023a).
Protein purification and separation with capillary electrophoresis
The Agilent 7100 system with a UV-Vis detector, a 40 cm, 50 μm uncoated silica column, and a detector distance of 8.5 cm from the outlet was used for the capillary electrophoresis test. For the sample, and the running buffer, PBS buffer (pH 4.7) was used. The sample was injected at a pressure of 100 mBar for 5 s at a capillary temperature of 25°C. Electrophoresis was performed at 25 kV normal polarity for 5 and 15 min for Agelena orientalis and Hogna radiata, respectively. Following accumulation of the labeled peaks, a Bradford assay was used to identify the protein concentration. To ensure purity, the selected peak was reinjected into the device. The resulting peaks were injected into an HPLC-ESI-MS instrument thereafter (Keimasi et al., 2022; Keimasi et al., 2023a).
Protein identification with mass spectrometry (HPLC-ESI-MS)
A Waters Alliance 2695 HPLC-Micromass Quattro micro API Mass Spectrometer was used to perform high-performance liquid chromatography/electrospray ionization tandem mass spectrometry (HPLC-ESI-MS) analysis. An Atlantis T3-C18 column (3 µ, 2.1 × 100 mm) was used for liquid chromatography at 35°C. Formic acid (0.1%) in acetonitrile (A) and 0.1% formic acid in H2O were used as mobile phases. With a 0.2 min held, the gradient profile was 5% which increased linearly to 90% in 10 min. Thereafter, it was held for 5 min and dropped to 5% over 3 min. At the end, it was held for 4 min. An injection volume of 5 μL and a 0.2 mL/min flow rate were used for the analysis. A positive mode and a 0.3 kV capillary voltage were used for the mass spectrometry. A gas flow of 200 L/h, 300°C dissolving, and 120°C source were used in the study. The outcome is shown for the purified bio-active small protein peaks (Keimasi et al., 2022; Keimasi et al., 2023a).
Animals and experimental design
A total of 36 adult male Wistar rats with a weight range of 230–250 g were selected from the animal nest of the Faculty of Biological Sciences and Technology, University of Isfahan. Standard cages were used to retain them at 22°C and 60% humidity under a 12-h light-dark cycle with free access to enough food and water. All the animal procedures were approved by The University of Isfahan’s animal ethics committee under the research code number 16192.
This was a study on male Wistar rats, separated accidentally into three groups of twelve rats. After fixing the head with a stereotaxic instrument, to prepare for hippocampus injection, a small area on the skull of each rat was shaved. As a vehicle for omega-Lsp-IA, omega-agatoxin-Aa2a, and N- Methyl d-Aspartate (NMDA), PBS was used. The rats were assigned to the subsequent groups: the control group with a hippocampus injection of 2 µL PBS followed by 2 µL PBS intrahippocampal injection after 30 min; the NMDA-treated group with a 2 µL injection of PBS followed by a single intrahippocampal injection of NMDA (10 μg, 5 μg/μL) after 30 min; the omega-Lsp-IA and omega-agatoxin-Aa2a co-treated group, which received a single dose of NMDA (10 μg, 5 μg/μL) followed by an injection of 1 µL of omega-Lsp-IA (2 μg, 2 μg/μL) and 1 µL of omega-agatoxin-Aa2a (2 μg, 2 μg/μL) as co-treatment in the hippocampus, 30 min later.
Surgery and microinjection procedure
All the rats were deeply anesthetized with an intraperitoneal phenobarbital (40 mg/kg) injection [purchased from Martindale Pharma Company (Buckinghamshire, England)], 1 week ahead of the behavioral tests. For the operation, the examined rats were enfolded with towels, while their eyes were shielded with Vaseline. Then, the Paxinos and Watson rat brain atlas was used to identify their hippocampus area (Paxinos and Watson, 2006). The injection was performed bilaterally on the hippocampus (AP: −3.3 mm from bregma; ML: ±2.5 mm from midline; DV: −3.2 mm from the skull surface) using a stereotaxic apparatus (Stoelting Co., United States).
A 5 µL Hamilton syringe with an injection needle (21 gauge), connected using a polyethylene tube, was used to inject the agents into hippocampi, bilaterally. This injection was carried out within 6 min. To avoid any probable fluid backflow, the needle was gently removed 2 min after the injection.
Behavioral study
After 1 week from the stereotaxic surgery (Morris water maze tasks), the behavioral studies were implemented. These tests assessed spatial and long-term memory and learning. To get adjusted to the experimental conditions and stress reduction, the animals were acclimatized in the laboratory for 2 days before the behavioral assessment.
Morris water maze task
The Morris water maze test was performed to evaluate spatial memory and learning. In this test, the rats used their spatial memory to find the hidden platform in the target zone, according to the signs and symbols on the water maze room walls. This test consists of three steps: habituation, training, and test (previously described by Hosseini-Sharifabad et al., 2021). The time spent, distance moved, frequency of entry into the target quadrant, and swimming paths of the rats during the probe trial were documented to evaluate spatial memory and learning. One-way and two-way ANOVA tests were performed to analyze the collected data.
Electrophysiological studies
The interaction between P/Q- and N-type VGCCs and memory in excitotoxicity conditions were studied by fEPSP. Afterward, the rats were sacrificed in the CO2 chamber, and their brains were removed using a guillotine. Then, the hippocampus was detached using surgical instruments and frozen in liquid nitrogen and finally stored in a −70°C freezer, except for the brains that were removed for the histology section.
The mossy fiber circuit is part of the trisynaptic pathway. In this circuit, information from the dentate gyrus reaches the CA3. This synaptic firing has a vital role in memory formation. The input-output LTP was performed as described in a previous study (Radahmadi et al., 2023). Urethane in normal saline (1.5 g/kg; intraperitoneal injection) was used to anesthetize the rats (six per each group). The hippocampal CA3 surgery and LTP recording procedures were performed as described previously by Keimasi et al. (2022) (Keimasi et al., 2022).
The Schaffer collateral circuit is the last piece of the puzzle in the trisynaptic pathway. During this circuit, information is transferred from CA3 to CA1. This transfer is necessary to complete the information for memory formation. LTP of the CA1 region was performed considering the Radahmadi et al. (2023) study, with six rats in each group, and the baseline recordings were taken 60 min after high-frequency stimulation (HFS) (Radahmadi et al., 2023). A one-way repeated measures ANOVA test was used to analyze the collected data.
Immunofluorescence staining
Saline was used to wash the rat brains. Thereafter the samples (the hippocampi of the rats) were fixed in 10% formaldehyde solution. Subsequently, a microtome instrument was used to cut the samples into 2-µm segments. Enzymatic antigen retrieval was executed for 20 min. The samples were blocked using a blocking agent [10% normal goat serum (Sigma, G9023) and 0. 3% Triton X-100 in PBS] for 30 min at 37°C to lessen non-specific antibody binding. Following the washing of the tissue sections, they were incubated with mouse anti-synaptophysin monoclonal antibody (Abcam, ab8049) as the primary antibody, diluted 1:1000 in PBS at 4°C overnight. As the secondary antibody, FITC-conjugated anti-mouse IgG (Sigma, F9137) was used at a dilution of 1:1000 for 2 h at room temperature. The nuclei were counterstained using 4′, 6-diamidino-2-phenylindole (DAPI, Sigma, D9542). An AX70 Olympus fluorescence microscope was used to visualize the slides (Keimasi et al., 2023a). All cells in the merge section were counted, and then the positive SYN cells were counted. Next, the percentage of positive SYN cells from the total cells was calculated. Finally, one-way and two-way ANOVA tests were performed to analyze the collected data.
