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1. Overview 

1.1. Descriptive full-text title 

Multiwell Microelectrode Array to Screen for Developmental Neurotoxicity in Rat Cortical 

Neurons via Assessing Changes in Neural Network Formation Parameters During Extended 

Chemical Exposure 

1.2. Abstract 

This Multiwell Microelectrode Array (mwMEA) Network Formation Assay was developed to 

screen large numbers of compounds for potential to disrupt the formation of interconnected 

networks of neurons (“neural networks”) development in vitro. During the development of the 

nervous systems, many processes occur to give rise to a functional and healthy neural 

network. These important neurodevelopmental processes may be disrupted by potential 

toxicants, resulting in developmental neurotoxicity. This assay is designed to monitor for 

disruption of the formation of functional neural networks neuronal activity over a developmental 

period; during both in vivo and in vitro neurodevelopment, neurons elaborate processes and 

form synapses which connect them together, forming networks of neurons that communicate 

with one another. Assessment of neural network formation is achieved by treating primary 

cortical cultures on a 48-well mwMEA plate with chemicals of interest and monitoring changes 

in electrical activity over a twelve-day period during development of network activity. This assay 

provides an assessment of seventeen parameters that describe different aspects of network 

activity. This assay employed a multiplexed approach, which included in-well assessments of 

cell viability and cell health. The use of a 48 well plate allows for a medium-throughput 

screening of chemicals. According to the readiness criteria as published by Bal-Price et al. 

(2018) the network formation assay obtained the readiness score A.       

 

 

Assay summary: 

 

toxicological target  →  developing brain 

 

test system  →  Rat primary cortical cells from PND0 rat pups  

 

readout(s) → multiple readouts related to general activity, 

bursting and connectivity of neurons  

 

biological process(es)  → network formation, neurite outgrowth, 

synaptogenesis, functional connections, 

cytotoxicity 

 

(human) adverse outcome(s)  →   CNS dysfunction 
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hazard(s)  →   adverse effect on functional measures of 

network activity 

 

endpoint of current regulatory studies  →  no 

 

validation/evaluation  →  readiness analysis 

2. General information  

2.1. Name of test method  

Rat Cortical Network Formation Assay (NFA) 

2.2. Version number and date of deposition 

20211215_v1.1 

2.3. Summary of introduced changes in comparison to previous version(s)  

“original version” 

2.4. Assigned data base name  

ToxCast Invitro database assay ID: CCTE_Shafer_MEA_dev; CCTE_Shafer_MEA_LDH 

(cytotoxicity); CCTE_Shafer_MEA_AB (cytotoxicity) 

2.5. Name and acronym of the test depositor  

United States Environmental Protection Agency (USEPA) 

2.6. Name and email of contact person  

Tim Shafer (shafer.tim@epa.gov) 

2.7. Name of further persons involved 

Seline Choo 

Kathleen Wallace 

Theresa Freudenrich 

2.8. Reference to additional files of relevance 

Number of supporting files:  

1. Network Formation Assay Standard Operation Procedure (Appendix A)  

3. Description of general features of the test system source  

3.1. Supply of source cells  
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Rat primary cortical neurons prepared from PND 0 pups obtained from pregnant Long Evans 

rats purchased from Charles River Laboratories delivered to the US EPA facility on GD16 and 

held in animal colonies until they give birth. 

3.2. Overview of cell source component(s)  

Primary rodent cortical cell cultures are prepared on site from the neocortex dissected from 

the CNS of newborn rats using a standardized protocol (appendix A). In a typical culture, cells 

are isolated from the combined cortices of 3-5 pups, plated onto multiwell microelectrode array 

plates and allowed 2 hrs to attach. The cells are maintained in a humidified incubator at 37°C 

and 5% CO2. Sex of pups is not determined and cultures are presumed to consist of a mixture 

of male and female pups since multiple pups are used for each culture. 

3.3. Characterization and definition of source cells 

Primary cortical cultures consist of a mixture of glutamatergic and gabaergic neurons, as well 

as glial cells (oligodendrocytes and a few microglia) as charqacterized by 

immunocytochemistry and functional responses to pharmacological agents. (Mundy and 

Freudenrich, 2000; McConnell et al., 2011; Frank et al., 2017). 

3.4. Acceptance criteria for source cell population 

Before plating the cells, the following criteria must be fulfilled: 

• The rat pups used for cortical culture must be less than one day old, preferably 

newborn. 

• Minimum viability of 85% verified by trypan blue exclusion 

• Cell cultures examined under the microscope and are free of microorganisms. 

• Each time medium is prepared, a 1.0 mL sample is placed onto a sterility plate and 

incubated at 37°C. Sterility plates are checked daily for contamination and 

contaminated cell cultures should not be used. Media color changes may indicate 

contamination or improper CO2 levels. 

 

Cultures are checked daily for signs of microbial contamination. Contaminated wells are 

cleaned out.  

3.5. Variability and troubleshooting of source cells 

Some variability is inherent in the system since new cultures are made from different animals 

for each preparation and hence assay. This would reflect normal biological variation. In 

addition, during the plating process, cells will randomly distribute and attache to the bottom of 

the MEA plate and this will result in random differences in the networks formed, which may 

contribute to variability. 

 

Serum-free media which reduces variability due to differences in the content of growth 

factors and other critical nutrients found in serum. 

 

Each time medium is prepared, a 1.0 mL sample is placed into a plate and incubated at 37ºC 

to test for sterility. It is strongly recommended that media be made at least 2 days before 

use. If the media becomes purple or yellow, examine the plate for contamination. When the 

media is cloudy, this indicates contamination by some microorganism and the media should 

be discarded. If the media is bright pink to purple but no cloudiness is present, this may 
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indicate a possible problem with the CO2 level in the incubator. Examine other cultures in the 

incubator for color changes and measure the CO2 level in the incubator with 

the Fyrite. The plate may also be examined under the microscope for microorganisms. 

 

Critical consumable 

The cultivation medium is supplemented with B27. The cultivation medium should be 

discarded 7 days after addition of the B27 supplement. 

 

The cell culture procedure employs a cortical buffer for digestion, consisting of 137 mM NaCl, 

5 mM KCl, 170 µM Na2HPO4, 205 µM KH2PO4, 5 mM glucose, 59 mM sucrose, and 100 

U/mL penicillin/0.1 mg/mL streptomycin (Gibco Cat# 1510-122). A cortical medium is used 

during cell attachment, consisting of DMEM with GlutaMax (Gibco Cat# 1056-010), 10% 

Horse Serum, heat inactivated (Gibco Cat. No. 26050-088), 10 mM HEPES, 100 U/mL 

penicillin/0.1 mg/mL streptomycin. The final media used in the culture, NB/B27 media, 

consists of 500ml Neurobasal-A Medium (1X, Gibco Cat# 10888), 10ml B-27 Supplement 

(50X, Gibco 17504-044), 5 ml GlutaMax (100X, Gibco 35050-061), and 5 ml Pen-Strep 

(Gibco Cat# 15140-122), pH adjusted to 7.4. 

