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Abstract

:

Studies have shown that saponins from Panax japonicus (SPJ) possess neuroprotective effects. However, whether Chikusetsu saponin V (CsV), the most abundant member of SPJ, can exert neuroprotective effects against 1-methyl-4-phenylpyridinium ion (MPP+)-induced cytotoxicity is not known. In this study, we aimed to investigate the neuroprotective effects of CsV on MPP+-induced cytotoxicity in human neuroblastoma SH-SY5Y cells and explore its possible mechanisms. Our results show that CsV attenuates MPP+-induced cytotoxicity, inhibits ROS accumulation, and increases mitochondrial membrane potential dose-dependently. We also found that levels of Sirt1 protein and Mn-SOD mRNA significantly decreased in MPP+-treated group but were restored with CsV treatment in a dose-dependent manner. Furthermore, GRP78 protein and Caspase-12 mRNA levels were elevated by MPP+ exposure but reversed by CsV treatment. CsV inhibited the MPP+-induced downregulation of Bcl-2 and up-regulation of Bax in a dose-dependent manner and, thus, increased the ratio of Bcl-2/Bax. Overall, these results suggest that Sirt1/Mn-SOD and GRP78/Caspase-12 pathways might be involved in the CsV-mediated neuroprotective effects.
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1. Introduction


Parkinson disease (PD) is a neurodegenerative disorder characterized by progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta and decreased levels of dopamine in the putamen of dorsolateral striatum [1]. 1-Methy-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and its active metabolite, 1-methyl-4-phenylpyridinium ion (MPP+), have been widely used to establish PD models in vivo or in vitro [2]. Evidence has suggested that MPP+ disrupts mitochondrial respiratory function via inhibiting mitochondrial complex I, which leads to impaired mitochondrial energy metabolism and oxidative stress [3]. The resulting oxidative stress and defective mitochondrial energy metabolism may initiate a cascade of biochemical and pathological events that lead to the widespread neuronal degeneration that resembles PD [4].



Although the pathological features of PD have been well described, the etiology remains undefined. Many studies have indicated that oxidative stress is involved in the pathogenesis of PD [4,5]. Sirt1, an NAD+-dependent class III histone deacetylase, is an important regulator of cell survival and lifespan [6]. A growing body of evidence suggests that Sirt1 increases cell survival and resistance to oxidative stress through several pathways [7,8]. Moderate over-expression of Sirt1 protects the heart from oxidative stress through up-regulation of antioxidants, such as Mn-SOD [9]. Oxidative stress, resveratrol or tetrahydroxystilbene glucoside treatment has been shown to activate Sirt1 [7,10]. All of the above suggest that Sirt1 could possibly promote neuronal survival against oxidative stress [11] through the Sirt1/Mn-SOD pathway.



Meanwhile, increasing evidence demonstrates that endoplasmic reticulum (ER) stress, together with abnormal protein degradation, contributes to the pathophysiology of PD [12,13]. ER stress activates the unfolded protein response that induces ER-associated protein degradation as a self-protective mechanism, thereby leading to rescue or adaptive responses [14]. Consequently, the unfolded protein response that initially aims to restore homeostasis could also mediate apoptosis if the stress cannot be removed [15]. It is currently understood that glucose regulated protein-78 (GRP78) serves as the monitor to detect accumulation of misfolded/unfolded proteins and plays a crucial role in the regulation of the ER dynamic homeostasis [16]. It has been reported that ER stress stimulus-induced cell apoptosis is mediated by the activation of Caspase-12 [17]. In addition to activation of ER-associated Caspase-12, C/EBP homologous protein (CHOP), a transcription factor that sensitizes the cells to apoptosis, is usually activated during ER stress [18].



Rhizoma Panacis japonica, the dried rhizome of Panax japonicus, is a common traditional herbal medicine in Tujia and the Hmong people of China. It has been used as substitute for Ginseng roots [19,20]. Saponins from Panax japonicus (SPJ) are believed to be the most abundant and bioactive members in Panacis japonica rhizoma with anti-oxidative, anti-inflammatory, immunoregulatory, hepatoprotective, and neuroprotective effects [20,21,22]. SPJ includes Chikusetsu saponin I, IV, V, pjs1, pjs2, pjs4, etc. [23]. However, whether Chikusetsu saponin V (CsV, Chengdu Purechem-Standard Co., Ltd., Chengdu, China, Figure 1A), an abundant member of SPJ, can exert neuroprotective effects remains unknown [20].



