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Abstract

:

Recent studies have highlighted that a novel class of neuroprotective peptide, known as cationic arginine-rich peptides (CARPs), have intrinsic neuroprotective properties and are particularly effective anti-excitotoxic agents. As such, the present study investigated the mechanisms underlying the anti-excitotoxic properties of CARPs, using poly-arginine-18 (R18; 18-mer of arginine) as a representative peptide. Cortical neuronal cultures subjected to glutamic acid excitotoxicity were used to assess the effects of R18 on ionotropic glutamate receptor (iGluR)-mediated intracellular calcium influx, and its ability to reduce neuronal injury from raised intracellular calcium levels after inhibition of endoplasmic reticulum calcium uptake by thapsigargin. The results indicate that R18 significantly reduces calcium influx by suppressing iGluR overactivation, and results in preservation of mitochondrial membrane potential (ΔΨm) and ATP production, and reduced ROS generation. R18 also protected cortical neurons against thapsigargin-induced neurotoxicity, which indicates that the peptide helps maintain neuronal survival when intracellular calcium levels are elevated. Taken together, these findings provide important insight into the mechanisms of action of R18, supporting its potential application as a neuroprotective therapeutic for acute and chronic neurological disorders.
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1. Introduction


Glutamate excitotoxicity is a critical neurodamaging event responsible for neuronal death in acute forms of brain injury, such as stroke, traumatic brain injury (TBI) and hypoxic-ischaemic encephalopathy (HIE), as well as chronic neurodegenerative disorders such as Alzheimer’s disease (AD) [1,2], Huntington’s disease (HD) [3,4], Parkinson’s disease (PD) [5,6], and amyotrophic lateral sclerosis (ALS) [7,8]. The excessive release of the excitatory neurotransmitter glutamate from pre-synaptic neurons can trigger the overactivation of ionotropic glutamate receptors (iGluRs), such as N-methyl-D-aspartate (NMDAR), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAR), and kainic acid (KAR) receptors [9]. The overactivation of iGluRs causes excessive neuronal calcium uptake and triggers a range of harmful intracellular biochemical cascades, culminating in cell death [9]. As such, the modulation of intracellular calcium concentrations and the preservation of intracellular organelles that store calcium, primarily the mitochondria, are critical neuroprotective targets against excitotoxic neuronal injury [10].



Mitochondria represent an important regulator of intracellular calcium levels, due to several direct and indirect mechanisms. For example, mitochondria can sequester calcium via the mitochondrial calcium uniporter (MCU), cause calcium release from internal stores (i.e., endoplasmic reticulum; ER), and supply ATP for plasma membrane calcium extrusion pumps [see reviews [11,12,13]. However, excessive intracellular calcium levels can cause a toxic influx of calcium into mitochondria, loss of the mitochondrial membrane potential (ΔΨm) across the inner mitochondrial membrane, and inhibition of the electron transport chain (ETC) and oxidative phosphorylation, leading to reduced ATP synthesis. In addition, uncoupling of the ETC leads to increased generation of reactive oxygen species (ROS), further contributing to mitochondrial dysfunction and the release of pro-apoptotic factors, such as cytochrome c and apoptosis-inducing factor (AIF), and ultimately the demise of the cell. While several key cell death pathways are involved in neuronal NMDA and non-NMDA receptor-mediated excitotoxicity, mitochondrial dysfunction is considered a critical event [12,13,14,15,16,17].



Recent studies in our laboratory have identified cationic arginine-rich peptides (CARPs), which include poly-arginine peptides, have intrinsic neuroprotective and cell-penetrating properties (reviewed in [18]). In particular, we have demonstrated that poly-arginine-18 (R18, 18-mer of arginine) is neuroprotective in in vitro neuronal excitotoxicity models and in in vivo rodent and non-human primate models of stroke [19,20,21,22,23,24], as well as rodent models of HIE [25,26] and TBI [27,28]. Given the neuroprotective properties of R18, it is imperative that the molecular pathways that underlie its neuroprotective action are fully elucidated in order to gauge its therapeutic potential. We have previously demonstrated that R18 can reduce glutamic acid-induced excitotoxic neuronal death and intracellular calcium influx, and that the poly-arginine-12 peptide (R12) reduces cell surface neuronal NMDA receptor levels [29]. Because of their cell-penetrating properties, CARPs have additional intracellular mechanisms of action, including beneficial effects on mitochondrial function and structural integrity [30]. However, these have not been fully investigated.



In this study, we aimed to confirm that the anti-excitotoxic properties of the R18 peptide were also associated with the preservation of mitochondrial function in cortical neurons. We explored the ability of R18 to attenuate excessive calcium influx and excitotoxic neuronal death induced by a variety of ionotropic glutamate receptor agonists, namely glutamate, NMDA, KA, and AMPA. Given that mitochondria are a critical modulator of intracellular calcium levels during neuronal excitotoxicity and are responsible for a significant share of the ensuing oxidative stress and energy collapse, we examined whether R18 could preserve mitochondrial bioenergetics, in particular via the maintenance of the mitochondrial membrane potential (ΔΨm) and ATP production, and through limiting ROS generation. Lastly, we investigated whether R18 could prevent neurotoxicity following thapsigargin-mediated inhibition of ER calcium uptake, representing a receptor-independent mechanism for raising intracellular calcium levels.




2. Results


2.1. R18 is Neuroprotective against Different Ionotropic Glutamate Receptor Agonists


Since L-glutamic acid can activate NMDA, AMPA and KA ionotropic receptors, the involvement of each glutamate receptor agonist in excitotoxicity and the potential capacity of R18 to reduce toxicity was examined. Dose–response studies revealed that cortical neurons were most sensitive to NMDA, followed by KA and AMPA receptor overstimulation (Figure 1). Based on CellTiter 96® AQueous Non-Radioactive Cell Proliferation MTS assay (MTS) and CytoTox 96® Non-Radioactive Cytotoxicity LDH release (LDH) assays, exposure of cortical neurons to NMDA at concentrations of ≥100 µM resulted in > 90% cell death (p < 0.0001). In contrast, exposure of cortical neurons to KA and AMPA at 200 µM (highest concentration examined) resulted in approximately 30% (p < 0.0001) and 20% (p < 0.0001) cell death, respectively.



Dose–response efficacy studies with R18 (1, 2 and 5 µM) following exposure of cortical neurons to different glutamate receptor agonists revealed that the peptide significantly reduced neuronal cell death (p < 0.0001) following exposure to glutamic acid, NMDA and KA (Figure 2A–C). R18 provided almost complete protection at the 1 and/or 2 µM concentrations following exposure to glutamic acid and NMDA, and at the 5 µM concentration following exposure to KA. The exposure of cortical neurons to AMPA (100 µM) did not result in a significant level of neuronal death (p = 0.7622) (Figure 2D), and therefore the efficacy of R18 to reduce injury could not be determined.