Data analysis
GraphPad Prism statistics software (version 8.4.3) was used to perform the statistical analyses. The D'Agostino-Pearson omnibus test was used to check the normality of the statistical data. One-way, one-way repeated measures and two-way ANOVA were performed to analyze the collected data. Tukey’s test was performed for multiple comparisons. The resulting data are shown as mean ± standard error.
RESULTS
Spider collection, identification, and venom extraction
Following a collection of 65 spiders from nature, they were separated according to their species and gender. For the next phase of the research, 15 female specimens of Hogna radiata and 30 female specimens of Agelena orientalis were separated.
From each group of specimens, 150 mg of the lyophilized crude venom was obtained. Next, PBS buffer was used to dissolve 10 mg of crude venom from each species. The protein concentrations of the lyophilized crude venoms were evaluated using the Bradford method and found to be 6.9 mg/mL and 6.7 mg/mL for Agelena orientalis and Hogna radiata, respectively.
Protein purification with gel-filtration chromatography
As presented in Figure 1A, five peaks were revealed following the gel-filtration chromatography of the Agelena orientalis venom; among them, the fourth fraction of Agelena orientalis venom was collected from 155 to 180 min. From 17.5 mL of solution yielded from the device, a 1.62 mg lyophilized fraction was obtained with a protein concentration of 1.01 mg/mL.
[image: Figure 1]FIGURE 1 | The purification and identification of omega-agatoxin IIA from the Agelena orientalis crude venom. (A) Gel-filtration chromatography of the crude venom performed on a GE Healthcare HiLoad 16/600 Superdex® 75 pg prep grade column in 1 M PBS (pH 7.4), with a flow rate of 0.7 mL/min. The fourth fraction is shown by a black arrow. (B) Capillary electrophoresis of the fifth fraction was performed on a 50 μm uncoated silica column in 1 M PBS (pH 4.7) for 5 min. The omega-agatoxin IIA fraction is shown by black arrows. (C) HPLC-ESI-MS of the omega-agatoxin IIA fraction was performed on an Atlantis T3-C18 column. The spectrum results are shown in part (C)
As shown in Figure 2A, six peaks were obtained from the gel-filtration chromatography of the Hogna radiata venom; among them, the sixth fraction was collected from 240 to 260 min. From the 14 mL solution taken from the instrument, a 1.47 mg lyophilized fifth fraction was obtained with a concentration of 1.08 mg/mL (determined using the Bradford method).
[image: Figure 2]FIGURE 2 | The purification and identification of omega-Lsp-IA from the Hogna radiata crude venom. (A) Gel-filtration chromatography of the crude venom performed on a GE Healthcare HiLoad 16/600 Superdex® 75 pg prep grade column in 1 M PBS (pH 7.4), with a flow rate 0.7 mL/min. The sixth fraction is shown by a black arrow. (B) Capillary electrophoresis of the sixth fraction was performed on a 50 μm uncoated silica column in 1 M PBS (pH 4.7) for 10 min. The omega-Lsp-IA fraction is shown by black arrows. (C) HPLC-ESI-MS of the omega-Lsp-IA fraction was performed on an Atlantis T3-C18 column. The spectrum results are shown in part (C)
Protein purification with capillary electrophoresis (CE)
Figure 1B displays the pattern obtained with the fourth fraction of Agelena orientalis venom.
Three peaks were observed at 1.8, 3.9, and 4.7 min. The graph shows narrow peaks. The first peak was collected and reinjected to confirm the purity of this small bioactive protein and then injected into HPLC-ESI-MS for mass determination.
Figure 2B shows the pattern obtained from the sixth fraction of Hogna radiata venom, using the same technique, in which three peaks were observed at 3.5, 7.8, and 9.6 min. The third peak was injected into HPLC-ESI-MS for mass determination.
Protein identification with mass spectrometry (HPLC-ESI-MS)
The molecular mass of omega-agatoxin-Aa2a is 10,982 Da, according to a previous study (Sousa et al., 2013). The spectrum results indicated the presence of omega-agatoxin-Aa2a in the chosen peak (Figure 1C). The mass-to-charge ratio of this bio-active small protein was quite consistent with omega-agatoxin-Aa2a. The charge-to-mass ratio of omega-agatoxin-Aa2a was as follows: (M + Na + 5H)6+ = 1,835, (M + Na + 3H)4+ = 769.5, and (M + Na + 4H)5+ = 616.
In agreement with a previous study (Pluzhnikov et al., 2007), the molecular mass of omega-Lsp-IA was determined to be 5,631.5 Da. The results of the mass spectrum showed the presence of omega-Lsp-IA (Figure 2C). The mass-to-charge ratio of this protein was quite congruent with omega-Lsp-IA. The charge-to-mass ratio of omega-Lsp-IA was as follows: (M + Na+2H)3+ = 1,886.1, (M + Na + 3H)4+ = 1,414.37, and (M + Na + 5H)6+ = 943.25.
Morris water maze
As shown in Figures 3A, B, injection of NMDA in the hippocampus markedly decreased the time spent (p < 0.0001), distance moved (p < 0.0001), and frequency (p < 0.001) of entry into the target quadrant of the maze in the NMDA-treated group, when compared with the control group. The NMDA-treated group with a single dose of presynaptic VGCC blocker noticeably spent more time (p < 0.0001), moved a greater distance (p < 0.001), and entered the target quadrant of the maze more frequently (p < 0.01) compared with the NMDA-treated group. A significant difference in the time spent (p < 0.01) and distance moved (p < 0.01) in the target quadrant of the maze was observed between the control and NMDA-treated + presynaptic VGCC blocker groups (one-way ANOVA).
[image: Figure 3]FIGURE 3 | The Morris water maze task. (A) The effect of treatment with omega-Lsp-IA and omega-agatoxin IIA on time spent, distance moved, frequency of entry into the target quadrant, and the velocity of rat swim. The data are shown as mean ± SEM of six rats per group (one-way ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) Scatter plot of part (A). (C) Heat map graph for Morris water maze technique indicators in the target zone and the velocity (two-way ANOVA). (D) The swim path traces from the test day. The target zone is indicated with yellow stars. PVGCCB, presynaptic voltage-gated calcium channel blockers.
Figure 3C shows the heat map graph of the Morris water maze technique indicators in the target zone and the velocity. This provides a better presentation of the significant difference between the groups compared (two-way ANOVA).
The path of the control rats showed a regular round movement, whereas the swimming path of the NMDA-treated rats in the target area was irregular with no particular pattern. The swimming path of NMDA-treated + presynaptic VGCC blocker rats was similar to the control group (Figure 3D).
Mossy fiber circuit LTP