 

Critical handling: 

 

Network activity is sensitive to disturbances. Therefore, it is important to allow the plates to 

have time (minimum of 15 mins) to equilibrate activity following movement from the incubator 

to the Maestro recording device. In addition, temperature and CO2 levels should be 

maintained as changes in these parameters can also impact network activity. The Maestro 

device does have environmental controls for these two parameters, but the operator must 

ensure that they are activated and that CO2 supplies do not run out during an experiment. 

3.6. Differentiation towards the final test system 

Cortical cells are plated at a high density in the center of the well where the microelectrodes 

are located. At early days in vitro neurons in the culture spontaneously extend neurites 

(neurite initiation), which become axons and dendrites (polarization) after a few days. Finally, 

synaptic connections are made between days in vitro (DIV) 7 and 15.  Neurons become 

electrically active over the same time-frame. Electrical activity begins as unorganized, 

random events first observed on DIV 3-5, and increases thereafter and becomes 

progressively more organized into bursts on individual electrodes and organized 

(synchronous) bursts across all of the electrodes in a slngle well (Figure 3.6.1). Typically, the 

cultures show an ontogeny of activity that occurs rapidly in the first 12-14 days in vitro (DIV) 

and then becomes more stable in terms of the network activity thereafter (Figure 3.6.2. see 

Cotterill et al., 2016). 
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Figure 3.6.1. Schematic representation of the development of cortical cultures (upper panels) over days in vitro 

(DIV). This illustrates the major cell types in the culture and the morphological changes (neurite initiation, 

polarization and synaptogenesis. Lower panels: Raster plots illustrating the development of network activity in 

neuronal cultures over 12 DIV. Control (non-treated) wells from DIV 5, 7, 9, and 12 are shown. In each panel, time 

is on the x-axis and data from each electrode is plotted in rows on the y-axis. The naming convention is as 

follows: “A1” indicates that the data arefrom well A1 of the plate, while 11, 12, 13, etc indicate the row and column 

position, respectively, of the electrodes. A vertical “tick” mark indicates each event on that electrode that exceeds 

the spike threshold (>8x root mean square noise levels). Heavier shading indicates groups of events occurring 

closely in time (eg, bursts). The overall MFR (Hz) and no. Active Electrodes for each time point are shown above 

each panel. Neuronal activity, bursting and coordinated activity (eg, simultaneous bursts on multiple channels (eg, 

“network spikes”) increase with time. 

 

 

 

 
 
Figure 3.6.21 Ontogeny of network activity in primary cultures of cortical cells for the Network Formation Assay. 
Mean firing (A) and burst rates (B) increase with development. Box plots showing median and interquartile range 
are shown for n = 16 plates. (C) Burst duration. (D) Fraction of bursting electrodes. (E) Within-burst firing rate. (F) 
percentage of spikes in bursts. (G) CV of IBI. (H) CV of within-burst ISI. (I) Network spike rate. (J) Network spike 
duration. (K) Network spike peak. (L) Mean pairwise correlation. CV = coefficient of variation. From Cotterill et al., 
2016. 

3.7. Reference/link to maintenance culture protocol 

Primary cultures of rat neocortex are newly prepared for each experiment. (See:  OP No. 

NHEERL-H/ISTD/SBB/KAW/2017-01-r2 “Cortical cell culture”  (available upon request; email 

shafer.tim@epa.gov)) 

4. Definition of the test system as used in the method 



Appendix B8 Cortical MEA- Neural Network Formation 
 

6 
 

4.1. Principles of the culture protocol 

48-well microelectrode array plates (Axion Biosystems Inc., Atlanta GA) were utilized for the 

duration of this procedure. Each of the 48 wells on these plated contains an array of 16 

microelectrodes that allow for extracellular recording of electrical activity in the cells plated on 

top of the electrodes. Measurement of the electrical activity is non-invasive, and recordings 

can be made from the same plate over multiple different days of the culture. In cortical 

neurons, this allows for the measurement of extracellular action potentials over the period 

during which networks form in the MEA plate. On the day prior to culture, each well was 

coated thoroughly with 150 µL of 0.05% polyethyleneimine (PEI, Sigma Cat# P3143) in 50 

mM HEPES (Sigma Cat# H7523) at a pH of 8. The plate was incubated at 37°C for one hour. 

PEI was rinsed out with 500 µL of sterile water three times. Plates were stored at 4°C until 

the day of culture. Complete culture details are found in the attached OP No. NHEERL-

H/ISTD/SBB/KAW/2017-01-r0). 

 

This culture was plated at a seeding density of 1.5 x 105 cells/well on a 48-well MEA plate, 

prepared as described above. Cells were administered via a 25 µL media/laminin (Sigma 

Cat# L2020-1MG) drop directly onto the microelectrode array. After 2 hour, an additional 475 

µL of cortical media was added and the cells returned to the incubator. As described in 

section 3.1, over the course of 12 DIV, networks of electrically active excitatory and inhibitory 

neurons form spontaneously. 

 

The primary culture model consists glutamatergic (excitatory) neurons, gabaergic  (inhibitory) 

neuron, and astrocytes and sparse microglia (Harrill et al., 2011; Frank et al., 2017). 

 
 
Figure 4.1.1 Representative images of DIV 12 cortical networks grown on 48-well MEA plates. A dense culture is 

maintained over the electrode array that contains microtubule-associated protein 2 (MAP2) staining of dendrites, 

Glial fibrillary acidic protein (GFAP)–positive astrocytes, punctate vesicular glutamate transporter 1 (VGLUT1), 

and vesicular GABA transporter (VGAT) staining of synaptic vesicles, punctate synaptophysin (SYP) staining of 

presynaptic vesicles, and a small percentage of Ionized calcium binding adapter molecule 1 (IBA1)–positive 

microglia. Scale bar=100 mm. From Frank et al., 2017. 

4.2. Acceptance criteria for assessing the test system at its start 

As noted above, viability of cells should be 85% or greater at the time of plating.  

