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We investigated drug-induced acute neuronal electrophysiological changes using Micro-Electrode arrays (MEA) to rat primary neuronal cell cultures. Data based on 6-key MEA parameters were analyzed for plate-to-plate vehicle variability, effects of positive and negative controls, as well as data from over 100 reference drugs, mostly known to have pharmacological phenotypic and clinical outcomes. A Least Absolute Shrinkage and Selection Operator (LASSO) regression, coupled with expert evaluation helped to identify the 6-key parameters from many other MEA parameters to evaluate the drug-induced acute neuronal changes. Calculating the statistical tolerance intervals for negative-positive control effects on those 4-key parameters helped us to develop a new weighted hazard scoring system on drug-induced potential central nervous system (CNS) adverse effects (AEs). The weighted total score, integrating the effects of a drug candidate on the identified six-pivotal parameters, simply determines if the testing compound/concentration induces potential CNS AEs. Hereto, it uses four different categories of hazard scores: non-neuroactive, neuroactive, hazard, or high hazard categories. This new scoring system was successfully applied to differentiate the new compounds with or without CNS AEs, and the results were correlated with the outcome of in vivo studies in mice for one internal program. Furthermore, the Random Forest classification method was used to obtain the probability that the effect of a compound is either inhibitory or excitatory. In conclusion, this new neuronal scoring system on the cell assay is actively applied in the early de-risking of drug development and reduces the use of animals and associated costs.
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1 INTRODUCTION
In addition to cardiac and liver liability, neuronal toxicity, including seizure liability, represents a major safety concern in drug development, given the potentially life-threatening consequences for patients (Authier et al., 2016). Therefore, an early assessment of seizures within drug discovery is essential to advance promising, and more sustainable, new chemical entities into clinical evaluation. As a result, late-stage attrition caused by seizures could be greatly avoided, reducing the potential risk to participants in clinical studies and the associated costs of getting to this stage. Drug-induced seizures are a common Central Nervous System (CNS)-related issue during drug development and are deemed serious, potentially life-threatening adverse reactions that can result in the withdrawal of drugs from the market (Onakpoya et al., 2016a; Authier et al., 2016; Onakpoya et al., 2016b), prescription control, or the discontinuation of further drug-candidate development at various Research and Development (R&D) stages. In vivo models have been widely used to assess seizure liability. However, the general investigation of CNS safety employing the modified Irwin test is often carried out in the latter stages of the drug development process (Irwin, 1968; Gauvin and Zimmermann, 2019; Redfern et al., 2019). In recent years, in vitro assays to study neuronal activity have been shown to be useful for early screening of CNS toxicity, including seizures (Kreir et al., 2018a; Bradley et al., 2018; Shafer et al., 2019). Primary cortical neuronal cultures grown on micro-electrode arrays (MEAs) exhibit spontaneous electrical spikes and clusters of spikes (bursts) that are associated with neuronal action potentials and could be used to detect drug-induced phenotypic effects on MEAs (Wheeler et al., 2004). These cultures show synchronous and rhythmic neuronal activity, which is related to synaptogenesis and the equilibrium of excitatory and inhibitory synapses (Muramoto et al., 1993; Maeda et al., 1995; Chiappalone et al., 2006). Cortical networks are responsive to various chemicals (neuronal transmissions), including direct agonists and antagonists of glutamatergic and GABAergic receptors, voltage-gated sodium channels, and glutamatergic and GABAergic channels (Campillos et al., 2008; Shafer et al., 2008; Scelfo et al., 2012; Baskar and Murthy, 2018). Studies using primary cortical neurons demonstrated that measuring the changes of extracellular action potentials in the neuronal network using the MEAs can be used for screening compounds for neurotoxicity hazards (Frega et al., 2012; Lantz et al., 2014; Bradley et al., 2018; Bradley and Strock, 2019). However, the identification of the risk of compounds based on disturbances of neuronal activity in vitro remains a challenging task due to the complex pattern and often too many parameters of neuronal activity measured by MEA. Current MEA analysis approaches need the use of raster plots to visualize network changes or individual or multiple-parameter analysis, which is qualitative and difficult to interpret, respectively. While the general pattern of neuronal network changes after drug exposure has been described in previous studies (Kreir et al., 2018a), there is a lack of sufficient methods to quantify the observed effects in a much-simplified manner. Here, we develop a new simplified method to create a hazard scoring system based on six key parameters of MEA recordings, to give a single outcome (scoring) of drug-induced seizure potentials to deselect unwanted compounds in early drug discovery. This outcome is simplified as a neuronal hazard scoring system that serves as an easily interpretable measurement to evaluate the effects of various treatments. We present the characterization and development of this method in this study using a large set of reference drugs, known to have certain CNS pharmacological effects and clinical outcomes. Therefore, it demonstrates the ability to measure the balance of neuronal electrophysiological effects (from both positive and negative effects) on neural network activity and further interrogates the potential of compounds in different acute neuronal hazard scorings.
2 MATERIALS AND METHODS
2.1 Ethical procedures
All experiments involving the use of animals have been conducted in accordance with the European directive of 2010 (2010/63/EU) on the protection of animals used for scientific purposes and the Belgian Royal Decree of 29 May 2013, and accordingly only after review and approval of an independent ethics committee. Furthermore, these studies were conducted in an AAALAC-accredited animal facility.
2.2 Culture of rat primary neurons in Vitro
Experiments were conducted using rodent cortical cells (Mundy and Freudenrich, 2000; Hogberg and Bal-Price, 2011). Primary neurons were freshly dissociated from embryonic E18-19 rat cortices as previously described (Valdivia et al., 2014; Kreir et al., 2018a) and seeded in 48-well MEA plates (BioCircuit MEA plate, cat. Nos M768-BIO-48, Axion Biosystems). One day before plating the cells, each 48-well MEA plate was pre-coated with a polyethyleneimine (PEI) (0.1%) solution (Sigma, cat. Nos 03,880), washed four times with sterile distilled water, and then allowed to dry overnight. On the day of plating, Laminin (20 μg/mL) (Sigma cat. Nos L2020) was added to each 48-well plate, which was then incubated for 1 h at 37°C. Subsequently, both types of neurons were cultured at 37°C, 5% CO2, 95% air atmosphere, in a neurobasal medium (Thermofisher, cat. Nos 21,103-049) supplemented with 0.5 mM L-glutamine (Thermofisher, cat No 25030149) and 2% B27 (Thermofisher, cat No 17504044). At DIV28, spontaneous neuronal activity obtained for 30 min in culture solution was defined as the baseline. Compounds were added at a single concentration per well (n = 7 or eight per concentration) and plates were kept in the incubator (37 °C, 5% CO2 and 95% O2 atmosphere) for 60 min before being recorded for 30 min.
2.3 Data analysis of rat primary neurons in Vitro