SH-SY5Y cells are human neuroblastoma cells, which possess many characteristics of dopaminergic neurons and have been widely used in the study of cell model for PD [24]. Therefore, the goal of this study was to investigate the neuroprotective effects of CsV on MPP+-induced cytotoxicity in SH-SY5Y cells and potential mechanisms.




2. Results


2.1. Chikusetsu Saponin V (CsV) Attenuated 1-Methyl-4-phenylpyridinium Ion (MPP+)-Induced Cytotoxicity in SH-SY5Y Cells


In order to evaluate the cytotoxicity of CsV or MPP+, SH-SY5Y cells were incubated with different concentrations of CsV (0.1, 1, 10, 50 μM) or MPP+ (0.1, 0.25, 0.5, 1, 1.5 mM) for 24 h, and the cell viability was determined by MTT. Our results show a dose-dependent decrease in cell viability following MPP+ exposure (Figure 1B). The cell viability decreased to 64.3% ± 3.0% compared to the control group after 24 h exposure to 1 mM MPP+. Thus, this protocol was selected for further experiments in the present study.
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Figure 1. Protective effects of Chikusetsu saponin V (CsV) on 1-methyl-4-phenylpyridinium ion (MPP+)-induced cytotoxicity in SH-SY5Y cells. (A) Chemical structure of CsV; (B) Dose-dependent effects of MPP+ on cell viability in SH-SY5Y cells; (C) Effects of CsV on MPP+-induced cytotoxicity in SH-SY5Y cells as assessed by MTT assay; and (D) Effects of CsV on MPP+-induced cytotoxicity in SH-SY5Y cells as shown by Lactate dehydrogenase (LDH) assay. Data are expressed as means ± SD (n = 5). # p < 0.05, ## p < 0.01 vs. control group, * p < 0.05, ** p < 0.01 vs. the group treated with MPP+ alone. 
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To investigate the effects of CsV on MPP+-induced cell viability, cells were incubated with different concentrations of CsV for 24 h while exposed to 1 mM MPP+. As shown in Figure 1C, cell viability exposed to 1 mM MPP+ for 24 h was reduced to 60.3% ± 3.8% compared to the control (p < 0.01). However, treatment with CsV (0.1, 1, 10 and 50 µM) significantly attenuated MPP+ induced loss of cell viability in a dose-dependent manner and the cell viability significantly increased to 63.9% ± 1.2%, 68.9% ± 4.6%, 70.7% ± 9.9%, and 76.8% ± 2.0%, respectively. Meanwhile, no cytotoxic effect of CsV was observed in our experiments. The cytoprotective effects of CsV were also confirmed by Lactate dehydrogenase (LDH) assay. MPP+ treatment induced about 7.5-fold higher of LDH release compared to the control group, which was alleviated by CsV treatment dose dependently (Figure 1D).




2.2. CsV Suppressed MPP+-Induced ROS Accumulation in SH-SY5Y Cells


To examine whether the protective effect of CsV against MPP+-induced cytotoxicity was mediated by its antioxidant ability, the intracellular ROS levels were measured in SH-SY5Y cells. 2,7-dichlorfluorescein diacetate (DCFH-DA) was used as a fluorescence probe to assess intracellular ROS concentration. As shown in Figure 2, exposure of SH-SY5Y cells to 1 mM MPP+ for 24 h led to significant increase in DCF signal compared to the control group. Such increase in DCF fluorescence was reversed by treatment with CsV in a dose-dependent manner.
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Figure 2. CsV suppressed MPP+-induced ROS accumulation in SH-SY5Y cells. (A) Cells were observed and photographed under a fluorescence microscope. Green fluorescence represented the amounts of ROS. Images shown are representative of five independent experiments. 100× magnification. (a) Control (Cells without MPP+ and CsV); (b) 1 mM MPP+ treatment alone; (c) 0.1 µM CsV with 1 mM MPP+; (d) 1 µM CsV with 1 mM MPP+; (e) 10 µM CsV with 1 mM MPP+; and (f) 50 µM CsV with 1 mM MPP+; and (B) Green fluorescence intensity was analyzed with the Image J (Image J Software, Materialize NV, Leuven, Belgium). ## p < 0.01 vs. control group, ** p < 0.01 vs. MPP+ alone. Data are expressed as means ± SD (n = 5). 
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2.3. CsV Restored Mitochondrial Membrane Potential of SH-SY5Y Cells Treated with MPP+