2.2. R18 Attenuates Excitotoxic Calcium Influx Stimulated by Ionotropic Glutamate Receptor Agonists


An initial study examined neuronal intracellular calcium influx after exposure to the different iGluR agonists at the 100 µM concentration with use of Fura-2 AM to measure rapid intracellular Ca2+ transients. The ratiometric dye can be excited at 340 and 380 nm, representing bound and unbound Fura-2 AM dye, and measured at 540 nm to determine the proportion of total calcium that is intracellularly localised (i.e., influx). Glutamic acid elicited the greatest fold increase in intracellular calcium (~2.2-fold), followed by KA (~2-fold), NMDA (~1.5-fold) and AMPA (~1.3-fold) (Figure 3A). To examine whether R18 neuroprotection against excitotoxicity is associated with attenuated intracellular calcium influx, calcium kinetics studies in neuronal cultures were performed using the peptide at the 2 and 5 μM concentrations and iGluR agonists at the 100 µM concentration.



Glutamic acid: R18 at 5 µM completely attenuated intracellular calcium influx. In contrast, R18 at 2 µM only had a slight effect in reducing intracellular calcium influx. Treatment with glutamate receptor inhibitors, MK801/CNQX (10 µM/10 μM), resulted in an initial slight reduction in calcium influx. However, the levels of intracellular calcium decreased to untreated control levels by 3 min after glutamic acid addition (Figure 3B).



NMDA: R18 at 2 and 5 µM and MK801 (10 µM) completely attenuated intracellular calcium influx (Figure 3C).



KA: R18 at 2 and 5 µM attenuated intracellular calcium influx equal to or slightly above baseline levels (Figure 3D). Interestingly, the AMPA/KA receptor antagonist, CNQX (10 μM), did not appear to attenuate intracellular calcium influx.



AMPA: R18 at 5 µM completely attenuated intracellular calcium influx. In contrast, R18 at 2 µM and CNQX (10 μM) only had a slight effect in reducing intracellular calcium influx (Figure 3E). Interestingly, the AMPAR inhibitor, CNQX, did not appear to prevent AMPAR-induced calcium influx.




2.3. R18 Preserves Mitochondrial Bioenergetics after Glutamic Acid Exposure


A central mechanism in excitotoxic neuronal death is mitochondrial calcium overload and dysfunction [31,32]. Therefore, we examined whether R18 exerted any additional abilities to preserve neuronal mitochondrial bioenergetics by measuring mitochondrial membrane potential (∆Ψm), and ATP and ROS levels in neurons treated with R18 alone and exposed to glutamic acid. R18 treatment at 2 and 5 μM did not cause any adverse effects on ∆Ψm, ATP and ROS levels in neurons not exposed to glutamic acid (Figure 4A,C,E). As expected, exposure of neurons to glutamic acid significantly decreased ∆Ψm and ATP levels (p < 0.0001), and increased ROS levels (p < 0.0001). In neurons exposed to glutamic acid, R18 treatment at 2 and 5 μM significantly preserved ∆Ψm (p = 0.0014; p = 0.0003) and ATP levels (p < 0.0001) and reduced ROS levels (p = 0.0021; p = 0.0002) (Figure 4B,D,F).




2.4. R18 Provides Neuroprotection against Thapsigargin-Induced Injury


Inhibition of the sarco/endoplasmic reticulum calcium ATPase (SERCA) pump causes the gradual increase in cytosolic calcium due to the inability of the ER to sequester calcium, which eventually results in neuronal death [33,34], independent of iGluR-mediated calcium influx. Exposure of cortical neurons to thapsigargin for 24 h resulted in a concentration dependent reduction in cell viability and cell death (Figure 5A,B). Based on MTS and LDH release assays, thapsigargin at the 25 µM (p < 0.0001) and 50 μM (p < 0.0001) was highly toxic, causing greater than 70% neuronal death. In contrast, lower doses of thapsigargin (1, 5 and 10 μM) resulted in modest toxicity causing between 10–20% cell death. Treatment of neurons with R18 at 2 µM (p = 0.0467) and 5 µM (p = 0.001) significantly reduced neuronal death following exposure to thapsigargin (10 µM) (Figure 5D). Interestingly, based on LDH release, R18 at 5 µM completely inhibited cell death, whereas MTS metabolism in the same neuronal cultures was significantly reduced (p = 0.001), but above the thapsigargin treated control (Figure 5C). This indicates that while R18 was able to preserve neuronal viability, the continued exposure of neurons to thapsigargin and ER stress affected the ability of the neurons to metabolise the MTS substrate.





3. Discussion


3.1. Protective Effects of R18 against iGluR agonist Induced Excitotoxicity


In the present study, we further characterised the anti-excitotoxic actions of the poly-arginine-18 (R18) peptide in primary cortical neuronal cultures. In doing so, it was established that R18 provides neuroprotection against iGluR-mediated excitotoxicity induced by NMDA and KA receptor overstimulation, which is in line with a previous study in our laboratory examining the anti-excitotoxic actions of the D-enantiomer R9 poly-arginine peptide (R9D) [35]. In addition, we have shown that R18 reduces NMDA-, KA- and AMPA-induced neuronal intracellular calcium influx, which confirms the broad-acting capacity of the peptide to antagonize NMDA, KA and AMPA receptor activation, thereby limiting excitotoxic intracellular calcium entry. Interestingly, the competitive AMPAR/KAR inhibitor, CNQX, did not prevent AMPA- or KA-induced neuronal intracellular calcium influx. At present, the reason for this result is not known, and therefore future studies should examine AMAP- and KA-mediated neuronal calcium influx with CNQX alongside other AMPAR and KAR antagonists, such as perampanel and LY382884. Nonetheless, these findings are supported by an earlier study which demonstrated that short arginine-rich peptides (2–6-mers) can inhibit NMDA and AMPA evoked ionic currents and antagonize the vanilloid receptor 1 (VR1/TRPM1) in Xenopus oocytes expressing NMDA, AMPA, and VR1 receptors, respectively [36,37].



It is of interest that the efficacy of R18 in maintaining neuronal viability at 2 and 5 µM differed with the different ionotropic glutamate receptor agonists (Figure 2). For example, R18 at 5 µM appeared less effective than at 2 µM at inhibiting glutamic acid- and NMDA-mediated excitotoxicity, while following kainic acid exposure R18 followed a dose–response effect. The reduced efficacy of R18 at the higher 5 µM concentration has been observed previously following glutamic acid excitotoxicity and viability assessment using the MTS assay [35], and is likely due to the peptide exerting an adverse effect on neuronal metabolism, rather than cell death, as LDH release levels were not elevated in the 5 µM treatment group compared to the 2 µM treatment group. One explanation is that pre-treatment of neuronal cultures with R18 at high concentrations causes elevated intracellular levels of the peptide, which when combined with NMDA receptor activation adversely affects mitochondrial function, as CARPs are known to target this organelle. Alternatively, R18 may be causing an excessive and prolonged inhibition or downregulation of neuronal surface receptors such as NMDARs or neurotrophic receptors that are important for maintaining neuronal biochemical function.