Data analysis was captured using AxIs suite software (Axion Biosystems Inc., version 3.6.2) and further analyzed using GraphPad Prism (version 9.00; GraphPad Software Inc., San Diego, CA). Active electrodes out of the total 16 electrodes per well were defined as an electrode having an average of more than six spikes per minute (0.1 Hz) (Wallace et al., 2015). An active well should have more than 40% active electrodes. All wells below this threshold were discarded upon these quality criteria. For the downstream statistical analysis, the data on each MEA parameter was first expressed as the ratio of exposed wells (percentage change between baseline and the treatment) and then normalized to the average of the control within the same plate. i.e., Baseline corrected ratios of n= 7 or eight wells were averaged per condition. Each well of the MEA served as its own control, and the changes in the electrical activity elicited by the treatments were expressed as a percentage of that control activity and normalized to the wells treated with the vehicle control dimethyl sulfoxide (DMSO). The final concentration of DMSO added to each well was 0.1% (1 μL/mL), which did not alter the pH or the ionic concentration of the medium. Differences were determined using the non-parametric Wilcoxon Mann Whitney test; p-values below 0.05 were considered significant. Data are expressed as means ± S.E.M.
2.4 Selection of MEA parameters
The selection of key parameters is crucial to determining the hazard of compounds. In our previous work (Kreir et al., 2018a), we used 12 parameters to determine the effects of compounds in rat cortical neurons. These parameters reflected relevant changes related to pharmacological effects and preferentially differentiated the severity and direction of the effect, excitatory or inhibitory. Excitatory compounds present a higher risk of acute seizures whilst inhibitory compounds can reduce the threshold for seizures.
To be unbiased of the type of parameters used and to match our type of neuronal culture (strain of rats, duration of culture, media, and supplement used) we used a statistical model, LASSO regression (Tibshirani and Suo, 2016; Ahmed et al., 2022), to analyze all the parameters extracted from the MEA recordings pre- and post-compound additions. This model was used to select the most important change parameters among 43 parameters of the MEA recordings pre- and post-positive and negative controls. LASSO is a linear regression that uses shrinkage to produce simple models with fewer parameters by excluding highly correlated parameters. The linear model is defined as [image: image]
Where [image: image] is a matrix of highly collinear covariates, β is a coefficient vector, Y is a response vector (compound group: positive-, negative control or vehicle), and ε a stochastic component. LASSO performs variable selection and regularization to increase the prediction accuracy of the above linear regression. The performance of LASSO is evaluated using the balanced error rate (BER: the proportion of subjects for whom we make the wrong classification: BER = 0.5*(FP/(TN + FP) + FN/(FN + TP)), (where FP: false positive, TN: true negative, FN: false negative and TP: true positive) the positive predictive value (PPV), PPV = TP/(TP + FP), negative predictive value (NPV), NPV = TN/(TN + FN), and the Cohen’s Kappa (κ) which is a simple percent agreement (κ = 2*(TP*TN–FN*FP)/(TP + FP)*(FP + TN)+(TP + FN)*(FN + TN)). Cohen’s Kappa (κ) considers the possibility of the agreement occurring by chance. From the data, two sets were used, a training set and a testing set. The training set is used to fit the linear model and the test set is used to evaluate the performance of the prediction. This was repeated 100 times to establish a rank of parameters based on the frequency of being selected.
2.5 Defining the cut-off for the scoring system
Thereafter, based on the effects of vehicles and positive controls, we determined the cut-off points between the different effect zones according to the key parameters selected as described in the previous subsection. The zones were defined as follows. The “no effect” zone reflects parameter changes that are most likely within vehicle variability. The “mild” and “strong” zones are differentiated bidirectionally showing mild and strong effects.
The respective hazard class was determined by a cumulative scoring of individual parameters using a scoring matrix, which was based on the following three fundamental components: (1) selection of the six key relevant parameters, (2) defining the cutoffs for the level of effect, and (3) defining weighted points per parameter for the level of hazard potential. The scoring matrix concluded with the addition of a weighted point algorithm to discriminate distinct degrees of neuronal hazard. Statistical tolerance intervals (TIs) (Supplementary Table S2) are used to obtain the cut-off values (Kopljar et al., 2018). The weighted points were defined on the importance of a parameter (and the direction of effect), as well as the identification of an expected hazard for different pharmacological modes of action. The overall hazard score is derived from the sum of all weighted parameters, which could be converted into a specific hazard label. The weighted points and total score range associated with the various hazard labels were optimized using an iterative process.
2.6 Prediction model using Random Forest
A Random Forest classification method was used to model all parameters and estimate the probability that a compound is inhibitory, excitatory, or DMSO-like (Brown et al., 2016; Cabrera-Garcia et al., 2021). Random Forest is a commonly used machine learning, which combines the output of multiple decision trees, here the parameters, to reach a single result. It handles both classification and regression problems.
2.7 Analysis of sensitivity, specificity, and predictivity values
We analyzed the acute neuro effects of 113 reference drugs with known degrees of risk in humans using the hazard scoring system. We compared the known seizure risk of these reference drugs based on our scoring system to the potential for clinical outcomes (link). Based on the numbers of true positives (TP), true negatives (TN), false positives (FP), and false negatives (FN), we calculated sensitivity (TP/(TP + FN)), specificity (TN/(TN + FP)) and balanced accuracy ((sensitivity + specificity)/2.
2.8 Validation of the translational value in Vitro into in Vivo
2.9 Mouse behavioral studies and assessment of acute tolerability
Adult C57BL/6J intracerebroventricular injection:
Phenotypic monitoring with mice was performed where risks were associated with phenotypic observations (convulsion, ataxia, wash and groom, scratch, loss of righting, back LMA, LMA, and video-tracking). High risk was defined as a convulsive activity in at least 50% of the animals tested; Medium risk was defined as no or low convulsive activity and ataxia in at least 50% of the animals tested and finally low risk was where no convulsion was observed, and ataxia was observed in less than 50% of the animals tested.
Electroencephalogram (EEG) rodent studies and assessment of seizures: Male rats (n = 8) (Sprague-Dawley), 400-800 g, were surgically implanted with Stellar Implantable Transmitter (E−430001-IMP-77, Type PBT-M-C Pressure, Biopotential, Temp; TSE systems USA) and microchipped with RFID (Bio13. Therm.03V1 PLS, Biomark Inc, USA) transponder for measurements of activity and body temperature. EEG was used to confirm that convulsive activity is linked to seizurogenic activity measured on the EEG.
3 RESULTS
3.1 Introduction of the new neuronal hazard scoring system in rodent primary cortical neuronal cultures using MEA assay
The goal of our current work was to translate the pharmacological effects of experimental discovery compounds on rodent primary cortical neurons using a phenotypic readout, applying micro-electrode arrays-MEA measurement, to one new hazard score system for new compounds in early drug discovery (Figure 1A).
[image: Figure 1]FIGURE 1 | (A). Concept of Workflow on the identification of acute neuronal hazards. The compounds were tested in 48 well plates cultured with primary rat neurons using MEA. Effects (Data changes) in rat primary neurons were analyzed based on several measured parameters, measured in MEA, to have accumulated data points to define the range of scores. This strategy to determine a concentration-dependent hazard and to rank compound candidates is represented schematically. (B). Characteristic recordings of rodent primary cortical neurons. Electrophysiological spiking activity of primary cortical neurons in a single well in an MEA depicted in a time-sequenced raster plot. A vertical bar is drawn each time a neuron fires an action potential (black tick mark), and a burst of spikes is represented in blue on an MEA recording. The main parameters are depicted in (B) (16 electrodes) and (C) (single electrode).