JC-1, a lipophilic cationic dye, was used to detect mitochondrial transmembrane potential changes. As shown in Figure 3, control cells exhibited red fluorescence. However, when cells were exposed to MPP+ for 24 h, mitochondrial membrane rapidly changed, as shown by increase in green fluorescence and concomitant disappearance of red fluorescence, whereas, different concentrations of CsV treatment (0.1, 1, 10 and 50 µM) for 24 h decreased green fluorescence and increased red fluorescence intensity.
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Figure 3. CsV restored MPP+-induced mitochondrial membrane potential in SH-SY5Y cells. (A) Mitochondrial membrane potential was detected by JC-1 staining. Images are shown as representative from five independent experiments at 400× magnification. Scale bar: 50 µm. (a) control (cells without MPP+ and CsV); (b) 1 mM MPP+ treatment alone; (c) 0.1 µM CsV with 1 mM MPP+; (d) 1 µM CsV with 1 mM MPP+; (e) 10 µM CsV with 1 mM MPP+; and (f) 50 µM CsV with 1 mM MPP+; and (B) Ratio of red/green fluorescence. ## p < 0.01 vs. control group, ** p < 0.01 vs. MPP+ treated alone. Data are expressed as means ± SD (n = 5). 
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2.4. CsV Up-Regulated Sirt1 Protein and Mn-SOD mRNA Expressions in MPP+-Treated SH-SY5Y Cells


To explore the possible mechanisms of the neuroprotective effect, we investigated the effects of CsV on Sirt1/Mn-SOD pathway in SH-SY5Y cells. SH-SY5Y cells were collected for western blot or polymerase chain reaction (PCR) at the end of treatment. As shown in Figure 4A, SH-SY5Y cells exposed to MPP+ alone significantly decreased Sirt1 protein level. However, a remarkable increase of Sirt1 protein level was detected in CsV treated-group. MPP+ exposure also significantly decreased Mn-SOD mRNA level, which was reversed by CsV treatment (Figure 4B).
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Figure 4. CsV promoted Sirt1 protein and Mn-SOD mRNA expressions in MPP+-treated SH-SY5Y cells. (A) Western blot analysis of Sirt1 and β-actin protein levels; (B) Data quantification of panel (A). Western blot was quantified and expressed as the ratio of Sirt1 and β-actin intensity; (C) Polymerase chain reaction (PCR) analysis of Mn-SOD and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels; and (D) Data quantification of panel (C). PCR was quantified and expressed as the ratio of Mn-SOD and GAPDH intensity. ## p < 0.01 vs. control group, * p < 0.05, ** p < 0.01 vs. MPP+ treated alone. Data are expressed as means ± SD (n = 3). 
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2.5. CsV Ameliorated MPP+-Induced Endoplasmic Reticulum (ER) Stress in SH-SY5Y Cells


To examine the involvement of ER stress in MPP+-induced toxicity and CsV protective mechanisms in this study, we examined GRP78 protein, Caspase-12 and CHOP mRNA levels after MPP+ and CsV treatment respectively. Our results show that treatment with MPP+ lead to increase of GRP78 protein and Caspase-12 mRNA expressions, which are reversed by CsV treatment in a dose-dependent manner. However, there is no significant difference in CHOP mRNA level among these groups. These data suggest that CsV regulate MPP+-induced ER stress by repressing GRP78 protein and Caspase-12 mRNA expressions (Figure 5).
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Figure 5. CsV ameliorated MPP+-induced endoplasmic reticulum (ER) stress in SH-SY5Y cells. (A) Western blot analysis of GRP78 and β-actin protein levels; (B) Data quantification of panel (A). Western blot was quantified and expressed as the ratio of GRP78 and β-actin intensity; (C) PCR analysis of C/EBP homologous protein (CHOP) and GAPDH mRNA levels; (D) Data quantification of panel (C). PCR was quantified and expressed as the ratio of CHOP and GAPDH intensity; (E) PCR analysis of Caspase12 and GAPDH mRNA levels; and (F) Data quantification of panel (E). PCR was quantified and expressed as the ratio of Caspase12 and GAPDH intensity. ## p < 0.01 vs. control group, * p < 0.05, ** p < 0.01 vs. MPP+ treated alone. Data are expressed as means ± SD (n = 3). 