A potential mechanism whereby R18 has the capacity to antagonize the function of neuronal cell surface ion channel receptors is by inducing the endocytic internalisation of the receptors and thereby reducing excitotoxic calcium influx [18]. For example, we have previously demonstrated that in cultured cortical neurons the poly-arginine-12 (R12) peptide reduces neuronal cell surface levels of the NMDA receptor subunit protein, NR2B [29]. In addition, other CARPs have also been demonstrated to reduce neuronal cell surface expression of NMDA receptors and of other ion channel receptors including TRPV1, NCX, CaV2.2, CaV3.3 [38,39,40,41,42,43,44]. Whether R18 and other CARPs also reduce neuronal cell surface levels of AMPA and KA receptors will require further investigation. However, it is noteworthy that the arginine-rich cell-penetrating peptides R9, TAT, and penetratin induce internalisation of tumor necrosis factor and epidermal growth factor receptors in HeLa cells [43]. An alternative, but not mutually exclusive mechanism whereby R18 may antagonize ion channel receptor activity, is through electrostatic interactions with negatively charged amino acids located in or near the entrance to the pore of the receptor. For example, positively charged guanidino moieties, which are present in arginine residues and related molecules, such as agmatine, are capable of interacting with and affecting the function of NMDA receptors and voltage-gated calcium channels [45,46]. Therefore, further studies are required to determine the capacity of R18 to reduce neuronal surface levels of iGluRs and other ion channel receptors, and to inhibit receptor function directly by an electrostatic mechanism.




3.2. Protective Effects of R18 on Mitochondrial Function


Another important finding of this study is that R18 has the capacity to reduce glutamate excitotoxicity induced mitochondrial dysfunction by maintaining Δψm and ATP production, and to reduce ROS generation. Previous studies have shown that CARPs are able to preserve mitochondrial function and integrity through both direct and indirect means. For example, the positively charged arginine residue containing Szeto–Schiller (SS) tetramers (e.g., SS-20, SS-31; net charge + 3) have been shown to enter mitochondria and can prevent release of cytochrome c from the mitochondrial intermembrane space, maintain mitochondrial bioenergetics, and reduce ROS production [47,48,49,50]. In addition, in isolated mitochondrial preparations, poly-arginine-4 (R4; net charge + 4) has been shown to prevent opening of the mitochondrial permeability pore (mPTP) induced by high calcium concentrations, which represents a critical mitochondrial-regulated signal for irreversible cell death [28]. Moreover, the ability to prevent mPTP opening is charge-dependent and therefore it is likely that longer poly-arginine peptides (e.g., R18; net charge + 18) are also able to target and inhibit mPTP opening. In addition, CARPs have exhibited innate antioxidant properties [18], due at least in part to the presence of arginine residues, which may contribute to their ability to attenuate the damaging effects of ROS production associated with excitotoxicity. For example, the ROS-scavenging abilities of arginine and other guanidinium-containing compounds, including guanidine, aminoguanidine, methylguanidine and creatine, have been demonstrated with superoxide hydrogen peroxide and peroxynitrite, and neurotoxic reactive aldehyde lipid peroxidation by-products, such as 4-hydroxynonenal and malondialdehyde [51,52,53,54,55,56,57]. However, further studies are required to determine whether the protective effects of R18 are mediated directly as a result of localisation of the peptide to mitochondria, and/or through an indirect mechanism.




3.3. Protective Effects of R18 against Thapsigargin Neurotoxicity


While we have confirmed that R18 has potent neuroprotective actions in glutamate receptor-mediated excitotoxicity, our findings indicate that it also has the capacity to reduce neurotoxicity and prevent neuronal cell death in a thapsigargin neuronal injury model in which intracellular calcium levels are raised independent of glutamate receptor-mediated calcium influx [34]. Although the exact mechanism whereby R18 protects neurons from thapsigargin-induced neuronal death is yet to be elucidated, it is possible that the peptide helps to maintain mitochondrial integrity following exposure to elevated intracellular calcium concentrations. To this end, it appears that while R18 was highly neuroprotective at the 2 µM concentration in the excitotoxicity injury models, this concentration of the peptide in the calcium kinetic studies did not always result in high-level inhibition of intracellular calcium influx, suggesting that there were additional factors (i.e., mitochondrial preservation) that contributed to this overall neuroprotective benefit.




3.4. Potential Future Clinical Application of R18


R18 represents a potential broad-acting neuroprotective agent for the treatment of both acute and chronic neurological disorders. In acute clinical settings such as stroke and traumatic brain injury, ideally R18 should be administered intravenously to provide fast delivery to the brain. In chronic clinical settings such as Parkinson’s disease and Alzheimer’s disease, the peptide could be delivered as a nasal spray, or alternatively the d-enantiomer version of R18, which is likely to be resistant to proteolytic degradation could be administered orally, as has been proposed for RD2, a d-isomer CARP being developed for Alzheimer’s disease [58].





4. Materials and Methods


4.1. Peptides


Poly-arginine-18 (R18; H-RRRRRRRRRRRRRRRRRR-OH) peptide was synthesized by Mimotopes (Mulgrave, VIC, Australia) and purified to 98% by high-performance liquid chromatography. Peptides were prepared as 500 µM stocks in water for irrigation (Baxter, NSW, Australia) and stored at −20 °C prior to use.




4.2. Primary Cortical Neuronal Cultures


Briefly, cortical neuronal tissue was extracted from E18 Sprague–Dawley rat embryos, dissociated, resuspended in Neurobasal/2% B27 supplement (B27) and seeded at approximately 55,000 cells/well into clear (Nunc, Scoresby, VIC, Australia) or black (Costar) 96-well plates, pre-coated with poly-lysine (Sigma-Aldrich, Castle Hill, NSW, Australi). Plates were maintained in a CO2 incubator (37 °C, 95% air balance, 98% humidity, 5% CO2) until use on day in vitro 10, cultures routinely comprise > 97% neurons and 1–3% astrocytes. Approval for the use of E18 Sprague–Dawley rat embryos for isolation of cortical tissue was obtained by the University of Western Australia Animal Ethics Committee (RA/3/100/1432).