The MEA assay is a medium-throughput screening tool that is used for the early screening of compounds. In neuronal cultures, the spontaneous electrical activity consists of action potentials (spikes) and patterns of action potential bursts arranged throughout time and space within the network. The MEA recordings provide important information on the activity of the neural network, resulting in high-content data (Figures 1B, C). Many studies have used changes in the mean firing rate as the only metric to observe chemical effects since it is sensitive and can be retrieved rapidly from data sets (Shafer et al., 2008; Novellino et al., 2011; Hondebrink et al., 2016). However, multiple characteristics are required in vitro to define and differentiate the drug-induced seizurogenic potential (marked by a partial or total change in the firing activity pattern and network activity) from the excitatory potential (e.g., cognitive enhancer) such as burst duration, the synchronicity of the network activity or the burst and spike organization (e.g., median over mean interspike interval). From the high-content data generated from the MEA, many parameters can be extracted and used for classification (Hammer et al., 2015), however, many parameters are correlated and do not fit into a screening paradigm. Therefore, simplifying the high-content MEA data into six key parameters based on our earlier paper (Kreir et al., 2018a) was performed and validated with statistical modeling.
3.2 Selecting key relevant parameters for neuronal hazard identification
The evaluation of the spontaneous firing properties of the rodent primary cortical neurons was then done and selected using the following four key parameters: (1) the weighted mean firing rate corresponding to the number of action potentials recorded; (2) the burst duration representing the neuronal firing within a consecutive string of spikes defined as bursts identified using Poisson Surprise method; (3) the area under cross-correlation corresponding to the degree of association between two variables (here the electrodes where bursts or spikes are present) and can be used to assess the relationship between them; (4) the median over the mean inter-spike interval corresponding to the measurement of spike organization within bursts. Those parameters were also confirmed using a correlation method, where highly correlated parameters were found and allowed to reduce the number of parameters. For this, statistical modeling was used (LASSO regression) to support and establish the most common parameters changed after drug treatment. LASSO is a linear regression that uses shrinkage to produce simple models with fewer parameters (Supplementary Figure S2). The parameters selected in the scoring system were shown to appear at high frequency in the LASSO model. Therefore, not all parameters were selected for the scoring system and only four of the LASSO model exercises were finally selected based on iteration. Based on a scenario where we used as group DMSO and negative controls against inhibitory compounds and excitatory compounds, and timepoint and dose are not penalized, we found 15 parameters for the inhibitory trend (with ≥50% frequency) and 7 parameters (with ≥50% frequency) for the excitatory trend (Supplementary Figure S2). Inhibitory and excitatory compounds shared similar parameters reducing the numbers to 13 parameters. A stepwise regression was then used to further see if all parameters were needed. Stepwise regression (or stepwise selection) consists of iteratively adding and removing predictors, in the predictive model, to find the subset of variables in the data set resulting in the best-performing model, which is a model that lowers prediction error. The BER was used to see how many parameters are needed to detect properly the positive controls versus vehicle and negative controls (Supplementary Figure S3). From there, we selected four parameters (weighted mean firing rate, burst duration, area under cross-correlation, and the median over mean interspike interval) that were highly recommended by the LASSO regression result. The reduction of parameters did have slight significant changes on the BER distribution, and we further decided to keep two additional parameters: cessation of neuronal firing (FS) and cessation of the neuronal network (NS) from extra observations (when increase of firing and burst occur outside network activity until complete asynchronous activity between electrode are observed), because these two parameters measured in MEA, are pharmacologically and physiologically relevant, but not specifically reported in the outcome of standard MEA measurements. For example, compounds at high concentrations can have a strong inhibitory or toxic effect on neuronal electrophysiology that can lead to a stop of action potentials or disturb the network burst formation without impacting consequently the firing rate. Although there would be no information on the effects of the primary parameters, those parameters indicate a relevant pharmacological response in primary neuronal cultures.
4 SCORING MATRIX FOR THE NEW HAZARD SCORING SYSTEM: DEFINING CUTOFFS AND WEIGHTED POINTS
Figure 2 shows the cut-off points between the different effect zones according to the six key parameters.
[image: Figure 2]FIGURE 2 | Density plots show the TIs for vehicles and positive controls calculated for the six selected key parameters. Determination of Cutoffs using TIs to develop the scoring matrix. Examples of the TIs of compounds on AuCC (A), the burst duration (B), the weighted mean firing rate (C), and the median/mean Inter-Spike Interval (ISI) (D). The blue line corresponds to the upper and lower bound Tis for the vehicle, and the red line corresponds to the upper and lower bound Tis for the compounds. (E) The scoring matrix represents a point card where for each parameter a weighted score is given depending on the size and direction of the ΔΔ% effect. (F) Calculation of hazard scorings is done through a sum of points across all six parameters.
The outcome of neuronal scoring for the tested compound was classified into the following four categories (color labels): “non-neuroactive” (green), “Neuroactive (yellow), “Hazard” (orange), and “high hazard” (red). Non-neuroactive labeling indicates compound effects within the vehicle variability (Figure 2). Non-neuroactive (Green): is defined without significant changes in 6-key parameters of the MEA and within the vehicle and negative control variability; Neuroactive (Yellow): small but significant effects on 6-key parameters (slightly and clearly above the vehicle variability) without risk; Hazard (Organ): Mild effects on the six key parameters with limited risk. High hazard (Red): Shows strong changes on six key parameters and suggests a great concern that could lead to CNS adverse effects.
A set of in total 113 reference compounds with known pharmacological or seizurogenic outcomes (drug-induced seizure in man or preclinical species, neuroactive and non-neuroactive drugs) was used to develop and optimize different parts of the scoring system (Figure 3). Concentrations were selected to cover therapeutic-free peak plasma concentration (Cmax), when applicable. Negative control drugs were chosen for their low number of reports or studies of seizure liabilities in humans or preclinical species and are expected to be identified as non-neuroactive for concentrations several folds the free Cmax (Supplementary Table S1). The results of the hazard scoring of 106 reference drugs at different concentrations, relative to their fCmax, on rat primary neurons are presented in Figure 3. The outcome of the acute hazard scorings predicted well and differentiated non-neuronal active drugs (safe), from neuronal active or from drugs with clinical seizure risks.
[image: Figure 3]FIGURE 3 | Effect of representative 106 reference drugs on the rat cortical neurons measured on the MEAs using the hazard score system defined by the electrophysiological changes per concentration. Concentrations were selected based on the therapeutic-free Cmax (shown in italics). n. a., not available. Green: no risk (non-neuronal active), yellow: neuronal active; Orange: hazard, and Red: high hazard.