4.3. Acceptance criteria for the test system at the end of compound exposure 

By DIV 12, control (untreated) or DMSO (or other solvent treated) wells should have 

developed robust network activity that shows visible bursts of activity and coordinated bursts 

of activity across multiple electrodes in the same well 

4.4. Variability of the test system and troubleshooting 
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Sources of Variation: 

Variability may be due to different numbers of male and female pups selected for each 

culture. In addition, the random distribution of excitatory and inhibitory cells in the culture, 

and their random location in each well may contribute to variability in the formation and 

activity levels of the spontaneous networks that arise in each well.  

4.5. Metabolic capacity of the test system 

We have not extensively characterized the metabolic capacity of our primary cortical 

cultures. mRNA expression of various Cyp enzymes are low on DIV 1, however, by DIV 14, 

mRNA for Cyp 211c >> 4x1 > 2d4  > 1s1 > 1a1. Functional expression of these proteins has 

not been confirmed (Shafer et al., 2015). 

 

Other metabolic pathways are not characterized. 

4.6. Omics characterization of the test system 

Omic characterization of the test system is not available. 

4.7. Features of the test system that reflect the in vivo tissue 

Cell model reflects the following in vivo tissue features: 

 

• Presence of excitatory glutamatergic neurons 

• Presence of inhibitory gabaergic neurons 

• Presence of glia cells (astrocytes, microglia 

• A functional switch in GABAA receptor activation occurs between DIV 6 and 8, 

wherein prior to this, activation of the receptor is excitatory and drives an increase in 

intracellular calcium, whereas after this switch, activation of the receptor is inhibitory 

and results in an influx of chloride ions into the cells (Inglefield and Shafer, 2000). 

• Elaboration of neurites, with subsequent specialization into axons and dendrites 

(Harrill et al., 2013) 

• Formation of synapses (Harrill et al., 2011) 

4.8. Commercial and intellectual property rights aspects of cells 

For primary cortical cells, N/A. 

 

The assay procedure as described above is nonproprietary. It contains some proprietary 

materials, listed below, which the protocol is optimized for. Utilizing materials from other 

providers may or may not necessitate changes to the procedure, including seeding density, 

culture media, media change schedule, days in vitro prior to testing, etc. For details relating 

to the development of this procedure, please refer to Frank et al. (2017) and Brown et al. 

(2016). 

 

Multi-well microelectrode array plates and assay readout detection technology and AxIS 

software are commercially available from Axion Biosystems Inc. (Atlanta Ga). MEA systems 

are also available from other manufacturers. Cell viability assays utilized are commercially 

available from Promega (Madison, WI). Cell viability assays are also available from other 

manufacturers. 

4.9. Reference/link to the culture protocol 
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See section 3.7 for information on the culture protocol 

5. Test method exposure scheme and endpoints 

5.1. Exposure scheme for toxicity testing 

 
Figure 5.1.12 Exposure scheme. Cells are plated onto mwMEA plates and allowed 2 hr for attachment to the 
substrate. Starting on DIV 5, 15 min recording of spontaneous network activity are made on DIV 5 and ending on 
DIV 12. 

Exposure starts at day 0 of plating and is continued over twelve days of network 

development until the experiment is terminated. Cells are fed with fresh medium on DIV 5 

and 9, following the recordings on those days. (Figure 5.1.12). The entire volume of media in 

the well is exchanged and any vehicle or compound treatment is renewed. Complete details 

are found in the attached OP-NHEERL/ISTD/SBB/TJS/2015-03-r0. 

5.2. Endpoint(s) of the test method 

Network activity and its development is complex and can be measured by many different 

parameters. Typically, 17 different parameters are measured in addition to two measures of 

cell viability. 

 

Table 5.2 Endpoints in the NFA test. 
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Emp Mean Firing Rate, 

CCTE_Shafer_MEA_

dev_firing_rate_mean 

Electrode 2471 2494,

2495 

The mean firing rate on each electrode was 

calculated, with the well level value equal to the 

mean across all active electrodes. 

Emp Burst Rate,  

CCTE_Shafer_MEA_

dev_burst_rate 

Electrode 2472 2496,

2497 

The number of bursts per minute. Max-interval 

method used with parameters: ISI to start =0.1s, 

ISI to end =0.25s, min IBI =0.8, min duration 

=0.05s, min no. spikes = 5. 

Emp Number of Active 

Electrodes, 

CCTE_Shafer_MEA_

dev_active_electrodes

_number 

Electrode 2473 2498,

2499 

Number of electrodes firing at or above 5 spikes 

per minute. 

Emp Number of Actively 

Bursting Electrodes, 

CCTE_Shafer_MEA_

Electrode 2474 2500,

2501 

Number of electrodes with burst rates of above 

0.5 bursts per minute. 

0 2 5 7 9 12 

Days in Vitro- toxicant present throughout 

Record 

Change Media 

Record Record 

Change Media 

Record 

Viability 

Network Formation Assay (NFA) 
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Der Interspike Interval 

(ISI) within a burst, 

CCTE_Shafer_MEA_

dev_per_burst_inters

pike_interval 

Electrode 2475 2502,

2503 

Time interval between spikes within a burst (ms). 

Emp Percentage of Spikes 

in Burst, 

CCTE_Shafer_MEA_

dev_per_burst_spike_

percent 

Electrode 2476 2504,

2505 

The number of spikes within a burst over total 

spike count x 100. 

Der Mean Burst Duration, 

CCTE_Shafer_MEA_

dev_burst_duration_

mean 

Electrode 2477 2506,

2507 

Mean duration of a burst (ms). 

Der Mean interburst 

interval, 

CCTE_Shafer_MEA_

dev_interburst_ 

interval_mean 

Electrode 2478 2508,

2509 

Mean time interval between bursts (sec). 
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Emp Number of Network 

Spikes, 

CCTE_Shafer_MEA_

dev_network_spike_ 

number 

Well 2479 2510,

2511 

Number of spikes in network spikes. 

Der Network Spike Peak, 

CCTE_Shafer_MEA_

dev_network_spike_ 

peak 

Well 2480 2512,

2513 

The number of electrodes active at peak of 

network spike.  

Der Network Spike 

Duration, 

CCTE_Shafer_MEA_

dev_spike_duration_

mean 

Well 2481 2514,

2515 

The average duration (ms) of a network spike. 

Der SD of Network Spike 

Duration, 

CCTE_Shafer_MEA_

dev_network_spike_ 

duration_std 

Well 2482 2516,

2517 

Standard deviation of network spike duration. 

Der ISI in Network Spike, 

CCTE_Shafer_MEA_

dev_per_network_ 

spike_interspike_inter

val_mean 

Well 2483 2518,

2519 

Mean inter-spike interval for spikes in network 

spikes. 

Der Mean number of 

Spikes in Network 

Spikes, 

CCTE_Shafer_MEA_

dev_per_network_ 

spike_spike_ 

number_mean 

Well 2484 2520,

2521 

Number of spikes in network spike. 