Taking into account Figure 4A, NMDA injection considerably reduced the field excitatory postsynaptic potentials (fEPSP) amplitude in the NMDA-treated group after LTP induction in the hippocampus CA3, in comparison with the control group (p < 0.001). Following NMDA injection in the NMDA-treated + presynaptic VGCC blocker group, the administration of presynaptic VGCC blockers increased the fEPSP amplitude following LTP induction when compared with the NMDA-treated group (p < 0.01). The fEPSP amplitude in the NMDA-treated + presynaptic VGCC blocker group showed a significant difference compared with the control group (p < 0.05).
[image: Figure 4]FIGURE 4 | Mossy fiber circuit LTP. (A) Long-term potentiation (LTP) curves of the field excitatory postsynaptic potential (fEPSP) amplitude in the hippocampal CA3 for all groups (n = 6). The data are mean ± SEM of six rats per group (one-way ANOVA repeated measures). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ####p < 0.0001. (B) Sample traces of typical recorded fEPSPs in the hippocampal CA3 neurons before and after high-frequency stimulation (HFS) induction for long-term potentiation (LTP) in experimental groups. PVGCCB, presynaptic voltage-gated calcium channel blockers.
Figure 4B shows the traces of the recorded fEPSPs in the CA3 neurons, before and after LTP induction with the use of a high-frequency stimulation (HFS) technique in all the compared groups.
Schaffer collateral circuit LTP
As shown in Figure 5A, a single NMDA administration reduced the fEPSP amplitude in the NMDA-treated group following LTP induction in the CA1 when compared with the control group (p < 0.0001). The intra-hippocampal injection of omega-Lsp-IA and omega-agatoxin IIA as co-treatment following getting NMDA, amplified the fEPSP amplitude significantly following LTP induction when compared with the NMDA-treated group (p < 0.001). The fEPSP amplitude in the NMDA-treated + presynaptic VGCC blocker group showed a significant difference in comparison with the control group (p < 0.001).
[image: Figure 5]FIGURE 5 | Schaffer collateral circuit long-term potentiation (LTP). (A) LTP curves of the field excitatory postsynaptic potential (fEPSP) amplitude in the hippocampal CA1 for all groups (n = 6). The data are mean ± SEM of six rats per group (one-way ANOVA repeated measures). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), and ####p < 0.0001. (B) Sample traces of typical recorded fEPSPs in the hippocampal CA1 neurons before and after high-frequency stimulation (HFS) induction for the LTP in experimental groups. PVGCCB, presynaptic voltage-gated calcium channel blockers.
Figure 5B shows the traces of the recorded fEPSPs in the CA1 neurons, before and after LTP induction with the use of the HFS method among all the compared groups.
Localized SYN in two circuits
Our data showed that an NMDA single injection significantly reduced the expression of SYN protein in DG (p < 0.0001), CA3 (p < 0.0001), and CA1 (p < 0.0001) areas for the control group. The single administration of presynaptic VGCC blockers after injection of NMDA noticeably increased the expression of SYN in DG (p < 0.0001), CA3 (p < 0.0001), and CA1 (p < 0.0001) in comparison with the NMDA-treated group. The NMDA-treated + presynaptic VGCC blocker group showed significant differences in DG (p < 0.01), CA3 (p < 0.0001), and CA1 (p < 0.0001) compared with the control group (Figures 6–9, parts A, and B).
[image: Figure 6]FIGURE 6 | Immunofluorescence staining with an antibody against synaptophysin in the trisynaptic circuit. The localized synaptophysin is presented in the DG area of the rat hippocampus. DAPI was applied to counterstain the nuclei. Synaptophysin was used to show the synaptic plasticity (white arrowheads). The healthy (white arrows) and dead (red arrows) pyramidal neurons are indicated in the central column of each area. PVGCCB, presynaptic voltage-gated calcium channel blockers.
[image: Figure 7]FIGURE 7 | Immunofluorescence staining with an antibody against synaptophysin in the trisynaptic circuit. The localized synaptophysin is presented in the CA3 area of rat hippocampus. DAPI was applied to counterstain the nuclei. Synaptophysin was used to show the synaptic plasticity (white arrowheads). The healthy (white arrows) and dead (red arrows) pyramidal neurons are indicated in the central column of each area. PVGCCB, presynaptic voltage-gated calcium channel blockers.
[image: Figure 8]FIGURE 8 | Immunofluorescence staining with an antibody against synaptophysin in the trisynaptic circuit. The localized synaptophysin is presented in the CA1 area of rat hippocampus. DAPI was applied to counterstain the nuclei. Synaptophysin was used to show the synaptic plasticity (white arrowheads). The healthy (white arrows) and dead (red arrows) pyramidal neurons are indicated in the central column of each area. PVGCCB, presynaptic voltage-gated calcium channel blockers.
[image: Figure 9]FIGURE 9 | Immunofluorescence staining with an antibody against synaptophysin in the trisynaptic circuit. (A,B) The localized synaptophysin is shown in the DG, CA3, and CA1 areas of rat hippocampus for the experimental groups (%). The data are mean ± SEM of three rats (each rat, two sections) per group (two-way ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Heat map graph for the localized synaptophysin is shown in the DG, CA3, and CA1 areas of rat hippocampus for the experimental groups (two-way ANOVA). PVGCCB, presynaptic voltage-gated calcium channel blockers.
As shown in Figure 9B, there were significant differences between the NMDA-treated groups of different areas of the hippocampus. The expression of SYN protein in the DG area showed a significant difference with CA3 (p < 0.0001) and CA1 (p < 0.0001) areas. In addition, there was a significant difference between the CA3 and CA1 areas (p < 0.001). Figure 9C shows the heat map graph to provide a better understanding of the significant difference in the expression of SYN protein in hippocampus areas between the compared groups.
DISCUSSION
The current study investigated the role of presynaptic VGCC blockers (omega-Lsp-IA and omega-agatoxin-Aa2a) in explicit memory performance using the NMDA-induced excitotoxicity rat model. The crude venoms for this study were extracted from the spiders Agelena orientalis and Hogna radiata. Omega-Lsp-IA and omega-agatoxin-Aa2a were purified and identified from the extracted venoms. These bio-active proteins were used as co-treatment with P/Q- and N-types of VGCC modulators or blockers. The Morris water maze task was used in the current study. The electrophysiological amplitudes of field excitatory postsynaptic potentials (fEPSPs) were recorded before and after LTP induction in the mossy fiber, and Schaffer collateral pathways. Subsequently, the amount of localized SYN for synaptic quantification was measured using an immunofluorescence assay.
The concentration and amount of the obtained venom proteins were at acceptable levels. The protein concentration of these venoms were in line with some previous studies (Liu et al., 2009; Langenegger et al., 2019). Hogna radiata species are bigger and have larger venom glands than the Agelena orientalis species. Accordingly, the amount of venom obtained from Hogna radiata was much higher than that from Agelena orientalis.