4.3. iGluR agonist Excitotoxicity Model


Neuronal excitotoxic iGluR activation was achieved by treating cortical neurons with iGluR agonist glutamic acid (l-glutamic acid; Sigma-Aldrich, #PHR1107), N-methyl-D-aspartate (NMDA; Sigma-Aldrich, #M3262), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA; Sigma-Aldrich, #A6816), or kainic acid (KA; Sigma-Aldrich, #K2389). Preparation of primary cortical neuronal cultures was conducted as previously described [59]. R18 was added to cortical neuronal cultures 10 min prior to exposure to individual iGluR agonists by removing the medium and adding 50 µL of Minimal Essential Medium (MEM)/2% B27 containing peptide (2 µM). To induce excitotoxicity, 50 µL of MEM/2% B27 containing the agonist (200 µM; final concentration 100 µM) was added to the culture wells and incubated in a CO2 incubator for 5 min (note: peptide concentration reduced to 1 µM during this step). Following the 5 min exposure, the medium was replaced with 100 µL of MEM/2% B27 and cultures were incubated for a further 24 h in a CO2 incubator. Untreated controls with or without receptor agonist treatment underwent the same incubation steps and medium additions.




4.4. Thapsigargin Intracellular Calcium Injury Model


To induce raised intracellular calcium levels in neurons in a receptor-independent manner, the irreversible SERCA pump inhibitor, thapsigargin (Sigma-Aldrich, #T9033), was used. Briefly, R18 was added to cortical neuronal by removing media, adding 50 µL of MEM/2% B27 containing peptide (2 µM) before incubating for 10 min incubation in a CO2 incubator. After the 10 min incubation 50 µL of MEM/2% B27 containing thapsigargin (prepared as 2x stock; 10 µM final concentration) was added to the wells and cultures incubated in a CO2 incubator for 24 h. Untreated controls with or without thapsigargin treatment underwent the same incubation steps and medium additions.




4.5. MTS Cellular Viability and LDH Cytotoxicity Assays


At 24 h post-injury, cell viability was assessed quantitatively using the CellTiter 96 Aqueous Cell Proliferation MTS assay (Promega, Hawthorn, VIC, Australia; #G3582) and the CytoTox 96® Non-Radioactive Cytotoxicity LDH release assay (Promega, #G1780) as per the manufacturer’s instructions. The MTS assay determines cell viability by assessing the metabolic capacity of cells to reduce a tetrazolium salt (MTS), which is measured spectrophotometrically at 490 nm.



The LDH release assay measures lactate dehydrogenase activity (LDH) released from dead cells in an enzymatic reaction involving the conversion of a tetrazolium salt (INT) into a red formazan product that is measured spectrophotometrically at 490 nm. Cell death was presented as fold change of the untreated control, after removal of background signal.




4.6. Intracellular Calcium Kinetics


Measurement of iGluR-induced intracellular calcium influx [Ca2+]i was performed using the fluorogenic Fura-2 AM dye, as previously described [30]. Briefly, cortical neuronal cultures were loaded with the Fura-2 AM dye (5 µM in 50 µL MEM/2% B27 per well) and incubated at 37 °C for 30 min in the dark. R18 (2 and 5 µM) or iGluR antagonists, MK801 (Sigma-Aldrich, #M107) and CNQX (Sigma-Aldrich, #C127), were applied for 10 min in MEM/2% B27. The cells were rinsed with 100 µL of Hank’s Balanced Salt Solution (HBSS, pH 7; Life Technologies, Mulgrave, VIC, Australia), and baseline intracellular Fura-2 AM calcium measurements recorded (Em/Ex = 340 nm and 380 nm/510 nm) for 3 min. Cells were then exposed to the individual iGluR agonists, glutamic acid, NMDA, AMPA, or KA (100 µM final concentrations in HBSS) and Fura-2 AM calcium measurements recorded for a further 10 min. Untreated control wells received the same medium additions, without peptide treatment or iGluR agonists. Background signal (no Fura-2 AM dye) was subtracted for each wavelength at each timepoint, and data were adjusted to reflect the ΔF ratio (340/380 nm), relative to untreated control wells.




4.7. ATP Measurement in Cortical Neuronal Cultures


ATP levels in neuronal cultures were measured 24 h after exposure to glutamic acid using the Luminescent ATP Detection Assay Kit (Abcam, Cambridge, MA, USA, #ab113849) according to the manufacturer’s protocol. Cortical neurons seeded in black 96-well plates were treated with R18 (2 and 5 µM) by removing the medium in wells and adding 50 µL of MEM/2% B27 containing peptide before incubating in a CO2 incubator for 10 min. Fifty microliters of the proprietary cell lysis buffer was added, and the plate was incubated for a further 5 min on an orbital shaker (700 rpm), before the addition of 50 µL of substrate to wells and a further 5 min incubation on the orbital shaker. Plates were subsequently measured on a microplate luminometer (Cytation5, BioTek, Winooski, VT, USA). ATP values represent percentage change compared with untreated controls (taken as 100%) after subtraction of background values from each treatment (the medium only). Experiments were performed in triplicate.




4.8. Reactive Oxidative Species (ROS) Detection


ROS levels in neuronal cultures were measured 24 h after exposure to glutamic acid using the 2′,7′-dichlorofluorescin diacetate (DCFDA/H2DCFDA) fluorescent probe (Abcam, #ab113851), which is a cell-permeable dye that is cleaved by cellular esterases and subsequently oxidized by intracellular ROS, including hydroxyl and peroxyl species. Oxidized DCFDA forms the fluorescent dichlorofluorescein (DCF) compound that is detected by fluorescent spectroscopy (Ex/Em = 495 nm/529 nm). Fluorescent DCF values represent the percentage change compared with untreated control (taken as 100%) after subtraction of background signal (the medium only). Experiments were performed in triplicate.




4.9. Mitochondrial Membrane Potential (ΔΨm)


Mitochondrial membrane potential (ΔΨm) was assessed in neuronal cultures immediately after glutamic acid exposure using the TMRE-Mitochondrial Membrane Potential Assay Kit (Abcam, #ab113852). Tetramethylrhodamine ethyl ester (TMRE) is a cell-permeable dye that accumulates in active mitochondria resulting in an increase fluorescent intensity, which can be measured fluorometrically. Briefly, after the removal of the medium in wells containing glutamic acid, 50 µL of MEM/2% B27 containing TMRE (1 µM) was added to neuronal cultures and incubated in a CO2 incubator for 20 min. Cells were washed with 100 µL of HBSS, and TRME fluorescence measured using the Cytation5 plate reader (Ex/Em = 549 nm/575 nm). As a positive control, to disrupt the ΔΨm neuronal cultures were exposed to the electron transport chain (ETC) uncoupler, FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; 20 µM) for 10 min prior to TMRE fluorescence measurement. TMRE fluorescence values represented the percentage change in fluorescence relative to untreated control (taken as 100%) after subtraction of background measurements (the medium only).