Emp % Spikes in Network 

Spike, 

CCTE_Shafer_MEA_

Well 2485 2522,

2523 

Ratio of spikes in network spikes over total 

spikes x 100. 
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All endpoints are generated from the same experimental run and from each well/network in 

the 48 well plate. 

5.3. Overview of analytical method(s) to assess test endpoint(s) 

Endpoints listed in table 5.2 are calculated from the recorded data on DIV 5-12 using custom 

R scripts. Those scripts are freely available on GitHub 

(https://github.com/dianaransomhall/meadq and https://github.com/sje30/sjemea) 

5.4. Technical details (of e.g. endpoint measurements) 

All technical details for the test method are available in the NFA OP (Appendix A). 

5.5. Endpoint-specific controls/mechanistic control compounds (MCC) 

1- Bis 1 (PKC inhibitor): inhibits neurite outgrowth 

2- Domoic Acid: inhibits neurite outgrowth and has been shown to inhibit ontogeny of cortical 

network activity (Hogberg et al., 2011) 

3- Loperamide: mu opoid agonist. Inhibits network ontogeny at concentrations lower than 

cytotoxicity 

4- Mevastatin: inhibits synaptogenesis in vitro (Harrill et al., 2011). 

5- Sodium Orthovanidate: inhibits synaptogenesis in vitro (Harrill et al., 2011). 

 

Due to the limited wells on the 48 well plate, MCC are not run on each plate but an assay 

positive control compound (e.g. Bisphenol A) and an Assay negative control compound (e.g. 

glyphosate) are typically included on plates at least once during testing of a set of 

compounds or at least every 12 weeks.  

5.6 Positive controls 

This assay has been evaluated against 63 compounds that have evidence of DNT in vitro 

(Shafer et al., 2019). These 53 compounds were selected based on an evaluation of the 

dev_per_network_ 

spike_spike_ percent 

Emp Mean Correlation, 

CCTE_Shafer_MEA_

dev_correlation_ 

coefficient_mean 

Well 2486 2524,

2525 

The average of all pairwise correlation between 

all electrodes. 

Emp Normalized Mutual 

Information, 

CCTE_Shafer_MEA_

dev_mutual_ 

information_norm 

Well 2487 2526,

2527 

Normalized mutual Information between all 

electrodes in the well. 

C
el

l 
v
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 Emp LDH, 

CCTE_Shafer_MEA_

dev_LDH_dn 

Well 2488 2529 Cell viability was assessed using lactate 

dehydrogenase (LDH). 

Emp AB, 

NHEERL_MEA_AB_

dn 

Well 2489 2530 Cell viability was assessed using alamar blue 

(AB). 
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literature by Mundy et al., 2015). See Shafer et al., 2019 for details on the compounds 

selected. 

5.7 Negative and unspecific controls 

The solvent control (SC) is used as negative control that is run on each experimental plate. 

Each SC has to be established by comparing the effect of the SC to the effect of the media 

control. Established solvent controls show the same response as the media control.  

 

Established SCs are: 

DMSO: 0.1 % v/v 

dsH2O: 0.1 % v/v 

DMSO/Ethanol: 0.1 % v/v 

Ethanol: 0.1 % v/v 

 

Other negative control compounds that were identified as negative in this assay (Brown et 

al., 2016; Frank et al., 2017; Shafer et al., 2019) and are known to not affect 

neurodevelopmental endpoints in vivo are:  

 

 Acetaminophen 

 Amoxicillin 

 Aspirin 

 D-mannitol 

 Erythromycin 

 Glycerol 

 Glyphosate 

 Propylene glycol 

 Tetracycline 

 Sodium Benzoate 

 Saccharin 

5.8 Features relevant for cytotoxicity testing 

Primary cortical cultures are a multicellular system consisting of excitatory and inhibitory 

neurons, glia (oligodendrocytes astrocytes) and a few microglia. The measurement of 

cytotoxicity and viability therefore represents all cells within the culture.  

 

The measure of cell viability assessed by the CellTiter Blue assay (mitochondrial reductase 

activity) depends on the metabolic activity of cells present in the well. Reduced cell viability 

as measured by CellTiter Blue indicates either fewer cells present and/or a reduced 

metabolic capacity of the cells in the well.  

 

Lactate dehydrogenase (LDH) is a large intracellular molecule that when present in the 

extracellular media indicates a damaged cell membrane. By washing the cells, and then 

lysing the remaining cells in the well, the LDH indicates the relative number of remaining 

viable cells in the well. Since LDH has a half-life in the media of approximately 9 hr, 

measuring media LDH accumulated over a longer period of time is confounded by 

degradation of the LDH. 

 

In the NFA, only the cellular LDH is measured at the end of the 12 DIV exposure period. This 

then reflects the total amount of cells remaining in the well and in treated wells, the relative 
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cytotoxicity over the exposure period can be determined by comparing the cellular LDH in the 

treated well to the cellular LDH in the control/solvent treated wells. 

5.9 Acceptance criteria for the test method 

If properly performed, spiking and bursting activity should develop between DIV 2 and 12, 

following a clear ontogeny, with random spiking activity developing first, followed by bursting 

and coordinated bursting across multiple electrodes. Significant amounts of activity are not 

observed until DIV 5. The average number of active electrodes of control wells should be 

between 12 and 16 by DIV 12. Viability in control wells should also be 90% or greater. 

 

Signals are detected based on thresholds unique to each electrode – six times the standard 

deviation of the root mean square (rms) noise. Due to this, any individual electrode having an 

rms noise level of greater than 5 µV is grounded and no data are collected from that 

electrode. Once grounded, an electrode must remain grounded for all subsequent 

treatments. Care must be taken in the selection of electrodes to record or ground (not collect 

data from) during the experiment. If any given well on a plate has more than 50% of 

electrodes grounded, data from that well should be collected but assigned a “well quality 0” 

value (indicates not to use that data, see section 7). Typically, less than 4 electrodes on an 

entire plate (of 768 total electrodes) should need to be grounded. If more than 10 electrodes 

across an entire plate need grounding, this may indicate problems with the equipment or 

plates such as bad contacts between the plate and Maestro device Rejection of data due to 

noise issues should be rare. 

 

As with all cell-based experimentation, maintain proper sterile technique and good cell 

maintenance practices. In plating cells, an aliquot is to be counted and assessed for viability. 

If less than 85% of the cells are viable, the cells are not used. Wells in which erroneous 

volumes of treatment compound are added should be discarded. Each time media is 

prepared, a sterility test plate is prepared by placing at least one 1.0 mL sample of cell media 

into the plate. 