The principle of separation was according to the connection of the analyte to the stationary and mobile phases. In the FPLC method, proteins and peptides were separated based on their molecular weights. Small peptides strongly interacted with the stationary phase, and larger peptides and proteins left the column sooner in the normal condition. The gel chromatography of Agelena orientalis venom provided several peaks. Considering the column type used, the fifth fraction proteins had the lowest mass. As a result, the fourth fraction was selected for the remainder of the study and injected into the CE device. The third peak was collected and reinjected to verify the purity of this small bioactive protein. This action confirmed not only the purity of this peak but also the accuracy of the collected peaks. The value of this peak was considerably greater than the other peaks. Figure 1 represents the purification and identification of omega-agatoxin-Aa2a from the Agelena orientalis crude venom. This protein was used as a selective antagonist for N-type VGCCs (Keimasi et al., 2023a). Silmara R Sousa et al. (2013) have pointed out the same function for omega-agatoxin-Aa2a in their review (Sousa et al., 2013).
The Hogna radiata gel-filtration pattern represented six separated peaks. The proteins in the last fraction had the lowest mass among all the fractions. Therefore, this fraction was selected for the next phase of the study. The general shape of the graphs of the two species indicated that the proteins of Agelena orientalis are smaller than those of Hogna radiata. Spiders of the Agelenidae family express large amounts of various agatoxin-type proteins, whereas the spiders in the Lycosidae family express proteins called lycotoxins in their venom. According to the Arachnoserver spider venom database, lycotoxins have a higher mass than agatoxins. Our findings from gel-chromatography were in accordance with the available data (Herzig et al., 2010).
Our findings confirmed the purification of a sufficient amount of omega-Lsp-IA and the accuracy of its detection from Hogna radiata venom. The omega-Lsp-IA protein is a modulator for P/Q-type VGCCs, based on the study by Pluzhnikov et al. (2007).
According to Figure 3, the data obtained from the Morris water maze test was supported by those of previous studies, which have demonstrated the glutamate-induced excitotoxicity effect on spatial memory defects and cognitive impairment (Hynd et al., 2004; Binvignat and Olloquequi, 2020; Liu et al., 2020).
As mentioned in the Introduction, spatial memory is a subset of episodic memory that can be well-tested with the Morris water maze task (Amanzadeh Jajin et al., 2021). In this test, the rats use clues on the wall when searching for the underwater platform. Additionally, they look around when they find the platform. This process is memorized by the hippocampus. The performance of all parts of the hippocampus is essential for completing this test.The NMDA-treated rats failed to complete this test, showing their cognitive impairment. This defect is caused by glutamate-induced excitotoxicity. This deficiency was eliminated mainly when presynaptic VGCC blockers were used. This improvement relies on the regulation of neurotransmitter release through presynaptic VGCC modulation (Hosseini-Sharifabad et al., 2021). The role of these presynaptic VGCCs becomes more prominent in such conditions. Additionally, this function indicates the importance of the amount of neurotransmitters released at the synapse. If the amount of glutamate released at the synapse is excessive, the effect of this neurotransmitter would be destructive (Zott and Konnerth, 2023). This is while the right amount of glutamate records external information, stores it, and memorizes it (Collingridge and Abraham, 2022). This dual role adds to the importance of glutamate release, following the presynaptic VGCC activity. The neurons in the trisynaptic pathway of the hippocampus can discriminate between high and normal amounts of glutamate and react differently accordingly. In normal conditions, these neurons have a firing action potential for the perfect performance of memory formation by LTP. Nevertheless, in the excitotoxicity condition, the overstimulation of NMDARs due to the high amount of glutamate leads to neurodegeneration. Therefore, the results of the current study suggest that the functions of neurons rely on presynaptic VGCCs. Based on the significant difference between the control and NMDA + presynaptic VGCC blocker groups, the modulation of presynaptic VGCCs failed to prevent and improve cognitive impairment completely.
LTP is a process during which neurons synaptically fire, leading to memory formation (Levenson and Sweatt, 2005). Therefore, if the neurons are healthy and active, we can observe their function. Thus, the electrophysiological information of hippocampus neurons in the mossy fiber and Schaffer collateral pathways were recorded to evaluate the episodic memory in experimental groups.
Episodic and spatial memories depend on LTP (Loprinzi et al., 2018), which in turn relies on synaptic activity (Nicoll, 2017). The synaptic activities in LTP are categorized as an enhancement of the postsynaptic response to glutamate, an increase in glutamate release from the presynaptic neurons, and the last category, which involves both activities. LTP in mossy fibers is non-associative. In other words, the activity of postsynaptic neurons is not necessary for this form of LTP in this circuit. LTP is predominately presynaptic and is stimulated by calcium influx into the neurons, which in turn, increases cyclic adenosine monophosphate (cAMP) (Alkadhi, 2021). This activates calcium/calmodulin-dependent adenylyl cyclase, which in turn activates protein kinase A. These events lead to the phosphorylation of SYN, which increases the release of excitatory neurotransmitters and as a result enhances the fEPSP (Ji et al., 2017). The results of the current study indicated that NMDA intra-hippocampal injection decreases fEPSP following LTP induction because of the destructive excitotoxicity effect. Nevertheless, the administration of presynaptic VGCC blockers restored the fEPSP to lower levels than normal through the modulation of the presynaptic VGCCs and prevention of excitotoxicity induction.
LTP form in the Schaffer collateral pathway is associative, which means that the enhancement of glutamate release from both of the presynaptic neurons and postsynaptic at the same time is required for the induction of LTP. For this purpose, CA1 and CA3 neurons must be regulated with each other. There is a retrograde pathway from CA1 to CA3 neurons in the rat hippocampus (Vadakkan, 2019). In addition, the neurons in the CA3 area are highly connected and have self-excitation ability (Morgado Bernal and Segura Torres, 2022). Therefore, a single administration of NMDA can trigger this self-excitation, which leads to excitotoxicity in this area. Moreover, this excitation transmits to CA1 neurons through the Schaffer collateral circuit, which causes more excitation through the retrograde pathway. The fEPSP amplitudes follow a reduction in LTP induction. Our data proposed that this overexcitation can be modulated in this situation by adding presynaptic VGCC blockers. Therefore, in this step, the fEPSP amplitude after LTP induction was restored nearly to a normal level, and spatial memory performance reverted to a good level compared with the NMDA-treated group.