Figure 5. CsV ameliorated MPP+-induced endoplasmic reticulum (ER) stress in SH-SY5Y cells. (A) Western blot analysis of GRP78 and β-actin protein levels; (B) Data quantification of panel (A). Western blot was quantified and expressed as the ratio of GRP78 and β-actin intensity; (C) PCR analysis of C/EBP homologous protein (CHOP) and GAPDH mRNA levels; (D) Data quantification of panel (C). PCR was quantified and expressed as the ratio of CHOP and GAPDH intensity; (E) PCR analysis of Caspase12 and GAPDH mRNA levels; and (F) Data quantification of panel (E). PCR was quantified and expressed as the ratio of Caspase12 and GAPDH intensity. ## p < 0.01 vs. control group, * p < 0.05, ** p < 0.01 vs. MPP+ treated alone. Data are expressed as means ± SD (n = 3).



[image: Ijms 15 13209 g005]






2.6. CsV Reversed MPP+-Induced Apoptosis in SH-SY5Y Cells


Cell survival in the early phase of apoptotic cascade depends mostly on the balance between pro-apoptotic and anti-apoptotic proteins of the Bcl-2 family. Bcl-2 family consists of anti-apoptotic factors such as Bcl-2 and pro-apoptotic factors such as Bax. The ratio of Bcl-2/Bax is a better determinant of cell fate than the absolute concentration of either protein alone [23]. In this study, we tested whether Bcl-2 and Bax protein levels were affected by exposure to MPP+ or CsV. The western blot data show that MPP+-induced down-regulation of Bcl-2 and up-regulation of Bax are inhibited by CsV treatment (Figure 6).
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Figure 6. CsV reversed MPP+-induced apoptosis in SH-SY5Y cells. (A) Western blot analysis of Bcl-2 and Bax; and (B) Data quantification of panel (A), Western blot was quantified and expressed as the ratio of Bcl-2/Bax intensity. ## p < 0.01 vs. control group, ** p < 0.01 vs. MPP+ treated alone. Data are expressed as means ± SD (n = 3). 
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3. Discussion


In the present study, we investigated the neuroprotective effect of CsV in SH-SY5Y cells treated with MPP+. Our results show that treatment of SH-SY5Y cells with CsV greatly reduce the MPP+-induced neurotoxicity using MTT and LDH assay. Additionally, MPP+ exposure significantly elevates ROS and disrupts mitochondrial membrane potential, which are efficiently attenuated by CsV treatment. These results suggest that CsV exhibits strong protective effect against MPP+-induced cytotoxicity.



CsV, also called ginsenoside Ro, is one of the main components of SPJ. He et al. demonstrated that SPJ acted as a potent antioxidant against acute myocardial ischemia in rats [20]. A number of studies suggested that ROS accumulation was involved in the apoptotic mechanism of MPP+-mediated neurotoxicity and might promote the apoptotic processes in PD [24,25]. Other studies have also shown that Astragaloside IV inhibits mitochondrial dysfunction and ROS production, and possesses significant neuroprotective effects in PD model [26]. Consistently, our present studies also demonstrated that CsV exhibited neuroprotective effects in SH-SY5Y cells by depressing mitochondrial dysfunction and ROS production in a dose-dependent manner. The above evidence indicated that the protective effect of CsV against MPP+-induced cytotoxicity might be related to reduction of oxidative stress. CsV was able to inhibit ROS production directly by improving the activity of Sirt1 and Mn-SOD. The following studies also corroborate our findings. Chen et al. demonstrated that activation of Sirt1 enhanced cellular resistance to oxidative stress [16,27,28]. Sirt1 increased oxidative stress resistance by up-regulating antioxidants such as Mn-SOD [9]. Mn-SOD, located in the mitochondria, contributed to cellular homeostasis against oxidative damage [29]. Mn-SOD converted superoxide to H2O2 and mitochondrial glutathione peroxidase catalyzes the reduction of H2O2 to H2O [30].