 

Plates should be monitored for contamination throughout the experiment. Contamination may 

be indicated by yellow and/or cloudy media. Contaminated wells should be emptied of media 

and treated with a bleach solution. Any plate with contaminated wells should be monitored 

more frequently and carefully as contamination can often spread to multiple wells. Data from 

contaminated wells should not be analyzed. 

  

5.10 Throughput estimate 

The methods described here are described for a 48 well plate format. Typically, 6 plates can 

be made in one culture, which allows testing 12 compounds in triplicate. If cultures are made 

every 14 days, 24 compounds per month can be screened in triplicate at multiple 

concentrations. 

6. Handling details of the test method 

6.1. Preparation/addition of test compounds 

The method is set up to test 6 compounds at 7 concentrations plus a solvent control. Example 

dilution plate and final plate maps are provided in figures 6.1.1 and 6.1.2, respectively 
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The experimental compounds are each prepared in stock solutions at 1000-fold concentrations 

of 0.03, 0.1, 0.3, 1.0, 3.0, 10, and 30 mM in DMSO, ethanol, or double-distilled H2O (ddH2O) 

based on solubility. For each experiment, working solutions of the chemicals were prepared 

by adding 5 µL of chemical to 95 µL of media for a 1/20 dilution. Cells were treated by adding 

10 µL of the working solution to 500 µL of media in the wells for a 1/50 dilution, resulting in a 

total 1/1000 dilution of chemical stock and 0.1% final concentration of DMSO or ddH2O vehicle. 

 

Stock solutions are aliquoted and stored at -20°C. Freeze/thaw cycles should be avoided with 

compound stock solutions, therefore it is best to prepare an aliquot of stock solution to be 

thawed and used once for each treatment on DIV 0, 5 and 9. 

 

 

 
Figure 6.1.1. Dilution and Dosing Scheme. Neat compounds are aliquoted on the Column A on the dilution plate. 

Solvent control (SC) is added to the Column H and transferred to Column B, C, D, E, F, and G. Serial dilution is 

performed from left to right across the plate. On the dosing plate, the compounds are diluted 1:20 with NB 

Supplemented media. They are further diluted 1:50 into their corresponding treatment well on the MEA plate. 
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Figure 6.1.2. Final MEA platemap. Solvent controls are on the second column, and the compound treatment are 

increasing in concentration from left to right of the plate. There are three replicates of each concentration of each 

compound treatment on three different MEA plates. On each MEA plates, each compound are rotated in different 

rows, to minimize edge well effect. 

6.2. Day-to-day documentation of test execution 

Documentation for each experiment including meta data and the experimental data is collected 

in the Practical phase of test compound exposure. 

 

The Practical phase of the test compound exposure follows the description in the NFA SOP 

(Appendix A). Deviations from the SOP are documented in the laboratory notebook. 

 

Errors (e.g. pipetting in wrong well or wrong volume pipetted) are also documented in the 

laboratory notebooks. This information is then captured in later analyses by setting the well 

quality to zero in tcpl (see analysis section below), which indicates that data from that well 

should not be used for analyses.  

 

6.3 Practical phase of test compound exposure 

 
All aspects of the experiment are recorded in an online OneNote laboratory notebook. This 

includes any documentation of adherence to platemaps, potential errors, and any other 

variable that may impact the assay and interpretation of results. Projects are typically 

subjected to review by EPA Quality Assurance Managers. 

6.4 Concentration settings 

Seven compound concentrations are tested on each plate, with ½ log unit spacing between 

concentrations (e.g. 0.3, 1, 3, 10 uM, etc). Standard upper concentrations tested are either 

100 or 30 uM, depending on the solubility of the compounds as well as the highest 

concentration which can be provided in a stock solution from test set providers (e.g. EPA’s 

ToxCast program). 

6.5 Uncertainties and troubleshooting 

Problematic compounds: 
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- volatile compounds 

- high lipophilicity (high KOW) 

- low solubility in established solvents 

- Fluorescent compounds (possible interference with viability and cytotoxicity assay) 

 

Critical handling steps: 

- For compounds that may have some volatility, or to ensure against effects due to 

evaporation of media, plate sealers may be used. 

- Networks are sensitive to disruption and this can impact activity, therefore, when 

moving plates from the incubator into the Maestro for recording, they should be given 

a period of 15-20 min to equilibrate prior to collecting data. 

 

Sources of variation: 

- Pipetting steps: Each pipetting step is a source of variation 

- Source of cells for the culture may differ from culture to culture due to the use of 

mixed sex cultures, where rat pups are not sexed prior to use in cultures.                                                                                                                                                                                                                                                                      

 

Known Pitfalls:  

- Allow cells to equilibrate for 15 or 20 min when moving from incubator to the Maestro 

device, as this can impact activity 

- Check settings on Maestro AxIS software, as this can change depending on the user 

and type of experiment. Incorrect software settings for plate type, filters activity 

measures and other parameters will result in data that are not useful. 

6.6 Detailed protocol (SOP) 

See OP: r0 Data Acquisition and Analysis for Recording from Neuronal Cultures with the 

Axion MaestroPro Multielectrode Array (MEA) System OP For cytotoxicity measurements 

(Number to be assigned), see CellTiter Blue® Cell Viability Assay: OP-NHEERL-

H/ISTD/SBB/TJS/2015-006-r2; Cell titre blue cell viability assay (Alamar Blue assay) and for 

LDH see OP: NHEERL/ISTD/SBB/TJS/2015-04-r0 Measuring LDH release from cortical cells 

in a multiwell microelectrode array. (All protocols are available upon request: email 

shafer.tim@epa.gov). 

6.7 Special instrumentation 

- Standard cell culture equipment. 

- Multi-well microelectrode array plates 

- Multi-well MEA amplifier (e.g. Axon Instruments Maestro System) 

- Note: raw MEA data files can be quite large, so additional data storage capacity is 

recommended. 

6.8 Possible Variations 

Other endpoints:  

- Additional endpoints can be extracted from the recordings of activity. However, many 

MEA endpoints have high correlation with each other, so extraction of additional 

endpoints may not provide any additional information and should be done with 

caution. Replacement of some endpoints with others that are deemed more robust 

would be recommended if data supports it. 

 

Other exposure schemes:  
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 Because the MEA measurements are non-invasive, different exposure schemes and 

timepoints could be considered. In addition, some investigators (Hogberg et al., 2011) 

have employed pharmaceutical challenges as an additional measure of network 

responsiveness. However, any alterations in the protocol would require additional 

characterization to demonstrate that it is a sensitive and informative measure. 