4.10. Statistical Analysis


Statistical analysis was performed using Prism statistical software (Version 8.02, San Diego, CA, USA). For data relating to viability and biochemical assays, experimental group differences were analyzed using a one-way analysis of variance (ANOVA) and subsequent Dunnett post-hoc tests. Data are presented as the mean ± SEM, with p < 0.05 considered statistically significant. Experiments were repeated at least twice independently, with a minimum of eight biological replicates for cell viability and cell death assays, or a minimum of four biological replicates for biochemical assays.





5. Conclusions


Together, the findings of this study indicate that glutamate receptor modulation as well as preservation of mitochondrial bioenergetics represent key neuroprotective actions of poly-arginine peptides in glutamate excitotoxicity. Such findings therefore support the potential utility and further investigation of this group of peptides as neuroprotective agents for acute forms of brain injury such as ischaemic stroke and traumatic brain injury, as well as chronic neurodegenerative disorders, including ALS, AD and PD in which glutamate excitotoxicity [60], oxidative stress [61], and mitochondrial dysfunction [11] are considered to be key players in disease pathogenesis.




6. Patents


B.P. Meloni and N.W. Knuckey are named inventors of several patent applications (Provisional Patents: 2013904197; 30/10/2013 and 2014902319; 17/6/2014 and PCT/ AU2014/050326; 30/10/2104) regarding the use of arginine-rich peptides as neuroprotective agents.







Author Contributions


Conceptualization, G.M. and R.S.A.; methodology, R.S.A.; software, G.M.; formal analysis, G.M.; investigation, G.M. and R.S.A.; resources, R.S.A., N.W.K. and B.P.M.; data curation, G.M. and A.T.; writing—original draft preparation, G.M.; writing—review and editing, F.L.M., R.S.A., A.T., and B.P.M.; visualization, G.M.; supervision, R.S.A. and B.P.M.; project administration, R.S.A. and B.P.M.; funding acquisition, R.S.A. and B.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded in part by a University Postgraduate Award (UPA) from the University of Notre Dame, Australia. G. MacDougall also received funding support from a private donation from Helen Sewell (AM).




Acknowledgments


The authors would like to acknowledge the Ian Potter Foundation for funding of the Cytation5 equipment, which was utilized for data collection.




Conflicts of Interest


The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results. G. MacDougall, R. Anderton, B.P. Meloni and N.W. Knuckey are shareholders in Argenica Therapeutics, which is a company developing R18 as a stroke therapeutic. The other authors declare they have no conflict of interest.




References


	



Talantova, M.; Sanz-Blasco, S.; Zhang, X.; Xia, P.; Akhtar, M.W.; Okamoto, S.-I.; Dziewczapolski, G.; Nakamura, T.; Cao, G.; Pratt, A.E.; et al. Aβ induces astrocytic glutamate release, extrasynaptic NMDA receptor activation, and synaptic loss. Proc. Natl. Acad. Sci. USA 2013, 113, E2518–E2527. [Google Scholar] [CrossRef]

	



De Felice, F.G.; Velasco, P.T.; Lambert, M.P.; Viola, K.; Fernandez, S.J.; Ferreira, S.T.; Klein, W.L. Aβ oligomers induce neuronal oxidative stress through an N-methyl-D-aspartate receptor-dependent mechanism that is blocked by the Alzheimer drug memantine. J. Biol. Chem. 2007, 282, 11590–11601. [Google Scholar] [CrossRef]

	



Zeron, M.M.; Hansson, O.; Chen, N.; Wellington, C.L.; Leavitt, B.R.; Brundin, P.; Hayden, M.R.; Raymond, L.A. Increased sensitivity to N-methyl-D-aspartate receptor-mediated excitotoxicity in a mouse model of Huntington’s disease. Neuron 2002, 14, 849–860. [Google Scholar] [CrossRef]

	



Shehadeh, J.; Fernandes, H.B.; Zeron Mullins, M.M.; Graham, R.K.; Leavitt, B.R.; Hayden, M.R.; Raymond, L.A. Striatal neuronal apoptosis is preferentially enhanced by NMDA receptor activation in YAC transgenic mouse model of Huntington disease. Neurobiol. Dis. 2006, 21, 392–403. [Google Scholar] [CrossRef]

	



Helton, T.D.; Otsuka, T.; Lee, M.-C.; Mu, Y.; Ehlers, M.D. Pruning and loss of excitatory synapses by the parkin ubiquitin ligase. Proc. Natl. Acad. Sci. USA 2008, 105, 19492–19497. [Google Scholar] [CrossRef] [PubMed]

	



Zádori, D.; Klivényi, P.; Plangár, I.; Toldi, J.; Vécsei, L. Endogenous neuroprotection in chronic neurodegenerative disorders: With particular regard to the kynurenines. J. Cell. Mol. Med. 2011, 15, 701–717. [Google Scholar] [CrossRef] [PubMed]

	



Carriedo, S.G.; Yin, H.Z.; Weiss, J.H. Motor neurons are selectively vulnerable to AMPA/kainate receptor-mediated injury in vitro. J. Neurosci. 1996, 16, 4069–4079. [Google Scholar] [CrossRef]

	



Van Damme, P.; Van den Bosch, L.; Van Houtte, E.; Callewaert, G.; Robberecht, W. GluR2-dependent properties of AMPA receptors determine the selective vulnerability of motor neurons to excitotoxicity. J. Neurophysiol. 2002, 88, 1279–1287. [Google Scholar] [CrossRef] [PubMed]

	



Lau, A.; Tymianski, M. Glutamate receptors, neurotoxicity and neurodegeneration. Pflugers Arch. Eur. J. Physiol. 2010, 460, 525–542. [Google Scholar] [CrossRef]

	



Duncan, R.S.; Goad, D.L.; Grillo, M.A.; Kaja, S.; Payne, A.J.; Koulen, P. Control of intracellular calcium signaling as a neuroprotective strategy. Molecules 2010, 15, 1168–1195. [Google Scholar] [CrossRef]

	



MacDougall, G.; Anderton, R.S.; Mastaglia, F.L.; Knuckey, N.W.; Meloni, B.P. Mitochondria and neuroprotection in stroke: Cationic arginine-rich peptides (CARPs) as a novel class of mitochondria-targeted neuroprotective therapeutics. Neurobiol. Dis. 2018, 121, 17–33. [Google Scholar] [CrossRef]

	



Rizzuto, R.; De Stefani, D.; Raffaello, A.; Mammucari, C. Mitochondria as sensors and regulators of calcium signalling. Nat. Rev. Mol. Cell Biol. 2012, 13, 566–567. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, C.; Barrow, S.; Voronina, S.; Chvanov, M.; Petersen, O.H.; Tepikin, A. Modulation of calcium signalling by mitochondria. Biochim. Biophys. Acta-Bioenerg. 2009, 1787, 1374–1382. [Google Scholar] [CrossRef] [PubMed]

	



Bano, D.; Nicotera, P. Ca2+ signals and neuronal death in brain ischemia. Stroke 2007, 38, 674–676. [Google Scholar] [CrossRef]