ER, located in eukaryotic cells, is involved in post-translational modifications, folding and synthesis of new membrane and secretary proteins, metabolism and apoptosis [4]. It is important that ER maintains normal cell function and survival in steady state [31]. The neurotoxin MPP+ induces oxidative stress damage and mitochondrial dysfunction, causes the accumulation of unfolded or misfolded proteins in ER and results in dysfunction of unfold protein response, leading to ER stress and cell death [18]. Experimental evidence demonstrates that ROS generation and mitochondrial dysfunction leads to ER stress and further accelerates the development of PD [12,32]. ER stress is indicated by increase of GRP78 protein [33], together with its downstream factors, CHOP and Caspase-12, play important roles in ER stress-induced cell apoptosis [34]. We also detected the changes of GRP78 protein, CHOP and Caspase-12 mRNA expression. Our results show that GRP78 protein and Caspase-12 mRNA expression are up-regulated in MPP+ group and inhibited by CsV treatment. Therefore, it is concluded that CsV possibly represses MPP+-induced ER stress by decreasing the expressions of GRP78 protein and Caspase-12 mRNA.



Both oxidative stress and ER stress lead to cell apoptosis eventually [35]. Bcl-2 family plays a crucial role in cell apoptosis [36]. Previous findings regarding the Bcl-2 proteins indicated that pro-apoptotic family members participate in neuronal death in a variety of PD models [37]. Over-expression of Bcl-2 protects dopaminergic neurons against MPTP-induced neurodegeneration [38]. In the present study, our results show that the decreased of Bcl-2 and increased of Bax in the MPP+-treated alone group could be reversed by CsV treatment, which is in agreement with previous studies [39]. Therefore, the effect of CsV on MPP+-induced apoptosis might be partially mediated by decreasing the ratio of Bcl-2/Bax.




4. Experimental Section


4.1. Materials


CsV (purity > 95%) was purchased from Chengdu Purechem-Standard Co., Ltd. (Chengdu, China). Human neuroblastoma SH-SY5Y cells were provided by Huazhong University of Science and Technology (Wuhan, China). DMEM and fetal bovine serum were purchased from Gibco (Grand Island, NY, USA). LDH assay kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). ROS assay kit and JC-1 assay kit were purchased from Beyotime Institute of Biotechnology (Haimen, China). Trizol and PrimeScript® RT reagent Kit were purchased from TaKaRa (Dalian, China). PCR Green Master Mix was purchased from Promega (Madison, WI, USA). PCR primers of CHOP, Caspase-12 and GAPDH were synthesized by Shanghai Shenergy Biocolor BioScience and Technology (Shanghai, China). Monocolonal primary antibodies against GRP78, Bax, Bcl-2 and β-actin were from Santa cruz (Santa Cruz, CA, USA). Sirt1 was from Millipore (Bedford, MA, USA). Other materials were purchased from Sigma-Aldrich (St. Louis, MO, USA).




4.2. Cell Culture


SH-SY5Y cells were cultured in DMEM with 10% (v/v) fetal bovine serum, penicillin (100 U/mL), streptomycin (100 μg/mL) at 37 °C, under 5% CO2 in air. The medium was replaced every other day. Cell passaging was done every two days.




4.3. MTT Viability Assay


Cell viability was measured by MTT colorimetrically. In brief, cells were seeded into 96-well plates until their adherent. At the indicated time points following MPP+ exposure or different concentrations of CsV treatments (0.1, 1, 10 and 50 µM) for 24 h, a 10 μL aliquot of MTT solution was added to the medium to yield a final MTT concentration of 0.5 mg/mL and incubated at 37 °C for 4 h. The MTT solution was removed gently and 200 μL of DMSO was added to each well for 15 min incubation. The absorbance of each sample was measured at 570 nm using a microplate reader (Bio-Rad, Hercules, CA, USA). Net absorbance from the plate of cells cultured with control medium (not treated) was considered to be at 100% cell viability.