  

6.9 Cross-reference to related test methods 

7. Data management 

7.1. Raw data format 

The raw data format for MEA recordings is in the form of *.raw files from the Axion AxIS 

software. *_spike_list.csv and *_spike_count.csv files can also be recorded during the 

experiment and/or generated by replaying the *.raw file.  

 

For all endpoints assessed in a multiplate reader (viability and cytotoxicity) the raw data 

format are excel files containing values (one for each endpoint, timepoint and well) measured 

as relative fluorescence units. The original excel output files is saved for traceability of the 

data. 

7.2. Outliers 

Mathematical procedures to define outliers are not applied as the tcpl fitting approach is 

robust and designed to limit the impact of outliers (Filer et al., 2017). Data points from wells 

where technical problems are known or obvious are retained in the data file but are excluded 

from the analysis by marking them as “well quality 0”. 

 

Some example technical problems: 

- pipetting errors 

- contamination 

- noisy electrodes 

7.3. Raw data processing to summary data 

If not otherwise stated, all data processing steps are performed in an R based scripts that 

were designed for data processing and curve fitting. 

 

Data processing describes all processing steps of raw data that are necessary to obtain the 

final response values including the normalization, curve fitting and benchmark concentration 

calculation.  

 

Processing (or pre-processing) steps depend on the endpoint and are described below: 

 

The collected data is analyzed by parsing the measured  parameters (Table 5.2) describing 

network function via R statistics programing software. These parameters are obtained from 

the *_spike_list.csv files that are saved during recordings or can be generated by replaying 

the *.raw files. Eight parameters were measured that are considered empirical („emp“ in 

Table 5.2) measures of network activity, and eight additional parameters of network activity 

were derived from („der“ in Table 5.2) these empirical parameters. An additional parameter, 
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normalized mutual information (MI) was computed for each recording, which is a measure of 

synchrony that scales with increasing complexity of a network. 

 

Any instance of a derived data point being undefined (such as burst duration in a well without 

bursting) was set to a value of 0 for analysis. Some parameters are measured at the well 

level and some at the electrode level. Those measured at the electrode level are averaged 

across the array to give well level measurements (as in mean fire rate, etc.) across all 

parameters.  

 

The data are graphed as parameter vs DIV for all 17 parameters. A trapezoidal area under 

the curve (AUC) calculation was performed for selected parameters of every concentration, 

given by the equation; 

 

𝐴𝑈𝐶𝑃 = 0.5 ∗ (𝐷𝐼𝑉1 − 2) ∗ (𝑃1 − 0) + 0.5 ∗∑ (𝐷𝐼𝑉𝑘+1 −𝐷𝐼𝑉𝑘
𝑛−1

𝑘=2
) ∗ (𝑃𝑘+1 − 𝑃𝑘) 

where k is the time point, n is the number of time points, P is the parameter value at time 

point k, and DIV is the day in vitro at time point k. This AUC value reflects the overall maturity 

of the neural network after the 12 days of development and condenses concentration effects 

across time (DIV). Scripts for the data analysis are written in R programming language and 

are freely available on GitHub (https://github.com/dianaransomhall/meadq and 

https://github.com/sje30/sjemea) 

 

7.4. Curve fitting  

AUC data are then analyzed using the ToxCast Pipeline (tcpl) approach as described by Filer 

et al., 2017. A summary of techniques applied is in table 7.4 

 

Table 7.4 Methods applied in tcpl for the NFA assay. 

ToxCast Data 

Pipeline Level 
MEA NFA: Methods Applied 

mc0: pre-

processed data 

input 

Data are pre-processed to obtain AUC values by assay component 

mc1: mapping to 

well and column 

indexes 

Auto 

mc2: 

transformation 
No transformation  

mc3: 

normalization 

Baseline value (bval) was calculated as the median value for the vehicle control wells 

(DMSO) on a by-plate basis; No positive control value was used in normalization (pval=0); 

the response was calculated as percent of DMSO vehicle control. The response was 

multiplied by -1 for the “up” endpoints such that all endpoints are curve-fit in the positive 

direction. 

mc4: BMAD 

calculation type 

for curve-fitting 

An approximation of noise around the baseline signal, the baseline median absolute 

deviation, was calculated based on the vehicle control wells on each plate. 

mc5: Hit-call and 

potency 

determination 

The cutoff for a positive response in each assay endpoint was set as 3*BMAD. 
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mc6: caution 

flags on fitting  

Flags for single point hit at maximum concentration (6), flags for single point hit not at the 

maximum concentration screened (7), inactives with multiple median responses above 

baseline (8), noisy curves relative to the assay (10), actives with borderline efficacy (11), 

inactives with borderline efficacy (12), low concentration gain-loss curve-fits (15), possibly 

overfitting (16), hit-calls with less than 50% efficacy (17), model fits with AC50 less than lowest 

concentration tested (18) were assigned to all; additionally cell viability assays were assigned 

“viability gain-loss fit” (19) 

7.5. Internal data storage 

Neural activity data collected through the Maestro Pro system are saved as raw files. Data 

analysis can be performed on the raw file using Axion software. These raw recordings are 

backed up in Drobo external drives. Due to their large size, raw files are maintained until data 

are published. Efforts are underway to be able to permanently store these files. 

All spikelist and other files derived from the analysis is stored on EPA servers which are 

backed up daily. As per US Government regulations, these files will be maintained for at 

least 20 years. 

7.6. Metadata 

For the MEA experimental data, metadata is collected in csv files. R scripts are used to 

scrape the metadata from the files, merge the metadata with the experimental data for each 

well, and save the result in the Hierarchical Data Format version 5. For the cytotoxicity and 

viability experimental data, metadata is collected in xlsx files. R scripts are used to scrape 

the metadata along with the experimental values and save the result in a csv file. 

7.7. Metadata file format 

Metadata file formats are csv, xlsx, and h5. 

8. Prediction model and toxicological application 

8.1. Scientific principle, test purpose and relevance 

One of the major ways information is stored, encoded and shared in the nervous system is 

by electrical signals, and the primary signal is the rapid depolarization of the neuronal 

membrane known as the action potential. The rates and patterns of action potentials that are 

transmitted from one neuron to another neuron encode specific information and are vital to 

nervous system function. The development of this complex network of neurons in the 

nervous system is the result of integrated networks of neurons and glia. Both in vivo and in 

vitro, the development of bursting and coordinated electrical activity are intrinsic properties of 

neural networks. The development of these activities is essential to neural network function. 