As mentioned previously, the administration of NMDA degraded SYN expression due to its excitotoxicity effect, and the injection of presynaptic VGCC blockers increased SYN protein expression. Our findings demonstrated that the reduction and loss of SYN are higher in CA1 than in CA3 and more in CA3 than in the DG area (heat map of localizing SYN). In addition, this pattern of expression relies on the pathways in the hippocampus. The self-excited pyramidal neurons of CA3 connect to CA1 neurons. Therefore, the overstimulation of CA3 neurons is transmitted to CA1, and then, CA1 pyramidal neurons, in turn, send the signal to CA3 neurons through a retrograde pathway (Diana and Marty, 2004). Thereby, the excitation in the CA1 and CA3 areas will be amplified due to over-stimulation of pyramidal neurons in both regions and their connections with each other. This sequence lead to more elimination of these neurons. Hence, the excitation of mossy fiber is mainly presynaptic (Alkadhi, 2021), and postsynaptic neurons cannot influence presynaptic neurons. The loss of SYN is far less than with the Schaffer collateral circuit. In addition, there is no interaction between neurons of the DG area in excitotoxicity conditions (like CA3), i.e., these neurons lack self-excitation ability. Healthy pyramidal cells have a normal shape (circular), size, and membrane. Despite this, the dead pyramidal cells exhibited fragmented nuclei, membrane budding, and shrinkage.
Our results are in agreement with the previous articles published regarding presynaptic VGCC blockers in memory elimination. In our previously published studies, each small protein was used solely. Omega-lycotoxin-Gsp2671e and omega-agatoxin-Aa4b as P/Q-type VGCC blockers were used to prevent glutamate-induced excitotoxicity in the CA3 area (Keimasi et al., 2022; Keimasi et al., 2023). In addition, omega-agatoxin-Aa2a as an N-type VGCC blocker was used to prevent glutamate-induced excitotoxicity in the CA3 area of rat hippocampus (Keimasi et al., 2023a). In these studies, ameliorative effects of state-dependent small proteins versus glutamate-induced excitotoxicity were observed. In the current study, N- and P/Q-type VGCC blockers were used simultaneously in the trisynaptic pathway (DG, CA3, and CA1 areas) as a co-treatment in rat hippocampus. When N- and P/Q-type VGCC blockers were used together, the ameliorative effect against glutamate-induced excitotoxicity was significantly higher. Therefore, the concurrent use of N- and P/Q-type VGCC blockers shows a synergic effect. Additionally, our results are supported by some previously published studies in which NMDA antagonists were used against excitotoxicity (Rodrigues et al., 2001; Fontana et al., 2003; Rodrigues et al., 2004; Primini et al., 2019). In some other studies, the Parawixin protein family extracted from the Parawixia bistriata spider was examined. Some of these family proteins (Parawixin1, Parawixin2, and Parawixin10) are NMDA antagonists with neuroprotective effects in both in vitro and in vivo models of excitotoxicity (Fontana et al., 2007; Fachim et al., 2015; Liberato et al., 2018).
CONCLUSION
Excitotoxicity, which is induced by NMDA injection into the rat hippocampus, leads to the death of pyramidal neurons in the CA1 and CA3 areas, a decrease in fEPSP after LTP induction, and the degradation of SYN protein. By contrast, the administration of omega-Lsp-IA and omega-agatoxin-Aa2a (co-treatment) as blockers of presynaptic VGCCs in NMDA-treated rats leads to the inhibition of neuronal cell death and prevention of pyramidal cell elimination, which enhances the fEPSP after LTP induction due to the modulation of presynaptic VGCCs, as well as the increase in the amount of SYN protein. The current results demonstrated that omega-Lsp-IA and omega-agatoxin-Aa2a have a restorative effect on excitotoxicity-induced memory impairment and avoid diminishing the neurons in the trisynaptic circuit of the hippocampus area. The current research is complementary to previous studies and revealed that presynaptic calcium channel (N and P/Q types) blockage in the channelopathy, due to excitotoxicity, can be very effective. Channelopathy occurs in AD and it is necessary to reduce or stop it, to inhibit AD progression in patients. The evaluation of blockers (small proteins) can be considered for future research due to their enhancement effect on L-type calcium channel expression during the aging process.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author/s.
ETHICS STATEMENT
The animal study was approved by the Animal Ethics Committee of the University of Isfahan. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
MK conceived the original idea. MK, MoM, MaM, and FE planned the experiments. MK, KS, NM, FE, AF, MJK, and MN performed the experiments, data collection, analysis, and interpretation. MK and MA wrote the manuscript. MoM, MaM, and MA have collaborated in presenting the research idea. MK, MaM, and MoM supervised the project. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the Department of Animal and Plant Biology, Faculty of Biological Sciences and Technology, University of Isfahan. Isfahan, Iran.
ACKNOWLEDGMENTS
All experimental procedures were approved by the Animal Ethics Committee of the University of Isfahan. We thank the Faculty of Biological Sciences and Technology, University of Isfahan, Isfahan, Iran, for their assistance.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alkadhi, K. A. (2021). NMDA receptor-independent LTP in mammalian nervous system. Prog. Neurobiol. 200, 101986. doi:10.1016/j.pneurobio.2020.101986
 Amanzadeh Jajin, E., Esmaeili, A., Rahgozar, S., and Noorbakhshnia, M. (2021). Quercetin-conjugated superparamagnetic iron oxide nanoparticles protect AlCl3-induced neurotoxicity in a rat model of Alzheimer’s disease via antioxidant genes, APP gene, and miRNA-101. Front. Neurosci. 14, 598617. doi:10.3389/fnins.2020.598617
 Arundine, M., and Tymianski, M. (2003). Molecular mechanisms of calcium-dependent neurodegeneration in excitotoxicity. Cell calcium 34 (4-5), 325–337. doi:10.1016/s0143-4160(03)00141-6
 Atlas, D. (2001). Functional and physical coupling of voltage-sensitive calcium channels with exocytotic proteins: ramifications for the secretion mechanism. J. Neurochem. 77 (4), 972–985. doi:10.1046/j.1471-4159.2001.00347.x
 Beiki, R., Khaghani, M., Esmaeili, F., and Dehghanian, F. (2021). Synergistic effects of combined Nurr1 overexpression and natural inducers on the more efficient production of dopaminergic neuron-like cells from stem cells. Fron. Cell. Neurosci. 15, 803272. doi:10.3389/fncel.2021.803272
 Bin Ibrahim, M. Z., Benoy, A., and Sajikumar, S. (2022). Long-term plasticity in the hippocampus: maintaining within and ‘tagging’between synapses. FEBS J. 289 (8), 2176–2201. doi:10.1111/febs.16065
 Binvignat, O., and Olloquequi, J. (2020). Excitotoxicity as a target against neurodegenerative processes. Curr. Pharm. Des. 26 (12), 1251–1262. doi:10.2174/1381612826666200113162641
 Bischofberger, J., Engel, D., Frotscher, M., and Jonas, P. (2006). Timing and efficacy of transmitter release at mossy fiber synapses in the hippocampal network. Pflüg. Arch. 453 (3), 361–372. doi:10.1007/s00424-006-0093-2
 Chao, O. Y., Nikolaus, S., Yang, Y.-M., and Huston, J. P. (2022). Neuronal circuitry for recognition memory of object and place in rodent models. Neurosci. Biobehav. Rev. 141, 104855. doi:10.1016/j.neubiorev.2022.104855