4.1 Analysis of sensitivity, specificity, and balanced accuracy
Classification of drugs inducing seizures is complicated and depends on the dose taken. The higher the dosage, the higher the risk of observing convulsion in man. Many drugs where convulsions were reported to occur in overdose conditions and not in the therapeutic dose range. To be able to classify our reference compounds, we used several sources of information: WHO adverse drug reactions (ADR) VigiBase (Kumlien and Lundberg, 2010), SIDER side effect resource (Campillos et al., 2008; Kuhn et al., 2010), drug information provided by Elsevier, and the Food and Drug Administration (FDA) approved prescribing information (National library of medicine, Daylimed). From this information, we established the degree of risk for the drugs from low seizure risk to high seizure risk (Supplementary Table S1). Antiepileptic drugs and anesthetic drugs acting in the CNS were included in either the neuroactive or high-risk category. Many anticonvulsant drugs show hazards such as phenytoin, diazepam, perampanel, or clonazepam are considered anticonvulsants with the potential risk of reducing the threshold for seizures at toxic concentrations (overdose) (Gayatri and Livingston, 2006).
The prediction values for the scoring hazard identification are based on 113 reference drugs with known clinical outcomes of seizures as shown in Figure 4. It shows high sensitivity (95.65%), high specificity (91.89%), and high accuracy (92.78%). Only one compound, amiloride, out of 113 compounds was wrongly classified, false positive, as having a high seizure risk, whereas it has a low seizure potential in men. For the neuroactive compounds, the outcome, as we expected, was identified with low sensitivity (57.89%), but with a high specificity of 89.78% and an accuracy of 84.11%. The risk class showed a sensitivity of 81.43%, a specificity of 82.5%, and an accuracy of 81.82%.
[image: Figure 4]FIGURE 4 | Sensitivity, specificity, and accuracy were derived from the true positive, false negative, false positive, and true-negative classification of the 113 reference compounds on the outcome of the hazard scoring system.
4.2 Using statistical Random Forest to further classify the activity of compounds
To further understand the effects of the compounds, we used statistical modeling using Random Forest. This method allows us to classify compounds under a different category such as inhibitory effect or excitatory effect and thus discriminate the drugs inducing seizures via excitatory from the drugs that have the potential to lower the threshold for seizures or neuroactive drugs that decrease the activity of the neurons, e.g., sedatives. The outcome of this statistical modeling is shown in Figure 5 and supports the hazard identification score system on MEA measurements.
[image: Figure 5]FIGURE 5 | Classification of 18 compounds into no effect (DMSO), (A) inhibitory, and (B) excitatory drugs by using Random Forest prediction. The results show the probability that the compounds will be classified into their categories at each concentration, allowing an addition to the hazard identification score system.
4.3 Assessment of newly synthetized compounds from the hazard scoring system and translational value from in vitro hazard scoring to in vivo in mice
Sequentially, we investigated 79 newly synthetized compounds, 70% of which had activity on one or more neurological targets. The compounds were tested in a wide concentration range (0.1–10 µM). As expected, most of the neurological target compounds have effects on the Hazard score system as expected as the target is present in the brain (Figure 6): Hazard evaluation identified that most compounds were classified within the “no hazard -non-neuronal active” or “neuronal active group at concentrations less than 10 μM, with a portion showing risk at the highest concentration of 10 µM (Figure 6B). Compounds (35.15%) were found not to be a hazard (non-neuronal active in vitro) and 35.34% to be neuroactive over the entire concentration range (Figure 6A). Additionally, for compounds identified as hazards, the levels increased in a concentration-dependent manner (Figure 6B). At 1 µM and higher, more than 18.45% of the compounds showed some effects associated with a certain level of hazard with the “high hazard” mainly at 10 µM (11.07%).
[image: Figure 6]FIGURE 6 | Assessment of the Hazard scoring of newly synthetized compounds on rat primary neurons measured by MEAs. (A). Pie charts showing the total distribution of different hazard levels for compounds regardless of concentrations (n = 79). (B). Pie charts showing the concentration-dependent distribution of different hazard scorings for compounds (n = 101). (C). Translational confirmation of the MEA-derived neuronal hazard scoring of 23 antisense oligonucleotides (ASOs) that were also evaluated in a phenotypic monitoring assay in vivo using adult C57Bl6 mice.
Subsequently, the preclinical translational predictability of scored compounds that have been also tested in in vivo models was evaluated. The compounds tested in both in vitro and in vivo, are from the antisense oligonucleotides (ASOs) class hitting a variety of targets and thus have varying sequences. Figure 6C demonstrated a good translational value of 23 ASOs from the hazard scoring in vitro: the confirmation rate from data in vitro to the adult mice was 87%. In two cases, low risk in vivo showed neuroactive effects in vitro and one case of medium risk in vivo showed high seizure risk in vitro.
Furthermore, in vivo, convulsions in rats associated with behavioral seizures, induced by 4-aminopyridine, a selective potassium channel blocker (Kv1) known as being a potent convulsant agent and used to generate seizures in animal models for the evaluation of antiseizure agents, were compared with the hazard-scoring system in vitro (Figure 7). Figure 7 shows the electroencephalogram (EEG) with 4-aminopyridine (Figure 7B) and the presence of behavioral manifestations of seizure activity in a freely moving rat in comparison with the hazard score system and raw traces obtained from the MEA recordings (Figure 7A): 4-AP significantly increased EEG spikes (1 mg/kg, iv) and induced convulsions and seizures at 3 mg/kg, iv, with the appearance off abnormal discharges in bursts (see example in Figure 7B) while 4-AP also largely increased the firing rates similarly in vitro with MEA recordings.
[image: Figure 7]FIGURE 7 | Translational confirmation of the MEA-derived neuronal hazard scoring of a reference compound (4-AP) that was also evaluated in a freely moving rat with EEG recordings. (A). Effects of 4-AP on the MEA in vitro with the hazard score for 0.3 and 10 µM 4-AP. (B). EEG recordings in a freely moving rat at baseline and vehicle and in the presence of 4-AP at different doses, 1 and 3 mg/kg.
5 DISCUSSION
Seizure liabilities are serious life-threatening adverse effects and are often used as a showstopper for the progression of a compound for further development in the clinic. Two industry surveys indicated that seizures and tremors represented most of the CNS problems encountered in preclinical studies (Nagayama, 2015; Authier et al., 2016). In the present study, we developed and introduced a new hazard-scoring approach using rodent primary cortical neurons cultured on MEA to aid in the selection of compounds devoid of potential drug-induced seizure risk. Our data show that the MEA assay can identify effects on the CNS by various compounds with different targets as reported by previous studies (Valdivia et al., 2014; Vassallo et al., 2017; Bradley et al., 2018; Strickland et al., 2018; Kosnik et al., 2020; Tukker et al., 2020; Saavedra et al., 2021). We applied the same principles of the previous hazard score system used on another organ cell line (Kopljar et al., 2018) to rat primary neurons, using statistical TIs and cut-off values for the key parameters extracted from MEA recordings, based on DMSO controls, positive controls, and validation set of 113 known reference drugs that included both positive and negative controls for various parameters. Statistical analysis (TIs) on a large data set of vehicles and control drugs helped to develop a detailed scoring system with differentiation of size and direction of effect for each parameter. We showed that the hazard scoring system together with the Random Forest analysis allowed us to simplify the interpretation of drug-induced effects on multiple parameters measured (weighted mean firing rate (WMFR), burst duration, AuCC, median/mean ISI, network cessation, and firing cessation) from the neuronal cultures and allowed to differentiate various pharmacological classes of drugs.