By extension, these activities are crucial to the development of the nervous system as a 

whole. This assay seeks to screen for compounds that disrupt these properties as a rat 

cortical cell culture develops into a network. The biological processes and patterns of 

network activity are highly conserved across different species, including rodents and 

humans. As such, compounds flagged by this assay may be considered to be potentially 

developmentally neurotoxic and considered for further analysis. 

8.2. Prediction model 
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The cutoff for the benchmark response in each assay endpoint is set as 3*BMAD, and 

compounds with treatment levels reaching this cutoff are then subjected to curve fitting in 

tcpl, from which AC50 values are generated (see table 7.4). The PM is based on a 

comparison between the AC50 value for the NFA-specific endpoint and the AC50 value 

cytotoxicity/viability effect.  

 

Thereby the following classifications apply:  

 

“specific hit”:  a threefold difference between the AC50 value for the NFA specific endpoint 

and the most potent cytotoxicity endpoint. Where no cytotoxicity endpoint had an AC50 value, 

then the highest concentration tested is used. 

 

“non-specific hit”: Less than a threefold difference exists between AC50 value for the NFA-

specific endpoint and the most potent cytotoxicity AC50 value. 

 

It should be noted that there are other valid approaches to determining specificity. For 

example, one could calculate the area under the curve of the specific endpoint that is below 

the AC50 value for cytotoxicity. 

 

“inactive”: the compound was active in <3 NFA endpoints, including cytotoxicity.  

8.3. Prediction model setup 

This assay was developed using a training set of chemicals (see Brown et al., 2016), and 

then further evaluated with a test set of chemicals that had 63 putative positive and 13 

putative negative DNT chemicals (see Frank et al., 2017; Shafer et al., 2019). See sections 

below for additional details. 

 

All endpoints in this assay are fit in the down direction. For the viability endpoints, fitting in 

the up direction (increased viability) is not logical since viability of controls is typically quite 

high (>90%). The network formation parameters, can be fit in both the up and down direction. 

However, to date, the vast majority of compounds tested cause decreases in network 

development parameters, which can be interpreted as decreased network formation, and for 

which we have assay positive controls. Biological meaning of changes in the up direction 

(increased network parameters) is difficult to interpret due to the lack of assay positive 

controls that alter parameters in the up direction. The exception to this are parameters, which 

tend to increase as other parameters decrease with decreasing activity (e.g. interburst 

intervals increase as the burst rate decreases). 

8.4. Test Performance 

Error! Reference source not found. summarizes the assay performance in terms of 

variability of each endpoint in the assay. 

 

For this assay, the following compounds are used as assay positive controls as they have 

been previously demonstrated to disrupt network formation and/or synaptogenesis in in vitro 

systems (Hogberg et al., 2011; Harrill et al., 2011). 

 

Loperamide 

Bisindolylmaleimide I 

L-Domoic acid 

Mevastatin 
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Sodium orthovanadate 

 

Table 8.4.1 Variability of NFA endpoints (MAD- median absolute deviation; CV- coefficient of 

variation) 

 

ACID Assay component name Median MAD CV 

2471 CCTE_Shafer_MEA_dev_firing_rate_mean 8.81 2.04 21.26 

2472 CCTE_Shafer_MEA_dev_burst_rate 16.88 3.47 20.52 

2473 CCTE_Shafer_MEA_dev_active_electrodes_number 88.5 7.04 8 

2474 CCTE_Shafer_MEA_dev_bursting_electrodes_number 71.75 7.41 10.21 

2475 CCTE_Shafer_MEA_dev_per_burst_interspike_interval 0.3 0.07 24.23 

2476 CCTE_Shafer_MEA_dev_per_burst_spike_percent 414.86 41.35 10.4 

2477 CCTE_Shafer_MEA_dev_burst_duration_mean 3.98 0.86 25.27 

2478 CCTE_Shafer_MEA_dev_interburst_interval_mean 208.93 42.93 21.88 

2479 CCTE_Shafer_MEA_dev_network_spike_number 272.5 51.52 23.04 

2480 CCTE_Shafer_MEA_dev_network_spike_peak 73.33 5.81 8.08 

2481 CCTE_Shafer_MEA_dev_spike_duration_mean 1.24 0.16 13.92 

2482 CCTE_Shafer_MEA_dev_network_spike_duration_std 0.4 0.08 23.91 

2483 CCTE_Shafer_MEA_dev_inter_network_spike_interval_mean 235.92 60.07 26.4 

2484 CCTE_Shafer_MEA_dev_per_network_spike_spike_number_mean 285.63 45.06 16.99 

2485 CCTE_Shafer_MEA_dev_per_network_spike_spike_percent 73.01 10.12 18.76 

2486 CCTE_Shafer_MEA_dev_correlation_coefficient_mean 1.33 0.17 15.67 

2487 CCTE_Shafer_MEA_dev_mutual_information_norm 0.04 0.01 21.38 

2488 CCTE_Shafer_MEA_dev_LDH 0.98 0.07 8.06 

2489 CCTE_Shafer_MEA_dev_AB 20318.9 1448.87 6.93 

    MAD = Median absolute deviation; CV = coefficient of variation 

 

 

Table 8.4.2 provides the performance of the assay as measured by median z-prime 

(median.Zprm), median strictly standardized median deviation (median.SSMD) and median 

signal-to-noise (median.SN) ratio 

 

chemical dsstox_substance_id Median.Zprm Median.ssmd Median.SN 

Loperamide DTXSID00880006 0.1693 2.16 2.16305 

Bisindolylmaleimide I DTXSID50157932 0.1693 2.16 2.16305 

L-Domoic acid DTXSID20274180 0.1323 1.975 2.16305 

Mevastatin DTXSID4040684 0.1693 2.16 2.16305 

Sodium orthovanadate DTXSID2037269 -1.7455 0.145 0.3335 

 

Sensitivity and specificity were determined in Shafer et al. (2019) as 78 and 84%, 

respectively based on the analyses of 63 predicted positive and 13 predicted negative 

chemicals. 

 

In addition, reproducibility of results has been evaluated by repeated testing of compounds in 

the assay.  

 

Table 8.4.3 summarizes reproducibility of results. 