 Collingridge, G., and Abraham, W. (2022). Glutamate receptors and synaptic plasticity: the impact of Evans and Watkins. Neuropharmacol 206, 108922. doi:10.1016/j.neuropharm.2021.108922
 Consortium, U. (2019). UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res. 47 (D1), D506–D515. doi:10.1093/nar/gky1049
 Diana, M. A., and Marty, A. (2004). Endocannabinoid-mediated short-term synaptic plasticity: depolarization-induced suppression of inhibition (DSI) and depolarization-induced suppression of excitation (DSE). Br. J. Pharmacol. 142 (1), 9–19. doi:10.1038/sj.bjp.0705726
 Dobrek, Ł., and Thor, P. (2011). Glutamate NMDA receptors in pathophysiology and pharmacotherapy of selected nervous system diseases. Postepy. Hig. Med. Dosw. 65, 338–346. doi:10.5604/17322693.946637
 Dogra, S., and Conn, P. J. (2021). Targeting metabotropic glutamate receptors for the treatment of depression and other stress-related disorders. Neuropharmacol 196, 108687. doi:10.1016/j.neuropharm.2021.108687
 Dong, X.-x., Wang, Y., and Qin, Z.-h. (2009). Molecular mechanisms of excitotoxicity and their relevance to pathogenesis of neurodegenerative diseases. Acta Pharmacol. Sin. 30 (4), 379–387. doi:10.1038/aps.2009.24
 Esposito, Z., Belli, L., Toniolo, S., Sancesario, G., Bianconi, C., and Martorana, A. (2013). Amyloid β, glutamate, excitotoxicity in Alzheimer's disease: are we on the right track?CNS Neurosci. Ther. 19 (8), 549–555. doi:10.1111/cns.12095
 Fachim, H. A., Mortari, M. R., Gobbo-Netto, L., and Dos Santos, W. F. (2015). Neuroprotective activity of parawixin 10, a compound isolated from Parawixia bistriata spider venom (Araneidae: araneae) in rats undergoing intrahippocampal NMDA microinjection. Pharmacogn. Mag. 11 (43), 579–585. doi:10.4103/0973-1296.160450
 Fahanik-Babaei, J., Sedighi, M., Mehrabi, S., Pournik, O., Sheikh Taheri, A., Kamalzadeh, L., et al. (2022). Preliminary report of Iranian Registry of Alzheimer's disease in Tehran province: a cross-sectional study in Iran. Health Sci. Rep. 5 (6), e952. doi:10.1002/hsr2.952
 Fontana, A. C. K., de Oliveira Beleboni, R., Wojewodzic, M. W., Dos Santos, W. F., Coutinho-Netto, J., Grutle, N. J., et al. (2007). Enhancing glutamate transport: mechanism of action of Parawixin1, a neuroprotective compound from Parawixia bistriata spider venom. Mol. Pharmacol. 72 (5), 1228–1237. doi:10.1124/mol.107.037127
 Fontana, A. C. K., Guizzo, R., de Oliveira Beleboni, R., e Silva, A. R. M., Coimbra, N. C., Amara, S. G., et al. (2003). Purification of a neuroprotective component of Parawixia bistriata spider venom that enhances glutamate uptake. Br. J. Pharmacol. 139 (7), 1297–1309. doi:10.1038/sj.bjp.0705352
 Gilmour, G., Dix, S., Fellini, L., Gastambide, F., Plath, N., Steckler, T., et al. (2012). NMDA receptors, cognition and schizophrenia–testing the validity of the NMDA receptor hypofunction hypothesis. Neuropharmacol 62 (3), 1401–1412. doi:10.1016/j.neuropharm.2011.03.015
 Hainmueller, T., and Bartos, M. (2020). Dentate gyrus circuits for encoding, retrieval and discrimination of episodic memories. Nat. Rev. Neurosci. 21 (3), 153–168. doi:10.1038/s41583-019-0260-z
 Hayashi, Y. (2022). Molecular mechanism of hippocampal long-term potentiation–Towards multiscale understanding of learning and memory. Neurosci. Res. 175, 3–15. doi:10.1016/j.neures.2021.08.001
 Herzig, V., Wood, D. L., Newell, F., Chaumeil, P.-A., Kaas, Q., Binford, G. J., et al. (2010). ArachnoServer 2.0, an updated online resource for spider toxin sequences and structures. Nucleic Acids Res. 39 (Suppl. l_1), D653–D657. doi:10.1093/nar/gkq1058
 Hosseini-Sharifabad, A., Mofid, M. R., Moradmand, M., and Keimasi, M. (2021). The effect of omega-lycotoxin on the cognitive impairment induced by kainic acid in rats. Iran. J. Toxicol. 15 (1), 49–56. doi:10.32598/ijt.15.1.740.1
 Hynd, M. R., Scott, H. L., and Dodd, P. R. (2004). Glutamate-mediated excitotoxicity and neurodegeneration in Alzheimer’s disease. Neurochem. Int. 45 (5), 583–595. doi:10.1016/j.neuint.2004.03.007
 Jarrard, L. E. (2002). Use of excitotoxins to lesion the hippocampus: update. Hippocampus 12 (3), 405–414. doi:10.1002/hipo.10054
 Ji, Z.-H., Xu, Z.-Q., Zhao, H., and Yu, X.-Y. (2017). Neuroprotective effect and mechanism of daucosterol palmitate in ameliorating learning and memory impairment in a rat model of Alzheimer’s disease. Steroids 119, 31–35. doi:10.1016/j.steroids.2017.01.003
 Keimasi, M., Salehifard, K., Hoseini, S. J., Esmaeili, F., Esfahani, N. M. J., Amirsadri, M., et al. (2023). Purified native protein extracted from the venom of Agelena orientalis attenuates memory defects in the rat model of glutamate-induced excitotoxicity. Protein J. 1-10. doi:10.1007/s10930-023-10140-6
 Keimasi, M., Salehifard, K., Keimasi, M., Amirsadri, M., Esfahani, N. M. J., Moradmand, M., et al. (2023a). Alleviation of cognitive deficits in a rat model of glutamate-induced excitotoxicity, using an N-type voltage-gated calcium channel ligand, extracted from Agelena labyrinthica crude venom. Front. Mol. Neurosci. 16, 1123343. doi:10.3389/fnmol.2023.1123343
 Keimasi, M., Salehifard, K., Keimasi, M., Amirsadri, M., Esfahani, N. M. J., Moradmand, M., et al. (2023b). Corrigendum: alleviation of cognitive deficits in a rat model of glutamate-induced excitotoxicity, using an N-type voltage-gated calcium channel ligand, extracted from Agelena labyrinthica crude venom. Front. Mol. Neurosci. 16, 1180964. doi:10.3389/fnmol.2023.1180964
 Keimasi, M., Salehifard, K., Shahidi, M., Esmaeili, F., Esfahani, N. M. J., Beheshti, S., et al. (2022). Ameliorative effects of omega-lycotoxin-Gsp2671e purified from the spider venom of Lycosa praegrandis on memory deficits of glutamate-induced excitotoxicity rat model. Front. Pharmacol. 13, 1048563. doi:10.3389/fphar.2022.1048563
 Kjonigsen, L. J., Leergaard, T. B., Witter, M. P., and Bjaalie, J. G. (2011). Digital atlas of anatomical subdivisions and boundaries of the rat hippocampal region. Front. Neuroinform. 5, 2. doi:10.3389/fninf.2011.00002
 Kumar, A., Singh, A., and Ekavali, (2015). A review on Alzheimer's disease pathophysiology and its management: an update. Pharmacol. Rep. 67 (2), 195–203. doi:10.1016/j.pharep.2014.09.004
 Lai, T. W., Zhang, S., and Wang, Y. T. (2014). Excitotoxicity and stroke: identifying novel targets for neuroprotection. Progr. Neurobiol. 115, 157–188. doi:10.1016/j.pneurobio.2013.11.006
 Langenegger, N., Nentwig, W., and Kuhn-Nentwig, L. (2019). Spider venom: components, modes of action, and novel strategies in transcriptomic and proteomic analyses. Toxins 11 (10), 611. doi:10.3390/toxins11100611
 Levenson, J. M., and Sweatt, J. D. (2005). Epigenetic mechanisms in memory formation. Nat. Rev.Neurosci. 6 (2), 108–118. doi:10.1038/nrn1604
 Lewis, R. J., and Garcia, M. L. (2003). Therapeutic potential of venom peptides. Nat. Rev. Drug Discov. 2 (10), 790–802. doi:10.1038/nrd1197
 Liberato, J. L., Godoy, L. D., Cunha, A. O. S., Mortari, M. R., de Oliveira Beleboni, R., Fontana, A. C., et al. (2018). Parawixin2 protects hippocampal cells in experimental temporal lobe epilepsy. Toxins 10 (12), 486. doi:10.3390/toxins10120486
 Liu, Y., Wang, S., Kan, J., Zhang, J., Zhou, L., Huang, Y., et al. (2020). Chinese herbal medicine interventions in neurological disorder therapeutics by regulating glutamate signaling. Curr. Neuropharmacol. 18 (4), 260–276. doi:10.2174/1570159X17666191101125530