Mechanisms by which drugs induce seizures are complex and are not always understood. However, an unbalance of electrophysiological activities in the neuronal system could cause excitatory or inhibitory effects on the CNS (Figure 8). Therefore, we speculate that disruption (i.e., modulations of neuronal receptors and ion channels) in the synaptic balance between excitation and inhibition in monolayer rat primary neurons could lead to potential mechanisms of drug-induced seizure (Figure 8). The most prominent mechanism causing an unbalance is often reported to be via modulation of the gamma-aminobutyric acid (GABA) receptors (i.e., inhibitors, agonists … ), such as pentylenetetrazol, bicuculline and benzodiazepines. Enhancing the activity of the excitatory neurotransmitter glutamate by modulating the metabotropic glutamate receptors (mGluR) or the ionotropic glutamate (iGlu) receptor, N-methyl-D-aspartate (NMDA) receptors, permeable α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPA receptor), Kainate receptors and delta receptor family (Wang and Gruenstein, 1997; Dravid and Murray, 2004). Additionally, modulation of voltage-gated sodium channels, potassium channels, and Ca2+ channels, the ATP-gated P2X receptor cation channel family (P2X receptor), the transient receptor potential (TRP) superfamily of cation channels, and acid-sensing ion channels are also known to be associated with neuronal processes. Other less known mechanisms are the increased dopamine release or blocking dopamine reuptake, leading to hyperactivity in the dopaminergic system that can lead to seizures. Drug-inducing mitochondria dysfunction has also been reported as a potential increased risk of seizures (e.g., valproic acid, metronidazole) (Zsurka and Kunz, 2015).
[image: Figure 8]FIGURE 8 | Schematic showing standard paradigm for understanding the balance between excitation (+) and inhibition (−) in drug-induced seizures (A). (B) The normal balance between excitatory and inhibitory neuronal activity, receptor and ion channel function, neurotransmitters, and pathways. (C) Modulation of neuronal receptors or ion channels by drugs that decrease neuronal activity by increasing inhibitory neuronal activity or decreasing excitatory neuronal activity. (D) Modulation of neuronal receptors or ion channels by drugs that increase neuronal activity by increasing the excitatory neuronal activity or decreasing the inhibitory neuronal activity. Both (C, D) will result in an imbalance toward possible seizure occurrence.
To determine the risk class of marketed compounds, we used different sources from the VigiBase® (WHO) (Kumlien and Lundberg, 2010), the SIDER side effect resource (Campillos et al., 2008; Kuhn et al., 2010), the FDA Adverse Events Reporting System (FAERS), and drug information provided by Elsevier and the FDA-approved prescribing information (National Library of Medicine, Daylimed) (Supplementary Table S1). This allowed us to establish some evidence of a certain degree of potential convulsive/seizurogenic risk. The hazard identification system could detect seizure risk for most of the high seizure hazard drugs within the 30-fold free Cmax range. A few high seizure-risk compounds were not correctly classified such as amoxapine, well known to induce seizure in men, imipramine, donepezil, and tranexamic acid. Both amoxapine and imipramine share the same mechanism of action (reuptake inhibitor of norepinephrine and serotonin) which is difficult to identify in rodent cortical neurons measured on the MEA, as we reported earlier (Kreir et al., 2018a). Donepezil, an acetylcholinesterase inhibitor, did not induce any changes in vitro up to 30-fold its free Cmax. Acetylcholinesterase inhibitors are known to have the potential to lower the threshold for seizure and provoke seizures (Fisher et al., 2001; Kumlien and Lundberg, 2010). Lowering the seizure threshold in vitro can be challenging if no obvious inhibitory effects are observed, thus limiting the detection of such compounds. On the other hand, tranexamic acid was only used at its therapeutic dose due to the high free Cmax concentration (>100 µM) in man and was safe up to 1.5-fold its free Cmax.
Compounds classified as low risk were identified as neuroactive within the 30-fold free Cmax range. However, many low-risk compounds were classified as either seizure or high seizure hazards and a few as non-neuroactive, e.g., nicotine most likely due to its transient effect as described by Hondebrink et al. (Hondebrink et al., 2016). When looking at the class of compounds from the low-risk group in man, whilst classified in our hazard system as high hazard, four out of six compounds were anticonvulsants/anxiolytic (perampanel, phenytoin, diazepam, beclamide), one was a non-steroidal anti-inflammatory drug (NSAID) compound (celecoxib) and the other was an anti-hypertension compound (methyldopa). Many anticonvulsant or anxiolytic drugs are difficult to classify as only neuroactive as their effects can be highly inhibitory (e.g., phenytoin, sodium channel blocker) leading to the cessation of firing, thus increasing the weight in the scoring system. Methyldopa is a prodrug that is metabolized into norepinephrine and acts centrally to decrease the adrenergic neuronal outflow from the brain stem. The effect of norepinephrine has been linked to the modulation of seizures as an anticonvulsant as well as a proconvulsant effect, especially on the activation of α2-adrenoreceptors (Szot et al., 2004). This would provide a partial explanation for the hazard score of methyldopa. In the case of celecoxib, its high selective inhibition of cyclooxygenase-2 has been linked to an anticonvulsant effect (Zandieh et al., 2010; Lim et al., 2019), which would classify celecoxib in the same class as anticonvulsant drugs. Out of the 113 reference drugs, one compound, amiloride, with no risk of seizures was detected as high risk (false positive). Amiloride is an inhibitor of the acid-sensing ion channels (ASICs), the Na+/H+ exchanger (NHE), the Na+/Ca2+ exchanger (NCX) (Xiong et al., 2008), and the voltage-gated sodium channels (Kleyman and Cragoe, 1988) and is known to be potentially neuroprotective (Durham-Lee et al., 2011). Amiloride has shown an increase of activity (weighted mean firing rate) in the rodent cortical neurons recorded on the MEA, enough to classify the compound as high-risk in the scoring system. This effect was not fully understood and may be a limitation of the in vitro system.
Furthermore, the Random Forest analysis, showed how the compounds were behaving independently from the hazard score system. The probability at each concentration to be either inhibitory, excitatory or within vehicle controls was given for each compound. The Random Forest brings additional information about the degree of inhibition or excitation and together with the scoring system explains the electrophysiological balance or unbalance between neuronal inhibition and excitation leading to the potential risk of seizures.
The studies performed with ASOs have also demonstrated a good correlation between the scoring system in vitro and the clinical observations in vivo in mice. Both in vitro and in vivo experiments helped us find a correlation between the number of Guanines in the ASOs and the seizurogenic potential. This was also described in the work of Hagedorn (Hagedorn et al., 2022) on the acute neurotoxicity after intracerebroventricular injection into the mouse brain.
The discovery and development of novel compounds is a long and expensive process, and there is a considerable rate of attrition that results, in part, from a safety concern found later in drug development. This assay and the hazard scoring system defined and described in this study can be readily applied to select the best drug candidates based on safety.
5.1 Limitation