	



Nikonenko, I.; Bancila, M.; Bloc, A.; Muller, D.; Bijlenga, P. Inhibition of T-type calcium channels protects neurons from delayed ischemia-induced damage. Mol. Pharmacol. 2005, 68, 84–89. [Google Scholar] [CrossRef]

	



Oliver, M.W.; Shacklock, J.A.; Kessler, M.; Lynch, G.; Baimbridge, K.G. The glycine site modulates NMDA-mediated changes of intracellular free calcium in cultures of hippocampal neurons. Neurosci. Lett. 1990, 114, 197–202. [Google Scholar] [CrossRef]

	



Hossmann, K.A. Pathophysiology and therapy of experimental stroke. Cell. Mol. Neurobiol. 2006, 26, 1057–1083. [Google Scholar] [CrossRef] [PubMed]

	



Meloni, B.; Mastaglia, F.; Knuckey, N. Cationic arginine-rich peptides (CARPs): A novel class of neuroprotective agents with a multimodal mechanism of action. Front. Neurol. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Meloni, B.P.; Milani, D.; Cross, J.L.; Clark, V.W.; Edwards, A.B.; Anderton, R.S.; Blacker, D.J.; Knuckey, N.W. Assessment of the neuroprotective effects of arginine-rich protamine peptides, poly-arginine peptides (R12-Cyclic, R22) and arginine–tryptophan-containing peptides following in vitro excitotoxicity and/or permanent middle cerebral artery occlusion in rats. NeuroMolecular Med. 2017, 19, 271–285. [Google Scholar] [CrossRef]

	



Milani, D.; Bakeberg, M.C.; Cross, J.L.; Clark, V.W.; Anderton, R.S.; Blacker, D.J.; Knuckey, N.W.; Meloni, B.P. Comparison of neuroprotective efficacy of poly-arginine R18 and R18D (D-enantiomer) peptides following permanent middle cerebral artery occlusion in the Wistar rat and in vitro toxicity studies. PLoS ONE 2018, 13, 1–20. [Google Scholar] [CrossRef]

	



Milani, D.; Cross, J.L.; Anderton, R.S.; Blacker, D.J.; Knuckey, N.W.; Meloni, B.P. Neuroprotective efficacy of poly-arginine R18 and NA-1 (TAT-NR2B9c) peptides following transient middle cerebral artery occlusion in the rat. Neurosci. Res. 2017, 114, 9–15. [Google Scholar] [CrossRef] [PubMed]

	



Milani, D.; Cross, J.L.; Anderton, R.S.; Blacker, D.J.; Knuckey, N.W.; Meloni, B.P. Delayed 2-h post-stroke administration of R18 and NA-1 (TAT-NR2B9c) peptides after permanent and/or transient middle cerebral artery occlusion in the rat. Brain Res. Bull. 2017, 135, 62–68. [Google Scholar] [CrossRef] [PubMed]

	



Milani, D.; Knuckey, N.W.; Anderton, R.S.; Cross, J.L.; Meloni, B.P. The R18 Polyarginine Peptide Is More Effective Than the TAT-NR2B9c (NA-1) Peptide when administered 60 min after permanent middle cerebral artery occlusion in the rat. Stroke Res. Treat. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Meloni, B.P.; Chen, Y.; Harrison, K.A.; Nashed, J.Y.; Blacker, D.J.; South, S.M.; Anderton, R.S.; Mastaglia, F.L.; Winterborn, A.; Knuckey, N.W.; et al. Poly-arginine peptide-18 (R18) reduces brain injury and improves functional outcomes in a non-human primate stroke model. Neurotherapeutics 2009, in press. [Google Scholar]

	



Edwards, A.; Feindel, K.; Cross, J.; Anderton, R.; Clark, V.; Knuckey, N.; Meloni, B. Neuroprotective efficacy of poly-arginine-18 (R18) peptides using an in vivo model of perinatal hypoxic ischaemic encephalopathy (HIE). J. Cereb. Blood Flow Metab. 2017, 37, 18–19. [Google Scholar]

	



Edwards, A.B.; Cross, J.L.; Anderton, R.S.; Knuckey, N.W.; Meloni, B.P. Poly-arginine R18 and R18D (D-enantiomer) peptides reduce infarct volume and improves behavioural outcomes following perinatal hypoxic-ischaemic encephalopathy in the P7 rat. Mol. Brain 2018. [Google Scholar] [CrossRef]

	



Chiu, L.S.; Anderton, R.S.; Cross, J.L.; Clark, V.W.; Edwards, A.B.; Knuckey, N.W.; Meloni, B.P. Assessment of R18, COG1410, and APP96-110 in excitotoxicity and traumatic brain injury. Transl. Neurosci. 2017, 8, 147–157. [Google Scholar] [CrossRef]

	



Chiu, L.S.; Anderton, R.S.; Cross, J.L.; Clark, V.W.; Knuckey, N.W.; Meloni, B.P. Poly-arginine peptide R18D reduces neuroinflammation and functional deficits following traumatic brain injury in the long-evans rat. Int. J. Pept. Res. Ther. 2019, 1–10. [Google Scholar] [CrossRef]

	



MacDougall, G.; Anderton, R.S.; Edwards, A.B.; Knuckey, N.W.; Meloni, B.P. The neuroprotective peptide poly-arginine-12 (R12) reduces cell surface levels of NMDA NR2B receptor subunit in cortical neurons; Investigation into the involvement of endocytic mechanisms. J. Mol. Neurosci. 2017, 61, 1–12. [Google Scholar] [CrossRef]

	



Rigobello, M.P.; Barzon, E.; Marin, O.; Bindoli, A. Effect of polycation peptides on mitochondrial permeability transition. Biochem. Biophys. Res. Commun. 1995, 280, 15579–15586. [Google Scholar] [CrossRef]

	



Nicholls, D. Mitochondrial dysfunction and glutamate excitotoxicity studied in primary neuronal cultures. Curr. Mol. Med. 2005, 4, 149–177. [Google Scholar] [CrossRef] [PubMed]

	



Starkov, A.A.; Chinopoulos, C.; Fiskum, G. Mitochondrial calcium and oxidative stress as mediators of ischemic brain injury. Cell Calcium 2004, 36, 257–264. [Google Scholar] [CrossRef] [PubMed]

	



Lytton, J.; Westlin, M.; Hanley, M.R. Thapsigargin inhibits the sarcoplasmic or endoplasmic reticulum Ca-ATPase family of calcium pumps. J. Biol. Chem. 1991, 266, 17067–17071. [Google Scholar] [PubMed]

	



Sehgal, P.; Szalai, P.; Olesen, C.; Praetorius, H.A.; Nissen, P.; Christensen, S.B.; Engedal, N.; Møller, J.V. Inhibition of the sarco/endoplasmic reticulum (ER) Ca2+-ATPase by thapsigargin analogs induces cell death via ER Ca2+ depletion and the unfolded protein response. J. Biol. Chem. 2017, 292, 19656–19673. [Google Scholar] [CrossRef] [PubMed]