 Liu, Z., Qian, W., Li, J., Zhang, Y., and Liang, S. (2009). Biochemical and pharmacological study of venom of the wolf spider Lycosa singoriensis. Venom. Anim. Toxins Incl. Trop. Dis. 15, 79–92. doi:10.1590/s1678-91992009000100008
 Loprinzi, P., Ponce, P., and Frith, E. (2018). Hypothesized mechanisms through which acute exercise influences episodic memory. Physiol. Int. 105 (4), 285–297. doi:10.1556/2060.105.2018.4.28
 Mehta, A., Prabhakar, M., Kumar, P., Deshmukh, R., and Sharma, P. (2013). Excitotoxicity: bridge to various triggers in neurodegenerative disorders. Eur. J. Pharmacol. 698 (1-3), 6–18. doi:10.1016/j.ejphar.2012.10.032
 Mochida, S. (2019). Presynaptic calcium channels. Int. J. M. Sci. 20 (9), 2217. doi:10.3390/ijms20092217
 Moradi, M., Solgi, R., Vazirianzadeh, B., Tanzadehpanah, H., and Saidijam, M. (2018). Scorpion venom and its components as new pharmaceutical approach to cancer treatment, a systematic review. Int. J. Pharm. Sci. Res. 9, 1000–1012. doi:10.13040/IJPSR.0975-8232.9(7).2604-15
 Morgado Bernal, I., and Segura Torres, P. (2022). Intracranial self-stimulation and memory in rats: a sistematic review. Psicothema 34, 446–453. doi:10.7334/psicothema2022.66
 Morland, C., and Nordengen, K. (2022). N-Acetyl-Aspartyl-Glutamate in brain health and disease. Int. J. M. Sci. 23 (3), 1268. doi:10.3390/ijms23031268
 Nandi, A., Counts, N., Chen, S., Seligman, B., Tortorice, D., Vigo, D., et al. (2022). Global and regional projections of the economic burden of Alzheimer's disease and related dementias from 2019 to 2050: a value of statistical life approach. EClinicalMedicine 51, 101580. doi:10.1016/j.eclinm.2022.101580
 Naseri, F., Sirati-Sabet, M., Sarlaki, F., Keimasi, M., Mokarram, P., Siri, M., et al. (2022). The effect of ghrelin on apoptosis, necroptosis and autophagy programmed cell death pathways in the hippocampal neurons of amyloid-β 1–42-induced rat model of alzheimer’s disease. Int. J. Pept. Res. Ther. 28 (5), 151. doi:10.1007/s10989-022-10457-3
 Nentwig, W., Blick, T., Gloor, D., Hänggi, A., and Kropf, C. (2017). Spiders of europe. Available at: https://araneae.nmbe.ch/ (Accessed March 19, 2023). 
 Nicoll, R. A. (2017). A brief history of long-term potentiation. Neuron 93 (2), 281–290. doi:10.1016/j.neuron.2016.12.015
 Nimmrich, V., and Gross, G. (2012). P/Q-type calcium channel modulators. Br. J. Pharmacol. 167 (4), 741–759. doi:10.1111/j.1476-5381.2012.02069.x
 Ong, W.-Y., Tanaka, K., Dawe, G. S., Ittner, L. M., and Farooqui, A. A. (2013). Slow excitotoxicity in Alzheimer's disease. J. Alzheimer. Dis. 35 (4), 643–668. doi:10.3233/JAD-121990
 Opitz, B. (2014). Memory function and the hippocampus. Hippocampus Clin. Neurosci. 34, 51–59. doi:10.1159/000356422
 Organization, W. H. (2021). Global status report on the public health response to dementia. 
 Paxinos, G., and Watson, C. (2006). The rat brain in stereotaxic coordinates sixth edition by. Acad. Press 170 (547612), 10–1016. 
 Pluzhnikov, K., Vassilevski, A., Korolkova, Y., Fisyunov, A., Iegorova, O., Krishtal, O., et al. (2007). omega-Lsp-IA, a novel modulator of P-type Ca2+ channels. Toxicon 50 (7), 993–1004. doi:10.1016/j.toxicon.2007.07.004
 Primini, E. O., Liberato, J. L., Fontana, A. C. K., and Dos Santos, W. F. (2019). Neuroprotective properties of RT10, a fraction isolated from Parawixia bistriata spider venom, against excitotoxicity injury in neuron-glia cultures. Venom. Anim. Toxins Incl. Trop. Dis. 25, e148818. doi:10.1590/1678-9199-JVATITD-1488-18
 Radahmadi, M., Salehifard, K., and Reisi, P. (2023). Invivo synaptic potency, short-term and long-term plasticity at the hippocampal Schaffer Collateral-CA1 Synapses: role of different light-dark cycles in male rats. Brain Res. 1817, 148514. doi:10.1016/j.brainres.2023.148514
 Rodrigues, M., Guizzo, R., dos Santos, W., and Cairasco, N. (2001). A comparative neuroethological study of limbic seizures induced by Parawixia bistriata venom and kainic acid injections in rats. Brain Res. Bull. 55 (1), 79–86. doi:10.1016/s0361-9230(01)00495-6
 Rodrigues, M. C. A., Guizzo, R., Gobbo-Neto, L., Ward, R. J., Lopes, N. P., and dos Santos, W. F. (2004). The biological activity in mammals and insects of the nucleosidic fraction from the spider Parawixia bistriata. Toxicon 43 (4), 375–383. doi:10.1016/j.toxicon.2004.01.009
 Salehifard, K., Radahmadi, M., and Reisi, P. (2023). The effect of photoperiodic stress on anxiety-like behaviors, learning, memory, locomotor activity and memory consolidation in rats. Physiol. Pharmacol. 27, 244–253. doi:10.61186/phypha.27.3.244
 Sarlaki, F., Shahsavari, Z., Goshadrou, F., Naseri, F., Keimasi, M., and Sirati-Sabet Dr, M. (2022). The effect of ghrelin on antioxidant status in the rat’s model of Alzheimer's disease induced by amyloid-beta. BioMedicine 12 (4), 44–54. doi:10.37796/2211-8039.1341
 Schurr, A. (2004). Neuroprotection against ischemic/hypoxic brain damage: blockers of ionotropic glutamate receptor and voltage sensitive calcium channels. Curr. Drug targets 5 (7), 603–618. doi:10.2174/1389450043345209
 Shafer, T. J., and Meyer, D. A. (2004). Effects of pyrethroids on voltage-sensitive calcium channels: a critical evaluation of strengths, weaknesses, data needs, and relationship to assessment of cumulative neurotoxicity. Toxicol. Appl. Pharmacol. 196 (2), 303–318. doi:10.1016/j.taap.2003.12.013
 Sousa, S. R., Vetter, I., and Lewis, R. J. (2013). Venom peptides as a rich source of cav2. 2 channel blockers. Toxins 5 (2), 286–314. doi:10.3390/toxins5020286
 Stepan, J., Dine, J., and Eder, M. (2015). Functional optical probing of the hippocampal trisynaptic circuit in vitro: network dynamics, filter properties, and polysynaptic induction of CA1 LTP. Front. Neurosci. 9, 160. doi:10.3389/fnins.2015.00160
 Szydlowska, K., and Tymianski, M. (2010). Calcium, ischemia and excitotoxicity. Cell calcium 47 (2), 122–129. doi:10.1016/j.ceca.2010.01.003
 Vadakkan, K. I. (2019). A potential mechanism for first-person internal sensation of memory provides evidence for the relationship between learning and LTP induction. Behav. Brain Res. 360, 16–35. doi:10.1016/j.bbr.2018.11.038
 Valtorta, F., Pennuto, M., Bonanomi, D., and Benfenati, F. (2004). Synaptophysin: leading actor or walk-on role in synaptic vesicle exocytosis?Bioessays 26 (4), 445–453. doi:10.1002/bies.20012
 Verma, M., Lizama, B. N., and Chu, C. T. (2022). Excitotoxicity, calcium and mitochondria: a triad in synaptic neurodegeneration. Transl. Neurodegener. 11 (1), 3–14. doi:10.1186/s40035-021-00278-7
 Zamani, A., Mirshamsi, O., Marusik, Y. M., and Moradmand, M. (2021). The checklist of the spiders of Iran. Version 2020. Available at: http://www.spiders.ir (Accessed March 19, 2023). 
 Zhang, F.-X., Sun, Q.-J., Zheng, X.-Y., Lin, Y.-T., Shang, W., Wang, A.-H., et al. (2014). Abnormal expression of synaptophysin, SNAP-25, and synaptotagmin 1 in the hippocampus of kainic acid-exposed rats with behavioral deficits. Cell. Mol. Neurobiol. 34 (6), 813–824. doi:10.1007/s10571-014-0068-3
 Zott, B., and Konnerth, A. (2023). Impairments of glutamatergic synaptic transmission in Alzheimer’s disease. Seminars Cell & Dev. Biol. 139, 24–34. doi:10.1016/j.semcdb.2022.03.013
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Keimasi, Salehifard, Mirshah Jafar Esfahani, Esmaeili, Farghadani, Amirsadri, Keimasi, Noorbakhshnia, Moradmand and Mofid. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-10-1243976-g005.gif