The hazard scoring system that we developed provides a reliable way to identify concentration-dependent levels of seizure risk for compounds based on MEA measurements in rat primary neurons using six functional parameters. However, despite the great promise of this scoring system for predicting acute neuronal seizure risks, there are still some limitations for rodent primary neurons: 1. This assay does not show direct seizure recordings as measured by EEG in animal models or humans, 2. There is a low expression of certain genes expression (e.g., Htr1a, Htr2a) in the rat primary cortical neurons, therefore, caused by the lack of predictive seizure risk value of antidepressant drugs such as amoxapine or imipramine (Kreir et al., 2018b). 3. Some compounds have adverse effects via their metabolites formed in vivo but not in vitro which limits the potential detection of such compounds before in vivo models are used. Furthermore, there is a lack of a self-regulation system (homeostasis, acid-base balance, … ). 4. This assay still requires the use of animals (rats); therefore, human iPSC-neurons should be explored in future studies to develop the hazard score system in a human cell-based assay.
6 CONCLUSION
This new acute neuronal hazard score system for detecting drug-induced seizure applied to the MEA measurement using rat primary neurons will be useful for the identification and selection of compounds for further investigation, reducing the overall number of animals used as well as decreasing the associated costs.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
All experiments involving the use of animals have been conducted in accordance with the European directive of 2010 (2010/63/EU) on the protection of animals used for scientific purposes and the Belgian Royal Decree of 29 May 2013, and accordingly only after review and approval of an independent ethics committee. Furthermore, these studies were conducted in an AAALAC-accredited animal facility. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
MK: Conceptualization, Data curation, Formal Analysis, Investigation, Supervision, Validation, Visualization, Writing–original draft. DP: Conceptualization, Data curation, Formal Analysis, Methodology, Validation, Writing–review and editing. FT: Data curation, Formal Analysis, Investigation, Methodology, Supervision, Validation, Visualization, Writing–review and editing. FP: Investigation, Visualization, Writing–review and editing. CY: Investigation, Methodology, Validation, Visualization, Writing–review and editing. KA: Conceptualization, Data curation, Formal Analysis, Methodology, Supervision, Validation, Writing–review and editing. HG: Project administration, Supervision, Writing–review and editing. AT: Project administration, Supervision, Visualization, Writing–review and editing. DG: Project administration, Resources, Supervision, Visualization, Writing–review and editing. HL: Conceptualization, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
The authors wish to thank Dr. Bruce Damiano for scientific insight, language checking, and review. Mr. Wim Floren performed some of the experiments in the study.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1308547/full#supplementary-material
REFERENCES
 Ahmed, F., Khan, A. A., Ansari, H. R., and Haque, A. (2022). A systems biology and LASSO-based approach to decipher the transcriptome-interactome signature for predicting non-small cell lung cancer. Biol. (Basel) 11 (12), 1752. doi:10.3390/biology11121752
 Authier, S., Arezzo, J., Delatte, M. S., Kallman, M. J., Markgraf, C., Paquette, D., et al. (2016). Safety pharmacology investigations on the nervous system: an industry survey. J. Pharmacol. Toxicol. Methods 81, 37–46. doi:10.1016/j.vascn.2016.06.001
 Baskar, M. K., and Murthy, P. B. (2018). Acute in vitro neurotoxicity of some pyrethroids using microelectrode arrays. Toxicol Vitro 47, 165–177. doi:10.1016/j.tiv.2017.11.010
 Bradley, J. A., Luithardt, H. H., Metea, M. R., and Strock, C. J. (2018). In vitro screening for seizure liability using microelectrode array technology. Toxicol. Sci. 163 (1), 240–253. doi:10.1093/toxsci/kfy029
 Bradley, J. A., and Strock, C. J. (2019). Screening for neurotoxicity with microelectrode array. Curr. Protoc. Toxicol. 79 (1), e67. doi:10.1002/cptx.67
 Brown, J. P., Hall, D., Frank, C. L., Wallace, K., Mundy, W. R., and Shafer, T. J. (2016). Editor's highlight: evaluation of a microelectrode array-based assay for neural network ontogeny using training set chemicals. Toxicol. Sci. 154 (1), 126–139. doi:10.1093/toxsci/kfw147
 Cabrera-Garcia, D., Warm, D., de la Fuente, P., Fernández-Sánchez, M. T., Novelli, A., and Villanueva-Balsera, J. M. (2021). Early prediction of developing spontaneous activity in cultured neuronal networks. Sci. Rep. 11 (1), 20407. doi:10.1038/s41598-021-99538-9
 Campillos, M., Kuhn, M., Gavin, A. C., Jensen, L. J., and Bork, P. (2008). Drug target identification using side-effect similarity. Science 321 (5886), 263–266. doi:10.1126/science.1158140
 Chiappalone, M., Bove, M., Vato, A., Tedesco, M., and Martinoia, S. (2006). Dissociated cortical networks show spontaneously correlated activity patterns during in vitro development. Brain Res. 1093 (1), 41–53. doi:10.1016/j.brainres.2006.03.049
 Dravid, S. M., and Murray, T. F. (2004). Spontaneous synchronized calcium oscillations in neocortical neurons in the presence of physiological [Mg(2+)]: involvement of AMPA/kainate and metabotropic glutamate receptors. Brain Res. 1006 (1), 8–17. doi:10.1016/j.brainres.2004.01.059
 Durham-Lee, J. C., Mokkapati, V. U. L., Johnson, K. M., and Nesic, O. (2011). Amiloride improves locomotor recovery after spinal cord injury. J. Neurotrauma 28 (7), 1319–1326. doi:10.1089/neu.2011.1921
 Fisher, R. S., Bortz, J. J., Blum, D. E., Duncan, B., and Burke, H. (2001). A pilot study of donepezil for memory problems in epilepsy. Epilepsy Behav. 2 (4), 330–334. doi:10.1006/ebeh.2001.0221
 Frega, M., Pasquale, V., Tedesco, M., Marcoli, M., Contestabile, A., Nanni, M., et al. (2012). Cortical cultures coupled to micro-electrode arrays: a novel approach to perform in vitro excitotoxicity testing. Neurotoxicol Teratol. 34 (1), 116–127. doi:10.1016/j.ntt.2011.08.001
 Gauvin, D. V., and Zimmermann, Z. J. (2019). FOB vs modified Irwin: what are we doing?J. Pharmacol. Toxicol. Methods 97, 24–28. doi:10.1016/j.vascn.2019.02.008
 Gayatri, N. A., and Livingston, J. H. (2006). Aggravation of epilepsy by anti-epileptic drugs. Dev. Med. Child. Neurol. 48 (5), 394–398. doi:10.1017/S0012162206000843
 Hagedorn, P. H., Brown, J. M., Easton, A., Pierdomenico, M., Jones, K., Olson, R. E., et al. (2022). Acute neurotoxicity of antisense oligonucleotides after intracerebroventricular injection into mouse brain can Be predicted from sequence features. Nucleic Acid. Ther. 32 (3), 151–162. doi:10.1089/nat.2021.0071
 Hammer, H., Bader, B. M., Ehnert, C., Bundgaard, C., Bunch, L., Hoestgaard-Jensen, K., et al. (2015). A multifaceted GABAA receptor modulator: functional properties and mechanism of action of the sedative-hypnotic and recreational drug methaqualone (quaalude). Mol. Pharmacol. 88 (2), 401–420. doi:10.1124/mol.115.099291
 Hogberg, H. T., and Bal-Price, A. K. (2011). Domoic acid-induced neurotoxicity is mainly mediated by the AMPA/KA receptor: comparison between immature and mature primary cultures of neurons and glial cells from rat cerebellum. J. Toxicol. 2011, 543512. doi:10.1155/2011/543512
 Hondebrink, L., Verboven, A. H. A., Drega, W. S., Schmeink, S., de Groot, M. W. G. D. M., van Kleef, R. G. D. M., et al. (2016). Neurotoxicity screening of (illicit) drugs using novel methods for analysis of microelectrode array (MEA) recordings. Neurotoxicology 55, 1–9. doi:10.1016/j.neuro.2016.04.020
 Irwin, S. (1968). Comprehensive observational assessment: ia. A systematic, quantitative procedure for assessing the behavioral and physiologic state of the mouse. Psychopharmacologia 13 (3), 222–257. doi:10.1007/BF00401402
 Kleyman, T. R., and Cragoe, E. J. (1988). Amiloride and its analogs as tools in the study of ion transport. J. Membr. Biol. 105 (1), 1–21. doi:10.1007/BF01871102
 Kopljar, I., Lu, H. R., Van Ammel, K., Otava, M., Tekle, F., Teisman, A., et al. (2018). Development of a human iPSC cardiomyocyte-based scoring system for cardiac hazard identification in early drug safety de-risking. Stem Cell. Rep. 11 (6), 1365–1377. doi:10.1016/j.stemcr.2018.11.007