4.4. Lactate Dehydrogenase (LDH) Release Assay


Logarithmic growth phase of SH-SY5Y cells were seeded in 24-well plates (1 × 105 cells per well). Cells were then randomized to the following groups: control group (normal SH-SYSY cells were cultured under normoxia), MPP+ group (the cells were treated with 1 mM MPP+ for 24 h), MPP+ + CsV group (the cells were co-incubated with 1 mM MPP+ and CsV at 0.1, 1, 10 and 50 µM for 24 h). LDH release was measured according to the kit instructions. Absorbance was measured in a microplate reader at a wavelength of 450 nm. Data was expressed as percentage of fluorescence values in control group.




4.5. Detection of Intracellular ROS Level


Logarithmic growth phase of SH-SY5Y cells were seeded in 6-well plates (1 × 105 cells per well) on the first day. CsV (0.1, 1, 10 and 50 µM) and MPP+ (1 mM) were added to each well for 24 h on the next day. The average level of intracellular ROS was detected in cells loaded with the DCFH-DA probe at 37 °C for 20 min, then washed twice with PBS, The cells were observed and photographed under the fluorescence microscope.




4.6. Detection of Mitochondrial Membrane Potential


JC-1 kit was used to measure the mitochondrial membrane potential according to the manufacturer’s instructions after CsV (0.1, 1, 10 and 50 µM) and MPP+ (1 mM) were added to each well for 24 h. Briefly, cells cultured in 6-well plates were incubated with JC-1 staining solution for 20 min at 37 °C after treatments and then rinsed twice with JC-1 staining buffer. Finally, cells were observed and photographed under a fluorescence microscope.




4.7. Western Blot


Equal amount of protein was electrophoresed and then transferred to PVDF membranes. After blocking the membranes for 60 min in TBST containing 5% non-fat dried milk, membranes were incubated overnight at 4 °C with primary antibodies directed against Sirt1, GRP78, Bcl-2, Bax, and β-actin, followed by HRP-conjugated anti-rabbit or anti-mouse IgG at room temperature for 1 h. Target protein bands were then observed by the enhanced chemiluminescence and tabletted by Kodak film (Eastman Kodak, Rochester, NY, USA). Relative protein levels were quantified by scanning densitometry and analyzed by Image J (Image J Software, Materialize NV, Leuven, Belgium).




4.8. Reverse Transcription Polymerase Chain Reaction (RT-PCR)


Total RNA was extracted from SH-SY5Y cells using Trizol reagent. The cDNA was synthesized from total RNA (1 μg) using cDNA synthesis kit according to the supplier’s instructions. The polymerase chain reaction (PCR) was performed using 1 μL cDNA in a total volume of 25 μL reaction. Amplification of all target genes at a concentration of 12.5 μL PCR Green Master Mix. The PCR conditions were presented as follows. After initial denaturation at 94 °C for 3 min, denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 30 s, final extension at 72 °C for 7 min, and 30 amplification cycles were carried out. The PCR primers’ sequence are described as follows: CHOP (sense: AACCAGCAGAGGTCACAAGCAC, anti-sense: GCCACTTTCCTTTCATTCTCCTGT), Caspase-12 (sense: AAACATTTGGAGGAGGTCCCA, anti-sense:CTGCTCACACGATTTCCCG), and GAPDH (sense: ACTTCAACAGCGACACCCACTC, anti-sense: TCTCTCTTCCTCTTGTGCTCTTGC). Polymerase chain reaction of GAPDH was chosen as an internal control was performed in the same tubes as for the genes.




4.9. Statistical Analysis


Results were represented as means ± SD. All analysis was carried out with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). Statistical comparisons were determined by one-way ANOVA, followed by two-tailed Student’s t-test to determine significant differences between the two groups. p-values of less than 0.05 were considered statistically significant.





5. Conclusions


In conclusion, CsV attenuates MPP+-induced neurotoxicity in SH-SY5Y cells associated with oxidative stress and ER stress. Our results indicate that CsV may be a potential drug to treat PD by down-regulating intracellular ROS, mitochondrial membrane potential, and apoptosis, which are possibly mediated through Sirt1/MnSOD and GRP78/Caspase-12 pathways. However, SH-SY5Y cells cannot fully represent the characteristics of primary cultured neurons, our future work will include primary neurons and in vivo models.
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