OPS/images/fmolb-10-1243976-g006.gif
DG Hippocampal Area
Srapiophysin DAPL






OPS/images/fmolb-10-1243976-g003.gif
Control NMDA MDA p—





OPS/images/fmolb-10-1243976-g004.gif
ws_ | ws s

Control NMDA NMDA + PVGCCB





OPS/images/fmolb-10-1243976-g009.gif





OPS/images/fmolb-10-1243976-g007.gif
CA, Hippocampal Area

Symapiophysin






OPS/images/fmolb-10-1243976-g008.gif
A, Hippocampal Area
DT






OPS/xhtml/nav.xhtml
Contents

		Cover

		The synergic effects of presynaptic calcium channel antagonists purified from spiders on memory elimination of glutamate-induced excitotoxicity in the rat hippocampus trisynaptic circuit		Introduction

		Materials and methods		Chemicals, reagents, and buffers

		Spider collection, identification, and venom extraction

		Protein purification using gel-filtration chromatography

		Protein purification and separation with capillary electrophoresis

		Protein identification with mass spectrometry (HPLC-ESI-MS)

		Animals and experimental design

		Surgery and microinjection procedure

		Behavioral study

		Morris water maze task

		Electrophysiological studies

		Immunofluorescence staining

		Data analysis





		Results		Spider collection, identification, and venom extraction

		Protein purification with gel-filtration chromatography

		Protein purification with capillary electrophoresis (CE)

		Protein identification with mass spectrometry (HPLC-ESI-MS)

		Morris water maze

		Mossy fiber circuit LTP

		Schaffer collateral circuit LTP

		Localized SYN in two circuits





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Molecular Biosciences

The synergic effects of
presynaptic calcium channel
antagonists purified from
spiders on memory elimination
of glutamate-induced
excitotoxicity in the rat
hippocampus trisynaptic circuit





OPS/images/fmolb-10-1243976-g001.gif





OPS/images/fmolb-10-1243976-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