 Kosnik, M. B., Strickland, J. D., Marvel, S. W., Wallis, D. J., Wallace, K., Richard, A. M., et al. (2020). Concentration-response evaluation of ToxCast compounds for multivariate activity patterns of neural network function. Arch. Toxicol. 94 (2), 469–484. doi:10.1007/s00204-019-02636-x
 Kreir, M., Van Deuren, B., Versweyveld, S., De Bondt, A., Van den Wyngaert, I., Van der Linde, H., et al. (2018a). Do in vitro assays in rat primary neurons predict drug-induced seizure liability in humans?Toxicol. Appl. Pharmacol. 346, 45–57. doi:10.1016/j.taap.2018.03.028
 Kreir, M., Van Deuren, B., Versweyveld, S., De Bondt, A., Van den Wyngaert, I., Van der Linde, H., et al. (2018b). Do in vitro assays in rat primary neurons predict drug-induced seizure liability in humans?Toxicol. Appl. Pharmacol. 346, 45–57. doi:10.1016/j.taap.2018.03.028
 Kuhn, M., Campillos, M., Letunic, I., Jensen, L. J., and Bork, P. (2010). A side effect resource to capture phenotypic effects of drugs. Mol. Syst. Biol. 6, 343. doi:10.1038/msb.2009.98
 Kumlien, E., and Lundberg, P. O. (2010). Seizure risk associated with neuroactive drugs: data from the WHO adverse drug reactions database. Seizure 19 (2), 69–73. doi:10.1016/j.seizure.2009.11.005
 Lantz, S. R., Mack, C. M., Wallace, K., Key, E. F., Shafer, T. J., and Casida, J. E. (2014). Glufosinate binds N-methyl-D-aspartate receptors and increases neuronal network activity in vitro. Neurotoxicology 45, 38–47. doi:10.1016/j.neuro.2014.09.003
 Lim, J. A., Jung, K. Y., Park, B., Kim, T. J., Jun, J. S., Kim, K. T., et al. (2019). Impact of a selective cyclooxygenase-2 inhibitor, celecoxib, on cortical excitability and electrophysiological properties of the brain in healthy volunteers: a randomized, double-blind, placebo-controlled study. PLoS One 14 (2), e0212689. doi:10.1371/journal.pone.0212689
 Maeda, E., Robinson, H. P., and Kawana, A. (1995). The mechanisms of generation and propagation of synchronized bursting in developing networks of cortical neurons. J. Neurosci. 15 (10), 6834–6845. doi:10.1523/JNEUROSCI.15-10-06834.1995
 Mundy, W. R., and Freudenrich, T. M. (2000). Sensitivity of immature neurons in culture to metal-induced changes in reactive oxygen species and intracellular free calcium. Neurotoxicology 21 (6), 1135–1144.
 Muramoto, K., Ichikawa, M., Kawahara, M., Kobayashi, K., and Kuroda, Y. (1993). Frequency of synchronous oscillations of neuronal activity increases during development and is correlated to the number of synapses in cultured cortical neuron networks. Neurosci. Lett. 163 (2), 163–165. doi:10.1016/0304-3940(93)90372-r
 Nagayama, T. (2015). Adverse drug reactions for medicine newly approved in Japan from 1999 to 2013: syncope/loss of consciousness and seizures/convulsions. Regul. Toxicol. Pharmacol. 72 (3), 572–577. doi:10.1016/j.yrtph.2015.05.030
 Novellino, A., Scelfo, B., Palosaari, T., Price, A., Sobanski, T., Shafer, T. J., et al. (2011). Development of micro-electrode array based tests for neurotoxicity: assessment of interlaboratory reproducibility with neuroactive chemicals. Front. Neuroeng 4, 4. doi:10.3389/fneng.2011.00004
 Onakpoya, I. J., Heneghan, C. J., and Aronson, J. K. (2016a). Worldwide withdrawal of medicinal products because of adverse drug reactions: a systematic review and analysis. Crit. Rev. Toxicol. 46 (6), 477–489. doi:10.3109/10408444.2016.1149452
 Onakpoya, I. J., Heneghan, C. J., and Aronson, J. K. (2016b). Post-marketing withdrawal of 462 medicinal products because of adverse drug reactions: a systematic review of the world literature. BMC Med. 14, 10. doi:10.1186/s12916-016-0553-2
 Redfern, W. S., Dymond, A., Strang, I., Storey, S., Grant, C., Marks, L., et al. (2019). The functional observational battery and modified Irwin test as global neurobehavioral assessments in the rat: pharmacological validation data and a comparison of methods. J. Pharmacol. Toxicol. Methods 98, 106591. doi:10.1016/j.vascn.2019.106591
 Saavedra, L., Wallace, K., Freudenrich, T. F., Mall, M., Mundy, W. R., Davila, J., et al. (2021). Comparison of acute effects of neurotoxic compounds on network activity in human and rodent neural cultures. Toxicol. Sci. 180 (2), 295–312. doi:10.1093/toxsci/kfab008
 Scelfo, B., Politi, M., Reniero, F., Palosaari, T., Whelan, M., and Zaldívar, J. M. (2012). Application of multielectrode array (MEA) chips for the evaluation of mixtures neurotoxicity. Toxicology 299 (2-3), 172–183. doi:10.1016/j.tox.2012.05.020
 Shafer, T. J., Brown, J. P., Lynch, B., Davila-Montero, S., Wallace, K., and Friedman, K. P. (2019). Evaluation of chemical effects on network formation in cortical neurons grown on microelectrode arrays. Toxicol. Sci. 169 (2), 436–455. doi:10.1093/toxsci/kfz052
 Shafer, T. J., Rijal, S. O., and Gross, G. W. (2008). Complete inhibition of spontaneous activity in neuronal networks in vitro by deltamethrin and permethrin. Neurotoxicology 29 (2), 203–212. doi:10.1016/j.neuro.2008.01.002
 Strickland, J. D., Martin, M. T., Richard, A. M., Houck, K. A., and Shafer, T. J. (2018). Screening the ToxCast phase II libraries for alterations in network function using cortical neurons grown on multi-well microelectrode array (mwMEA) plates. Arch. Toxicol. 92 (1), 487–500. doi:10.1007/s00204-017-2035-5
 Szot, P., Lester, M., Laughlin, M. L., Palmiter, R. D., Liles, L. C., and Weinshenker, D. (2004). The anticonvulsant and proconvulsant effects of alpha2-adrenoreceptor agonists are mediated by distinct populations of alpha2A-adrenoreceptors. Neuroscience 126 (3), 795–803. doi:10.1016/j.neuroscience.2004.04.030
 Tibshirani, R., and Suo, X. (2016). An ordered lasso and sparse time-lagged regression. Technometrics 58 (4), 415–423. doi:10.1080/00401706.2015.1079245
 Tukker, A. M., Wijnolts, F. M. J., de Groot, A., and Westerink, R. H. S. (2020). Applicability of hiPSC-derived neuronal cocultures and rodent primary cortical cultures for in vitro seizure liability assessment. Toxicol. Sci. 178 (1), 71–87. doi:10.1093/toxsci/kfaa136
 Valdivia, P., Martin, M., LeFew, W. R., Ross, J., Houck, K. A., and Shafer, T. J. (2014). Multi-well microelectrode array recordings detect neuroactivity of ToxCast compounds. Neurotoxicology 44, 204–217. doi:10.1016/j.neuro.2014.06.012
 Vassallo, A., Chiappalone, M., De Camargos Lopes, R., Scelfo, B., Novellino, A., Defranchi, E., et al. (2017). A multi-laboratory evaluation of microelectrode array-based measurements of neural network activity for acute neurotoxicity testing. Neurotoxicology 60, 280–292. doi:10.1016/j.neuro.2016.03.019
 Wallace, K., Strickland, J. D., Valdivia, P., Mundy, W. R., and Shafer, T. J. (2015). A multiplexed assay for determination of neurotoxicant effects on spontaneous network activity and viability from microelectrode arrays. Neurotoxicology 49, 79–85. doi:10.1016/j.neuro.2015.05.007
 Wang, X., and Gruenstein, E. I. (1997). Mechanism of synchronized Ca2+ oscillations in cortical neurons. Brain Res. 767 (2), 239–249. doi:10.1016/s0006-8993(97)00585-4
 Wheeler, B. C., Nam, Y., and Brewer, G. J. (2004). Patterning to influence in vitro neuronal interfaces. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2004, 5337–5339. doi:10.1109/IEMBS.2004.1404490
 Xiong, Z. G., Pignataro, G., Li, M., Chang, S. y., and Simon, R. P. (2008). Acid-sensing ion channels (ASICs) as pharmacological targets for neurodegenerative diseases. Curr. Opin. Pharmacol. 8 (1), 25–32. doi:10.1016/j.coph.2007.09.001
 Zandieh, A., Maleki, F., Hajimirzabeigi, A., Zandieh, B., Khalilzadeh, O., and Dehpour, A. R. (2010). Anticonvulsant effect of celecoxib on pentylenetetrazole-induced convulsion: modulation by NO pathway. Acta Neurobiol. Exp. (Wars) 70 (4), 390–397. doi:10.55782/ane-2010-1811
 Zsurka, G., and Kunz, W. S. (2015). Mitochondrial dysfunction and seizures: the neuronal energy crisis. Lancet Neurol. 14 (9), 956–966. doi:10.1016/S1474-4422(15)00148-9
Conflict of interest: All the authors were employed by company Janssen Research and Development, Janssen Pharmaceutical Companies of Johnson & Johnson.
Copyright © 2024 Kreir, Putri, Tekle, Pibiri, d’Ydewalle, Van Ammel, Geys, Teisman, Gallacher and Lu. 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/fphar-15-1308547-g005.gif
Random e e Coss ot g J T —