	



Meloni, B.P.; Brookes, L.M.; Clark, V.W.; Cross, J.L.; Edwards, A.B.; Anderton, R.S.; Hopkins, R.M.; Hoffmann, K.; Knuckey, N.W. Poly-arginine and arginine-rich peptides are neuroprotective in stroke models. J. Cereb. Blood Flow Metab. 2015, 35, 993–1004. [Google Scholar] [CrossRef]

	



Ferrer-Montiel, A.V.; Merino, J.M.; Blondelle, S.E.; Perez-Payà, E.; Houghten, R.A.; Montal, M. Selected peptides targeted to the NMDA receptor channel protect neurons from excitotoxic death. Nat. Biotechnol. 1998, 16, 286–291. [Google Scholar] [CrossRef]

	



Planells-Cases, R.; Aracil, A.; Merino, J.M.; Gallar, J.; Pérez-Payá, E.; Belmonte, C.; González-Ros, J.M.; Ferrer-Montiel, A.V. Arginine-rich peptides are blockers of VR-1 channels with analgesic activity. FEBS Lett. 2000, 481, 131–136. [Google Scholar] [CrossRef]

	



Davoli, E.; Sclip, A.; Cecchi, M.; Cimini, S.; Carrà, A.; Salmona, M.; Borsello, T. Determination of tissue levels of a neuroprotectant drug: The cell permeable JNK inhibitor peptide. J. Pharmacol. Toxicol. Methods 2014, 70, 55–61. [Google Scholar] [CrossRef]

	



Brittain, J.M.; Chen, L.; Wilson, S.M.; Brustovetsky, T.; Gao, X.; Ashpole, N.M.; Molosh, A.I.; You, H.; Hudmon, A.; Shekhar, A.; et al. Neuroprotection against traumatic brain Injury by a peptide derived from the Collapsin Response Mediator Protein 2 (CRMP2). J. Biol. Chem. 2011, 286, 37778–37792. [Google Scholar] [CrossRef]

	



Cook, D.R.; Gleichman, A.J.; Cross, S.A.; Doshi, S.; Ho, W.; Jordan-Sciutto, K.L.; Lynch, D.R.; Kolson, D.L. NMDA receptor modulation by the neuropeptide apelin: Implications for excitotoxic injury. J. Neurochem. 2011, 118, 1113–1123. [Google Scholar] [CrossRef]

	



François-Moutal, L.; Wang, Y.; Moutal, A.; Cottier, K.E.; Melemedjian, O.K.; Yang, X.; Wang, Y.; Ju, W.; Largent-Milnes, T.M.; Khanna, M.; et al. A membrane-delimited N-myristoylated CRMP2 peptide aptamer inhibits CaV2.2 trafficking and reverses inflammatory and postoperative pain behaviors. Pain 2015, 156, 1247–1264. [Google Scholar] [CrossRef] [PubMed]

	



Herce, H.D.; Garcia, A.E.; Cardoso, M.C. Fundamental molecular mechanism for the cellular uptake of guanidinium-rich molecules. J. Am. Chem. Soc. 2014, 136. [Google Scholar] [CrossRef] [PubMed]

	



Fotin-Mleczek, M. Cationic cell-penetrating peptides interfere with TNF signalling by induction of TNF receptor internalization. J. Cell Sci. 2005, 118, 3339–3351. [Google Scholar] [CrossRef] [PubMed]

	



Weng, X.C.; Gai, X.D.; Zheng, J.Q.; Li, J. Agmatine blocked voltage-gated calcium channel in cultured rat hippocampal neurons. Acta Pharmacol. Sin. 2003, 25, 281–285. [Google Scholar]

	



Keana, J.F.W.; McBurney, R.N.; Scherz, M.W.; Fischer, J.B.; Hamilton, P.N.; Smith, S.M.; Server, A.C.; Finkbeiner, S.; Stevens, C.F.; Jahr, C.; et al. Synthesis and characterization of a series of diarylguanidines that are noncompetitive N-methyl-D-aspartate receptor antagonists with neuroprotective properties. Proc. Natl. Acad. Sci. USA 1989, 86, 5631–5635. [Google Scholar] [CrossRef]

	



Cerrato, C.P.; Pirisinu, M.; Vlachos, E.N.; Langel, Ü. Novel cell-penetrating peptide targeting mitochondria. FASEB J. 2015, 29, 4589–4599. [Google Scholar] [CrossRef]

	



Birk, A.V.; Liu, S.; Soong, Y.; Mills, W.; Singh, P.; Warren, J.D.; Seshan, S.V.; Pardee, J.D.; Szeto, H.H. The mitochondrial-targeted compound SS-31 re-energizes ischemic mitochondria by interacting with cardiolipin. J. Am. Soc. Nephrol. 2013, 24, 1250–1261. [Google Scholar] [CrossRef]

	



Birk, A.V.; Chao, W.M.; Liu, S.; Soong, Y.; Szeto, H.H. Disruption of cytochrome c heme coordination is responsible for mitochondrial injury during ischemia. Biochim. Biophys. Acta 2015, 1847, 1075–1084. [Google Scholar] [CrossRef]

	



Szeto, H.H. Mitochondria-targeted cytoprotective peptides for ischemia-reperfusion injury. Antioxidants Redox Signal. 2008, 10, 601–619. [Google Scholar] [CrossRef]

	



Szeto, H.H.; Liu, S.; Soong, Y.; Wu, D.; Darrah, S.F.; Cheng, F.-Y.; Zhao, Z.; Ganger, M.; Tow, C.Y.; Seshan, S.V. Mitochondria-targeted peptide accelerates ATP recovery and reduces ischemic kidney injury. J. Am. Soc. Nephrol. 2011, 22, 1041–1052. [Google Scholar] [CrossRef]

	



Aluganti Narasimhulu, C.; Selvarajan, K.; Brown, M.; Parthasarathy, S. Cationic peptides neutralize Ox-LDL, prevent its uptake by macrophages, and attenuate inflammatory response. Atherosclerosis 2014, 236, 133–141. [Google Scholar] [CrossRef]

	



Yildiz, G.; Demiryürek, A.T.; Sahin-Erdemli, I.; Kanzik, I. Comparison of antioxidant activities of aminoguanidine, methylguanidine and guanidine by luminol-enhanced chemiluminescence. Br. J. Pharmacol. 1998, 124, 905–910. [Google Scholar] [CrossRef]

	



Wascher, T.C.; Posch, K.; Wallner, S.; Hermetter, A.; Kostner, G.M.; Graier, W.F. Vascular effects of L-arginine: Anything beyond a substrate for the NO-synthase? Biochem. Biophys. Res. Commun. 1997, 234, 35–38. [Google Scholar] [CrossRef]