) T






OPS/images/fphar-15-1308547-g006.gif
Pl
SINBOESE »

0 NonNewroActive 3 NowroActve 3 Hazard 8 High azard

Adult C57816 mice
Phenotypic monitoring
invito invivo
9111 No solzure risk — Noris
6 Neurosctive —— Mediumrisk
616 HazardMigh hazard risk  —— High iskc
Total=23

Eh it B Mk i





OPS/images/fphar-15-1308547-g003.gif
|
m

]

-mm Ak ik
A ::_::_::_::;
LTI LTI T TTIPT T PP PrT

[ERERRE]

i
H E
Aot B1ER





OPS/images/fphar-15-1308547-g004.gif
W Sensiiviy
Specifcty
W Accuracy

£ 8 8 8 8 °
aBejusdiag e se Aoeinooy pue
Auoyoads ‘Aianisuas

‘Compounds





OPS/images/inline_1.gif





OPS/images/fphar-15-1308547-g007.gif
in vitro MEA B fn vivo EEG

. *- O —

osnstinr N s
Amheesr oottt

o ear m e
W





OPS/images/fphar-15-1308547-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Development of a new hazard scoring system in primary neuronal cell cultures for drug-induced acute neuronal toxicity identification in early drug discovery		1 Introduction

		2 Materials and methods		2.1 Ethical procedures

		2.2 Culture of rat primary neurons in Vitro

		2.3 Data analysis of rat primary neurons in Vitro

		2.4 Selection of MEA parameters

		2.5 Defining the cut-off for the scoring system

		2.6 Prediction model using Random Forest

		2.7 Analysis of sensitivity, specificity, and predictivity values

		2.8 Validation of the translational value in Vitro into in Vivo

		2.9 Mouse behavioral studies and assessment of acute tolerability





		3 Results		3.1 Introduction of the new neuronal hazard scoring system in rodent primary cortical neuronal cultures using MEA assay

		3.2 Selecting key relevant parameters for neuronal hazard identification





		4 Scoring matrix for the new hazard scoring system: Defining cutoffs and weighted points		4.1 Analysis of sensitivity, specificity, and balanced accuracy

		4.2 Using statistical Random Forest to further classify the activity of compounds

		4.3 Assessment of newly synthetized compounds from the hazard scoring system and translational value from in vitro hazard scoring to in vivo in mice





		5 Discussion		5.1 Limitation





		6 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Development of a new hazard
scoring system in primary
neuronal cell cultures for drug-
induced acute neuronal toxicity
identification in early drug
discovery





OPS/images/fphar-15-1308547-g001.gif
Sites

i

VAR

—

\1

!

ol
N
i nm






OPS/images/fphar-15-1308547-g002.gif





OPS/images/inline_2.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