	



Lass, A.; Suessenbacher, A.; Wölkart, G.; Mayer, B.; Brunner, F. Functional and analytical evidence for scavenging of oxygen radicals by L-arginine. Mol. Pharmacol. 2002, 61, 1081–1088. [Google Scholar] [CrossRef]

	



Giardino, I.; Fard, A.K.; Hatchell, D.L.; Brownlee, M. Aminoguanidine inhibits reactive oxygen species formation, lipid peroxidation, and oxidant-induced apoptosis. Diabetes 1998, 47, 1114–1120. [Google Scholar] [CrossRef]

	



Lawler, J.M.; Barnes, W.S.; Wu, G.; Song, W.; Demaree, S. Direct antioxidant properties of creatine. Biochem. Biophys. Res. Commun. 2002, 290, 47–52. [Google Scholar] [CrossRef]

	



Courderot-Masuyer, C.; Dalloz, F.; Maupoil, V.; Rochette, L. Antioxidant properties of aminoguanidine. Fundam. Clin. Pharmacol. 1999, 13, 535–540. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Gering, I.; Kutzsche, J.; Nagel-Steger, L.; Willbold, D. Toward the mode of action of the clinical stage all-D-enantiomeric peptide RD2 on Aβ42 aggregation. ACS Chem. Neurosci. 2019, 10, 4800–4809. [Google Scholar] [CrossRef]

	



Meloni, B.P.; Majda, B.T.; Knuckey, N.W. Establishment of neuronal in vitro models of ischemia in 96-well microtiter strip-plates that result in acute, progressive and delayed neuronal death. Neuroscience 2001, 108, 17–26. [Google Scholar] [CrossRef]

	



Lewerenz, J.; Maher, P. Chronic glutamate toxicity in neurodegenerative diseases - What is the evidence? Front. Neurosci. 2015, 16, 469. [Google Scholar] [CrossRef]

	



Carvalho, C.; Moreira, P.I. Oxidative stress: A major player in cerebrovascular alterations associated to neurodegenerative events. Front. Physiol. 2018, 3, 806. [Google Scholar] [CrossRef] [PubMed]












	
	
Sample Availability: Samples of the compound R18 are available from the authors.












[image: Molecules 25 02977 g001 550] 





Figure 1. Ionotropic glutamate receptor agonists induce dose-dependent neuronal death at 24 h post-exposure. Dose–response studies of DIV10 primary cortical neurons exposed to ionotropic glutamate receptor agonists (10–200 µM) for 5 min. Neuronal viability and cell death were measured using MTS and LDH assays, respectively, at 24 h post-exposure to (a,b) NMDA, (c,d) KA, and (e,f) AMPA. Absorbance values were adjusted to represent cell viability (untreated control as 100%) and fold change in LDH release. Values are means ± SEM; n = 3, with a minimum of eight biological replicates per sample in each experiment; * p < 0.05. Experiments were conducted at least twice with independent neuronal cultures. 
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Figure 2. R18 protects primary cortical neurons against excitotoxicity induced by various ionotropic glutamate receptor agonists. Neuronal cultures were pre-treated with R18 (1, 2, and 5 µM) for 10 min and exposed to a 100 µM final concentration of specific iGluR agonists for 5 min. The medium was then replaced, and neuronal viability and death were measured at 24 h post-insult via MTS and LDH assays, respectively. Receptor agonists included (a,b) glutamate, (c,d) NMDA, (e,f) kainic acid, and (g,h) AMPA. The receptor antagonists, MK801 (10 µM) and CNQX (10 µM), were used as positive controls. Absorbance values were adjusted to represent cell viability (untreated control as 100%). Values are means ± SEM; n = 3, with a minimum of eight biological replicates per sample in each experiment; * p < 0.05. Experiments were conducted at least three times with independent neuronal cultures. 
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Figure 3. R18 protects primary cortical neurons against iGluR-mediated calcium influx. Cortical neurons were loaded with Fura-2 AM (5 µM in MEM/B27) for 30 min at 37 °C, and the medium was replaced with 50 µL phenol-free Hank’s Balanced Salt Solution (HBSS). Baseline calcium levels were measured every 30 s for 1.5 min prior to the addition of (a) iGluR agonists, glutamate, NMDA, AMPA, and KA (100 µM final concentration). Subsequent calcium measurements were made every 30 s for 5 min. To assess the neuroprotective ability of R18 against receptor-mediated calcium influx, neurons were treated with R18 (2 and 5 µM) or receptor blockers (MK801 and/or CNQX; 10 µM) for 10 min prior to stimulation with individual iGluR agonists, (b) glutamate, (c) NMDA, (d) kainic acid, (e) or AMPA, and calcium levels were collected every 30 s for a further 5 min. Values are means ± SD; n = 3, with a minimum of four biological replicates per sample in each experiment; * p < 0.05. Experiments were conducted at least three times with independent neuronal cultures. Fluorescent readings were adjusted to remove background signal and displayed as ΔF ratio (340/380 nm) relative to the untreated control at each timepoint. 
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Figure 4. R18 does not disrupt mitochondrial bioenergetics and preserves mitochondrial bioenergetics post-glutamate excitotoxic insult in primary cortical neurons. Cultures received a 5 min glutamate exposure (100 µM final concentration) following a 10 min pre-treatment with R18 (2 or 5 µM). Parameters of mitochondrial bioenergetics were measured fluorometrically post-insult and are represented as fold change in fluorescent intensity. (a,b) Membrane potential was measured with tetramethylrhodamine ethyl ester (TMRE) immediately post-insult. (c,d) ATP production and (e,f) were measured at 24 h post-insult. Background fluorescent values were removed. Background fluorescent values were removed, and experiments were conducted at least three times with independent neuronal cultures. Values are means ± SEM; n = 3, with a minimum of eight biological replicates per sample in each experiment; * p < 0.05. FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; 20 µM) was used as a positive control for mitochondrial membrane depolarization. 
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Figure 5. R18 protects primary cortical neurons against thapsigargin-induced neuronal death and ER-mediated calcium release. A 24 h exposure of primary cortical neuronal cultures to thapsigargin (TPG) causes (a) a significant reduction in MTS metabolism and (b) increased LDH release in a dose-dependent manner. Neuronal cultures were pre-treated with R18 (1, 2, and 5 µM) and exposed to 10 µM final concentration of TPG for 24 h exhibited (c) significantly improved MTS metabolism and (d) reduced LDH release compared to TPG control at 24 h post-insult. Absorbance values were adjusted to represent cell viability (untreated control as 100%). Values are means ± SEM; n = 3, with a minimum of eight biological replicates per sample in each experiment; * p < 0.05. Experiments were conducted at least twice with independent neuronal cultures. 
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