Chemical Sample 
Positive 
AEIDs 

Minimum 
log10-
AC50 

Mean 
log10-AC50 

SD(log10-AC50 
by AEID and 
Chemical), 

average 

Reproducibility  
Scorea 
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2,2',4,4'-
Tetrabromodiphenyl 
ether 

EX000285 16 0.492 1.07 1.59 Strong 

2,2',4,4'-
Tetrabromodiphenyl 
ether 

EX000461 7 -1.87 -1.32 1.59 
  

Loperamide HCl EX000411 20 -0.68 0.0282 0.561 Strong 

Loperamide HCl MEA20201109A12 19 -2.52 -0.978 0.561   

Loperamide HCl MEA20201109A13 19 -1.46 -0.443 0.561   

6-Propyl-2-thiouracil EX000421 17 0.728 1.26 na Weak 

6-Propyl-2-thiouracil TP0001649B07 0 na na na   

Acephate EPAPLT0167A01 2 -0.0493 0.964 na Equivocal 

Acephate TT0000177A04 0 na na na   

Acetaminophen MEA20201109A6 0 na na na Equivocal 

Acetaminophen MEA20201109A7 0 na na na   

Acetaminophen MEA20201109A8 2 -1.15 0.00882 na   

Bisphenol A EX000420 5 0.412 0.753 0.403 Strong 

Bisphenol A MEA20201109A9 14 0.8 1.12 0.403   

Captopril EPAPLT0169G09 2 1.34 1.66 na Strong 

Captopril EX000456 1 1.22 1.22 na   

Chlorpyrifos EX000384 19 0.661 1.18 0.132 Strong 

Chlorpyrifos TT0000177E02 18 1.1 1.22 0.132   

Chlorpyrifos oxon EX000378 16 -0.832 0.56 na Weak 

Chlorpyrifos oxon TT0000177G02 0 na na na   

D-Glucitol EPAPLT0169A05 0 na na na Strong 

D-Glucitol EX000322 0 na na na   

D-Glucitol EX000400 0 na na na   

Dexamethasone EPAPLT0169F08 2 -0.427 0.0799 na Equivocal 

Dexamethasone EX000395 0 na na na   

Di(2-ethylhexyl) 
phthalate 

EX000324 1 -0.414 -0.414 1.05 Weak 

Di(2-ethylhexyl) 
phthalate 

EX000422 16 0.301 0.872 1.05 
  

Diazinon EPAPLT0170D06 2 1.06 1.22 na Weak 

Diazinon TT0000177H01 17 1.51 1.74 na   

Dimethoate EPAPLT0167G06 15 1.07 1.27 0.295 Strong 

Dimethoate TT0000177H02 18 1.55 1.69 0.295   

Glyphosate MEA20201109A10 0 na na na Strong 

Glyphosate MEA20201109A11 0 na na na   

Hexachlorophene EX000335 20 -0.713 0.0341 0.0907 Strong 

Hexachlorophene EX000392 19 -0.275 0.0973 0.0907   

Malathion EPAPLT0167G08 18 -0.0959 0.797 0.253 Strong 

Malathion TT0000177D02 19 0.865 1.16 0.253   

Methamidophos EPAPLT0167A08 5 -1 0.665 na Weak 

Methamidophos TT0000177B02 0 na na na   

Permethrin EX000346 19 0.756 0.944 0.255 Strong 

Permethrin EX000463 19 1.1 1.3 0.255   

Trichlorfon EPAPLT0170D03 13 0.281 0.862 0.447 Strong 

Trichlorfon TT0000177F01 18 0.547 1.56 0.447   

aReproducibility Score 
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Strong: replicates were consistently positive with >3 hits or consistency negative with 0 hits 

Equivocal: 1 replicate was between 1 and ≤3 hits and 1 replicate was negative 

Weak: 1 replicate was positive and 1 was replicate negative or equivocal 

 

8.5. In vitro-In vivo Extrapolation (IVIVE) 

IVIVE of data from this assay has been conducted based on the activity (e.g. EC50, AC50, 

tipping point) values obtained from curve fitting. Because in vitro toxicokinetic information 

(e.g. lipid and protein content of cells, volume of cells) are not readily available, these 

extrapolations have been based on the nominal concentration of test article in the medium. 

Adjusted Equivalent Doses (AEDs) were estimated using the high-throughput toxicokinetic 

(HTTK) information and models available in the httk R package (v1.8; Pearce et al., 2017), 

which functionalizes an approach similar to the one previously used by Wetmore et al. 

(2012). See Shafer et al., 2019 or EPA 2020 for complete details. 

8.6. Applicability of test method  

Toxicological application domain 

To date, 451 unique compounds (as defined by unique DTXSIDs) have been tested 

successfully in this assay. This includes the following compound classes: 

 

- Industrial chemicals (>150 chemicals tested) 

- Pesticides and metabolites (e.g. oxons) (>75 chemicals tested) 

- pharmaceuticals (>52) 

- metals and organometals 

- cosmetics ingredients  

 

Compounds need to be soluble in a solvent at a solubility where the solvent does not 

produce effects by itself in the test systems (see section 0 for established solvents). 

 

Nicotine produced only small effects in the assay, and additional characterization of nicotinic 

responses are needed to determine the applicability of this method for detecting nicotinic 

compound effects.  

 

Compounds that are volatile would need specialized modifications to test as the assay is 

conducted at 37ºC, and these compounds would likely evaporate to some extent depending 

on the duration of the experiments and the vapor pressure of the compound. To date, volatile 

compounds have not been tested in this assay. 

 

While mixtures can be tested in the assay, it has not been evaluated for its ability to 

distinguish additive from non-additive effects of mixtures to date. If proper experimental 

design is used and the chemical properties are compatible with the assay, it is anticipated 

that the NFA could be used for this purpose. 

 

As MEAs are based on electrophysical signals, fluorescent and/or colored chemicals will not 

interfere with measurements of network activity, however, they may interfere with the cell 

viability measurements. 

 

Biological application domain 

The Network Formation assay is based on the spontaneous formation of neural networks by 

cells obtained from PND0 rat cortex.  
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Next to the endpoints represented by this test method there are several other necessary 

neurodevelopmental endpoints which need to be studied using other test methods. 

 

Neurodevelopmental processes not represented by this test method: 

• Neural Crest Cell (NCC) Migration 

• NPC apoptosis 

• Neuronal morphology 

• Synaptogenesis 

• Neural Rosette Formation  

• hiPSC-derived NPC proliferation 

• hiPSC-NPC neuronal differentiation 

• Neuronal subtype differentiation 

• Astrocyte Differentiation and Maturation 

• Astrocyte Reactivity 

• Microglia reactivity 

 

For a complete assessment of developmental neurotoxicity, the test method needs to be part 

of test battery. 

8.7. Incorporation in test battery 

The test method is currently used in OECD’s the Developmental Neurotoxicity In Vitro 

Battery to assess the potential hazard for developmental neurotoxicity (see Error! 

Reference source not found. “Applicability of test methods”)  

 

For the assessment of chemical action on the endpoints represented by this test method, the 

test method can be used as stand-alone test method.  

9. Publication/validation status 

9.1. Availability of key publications 

Key Publications concerning the test method are: 

 
Johnstone AF, Gross GW, Weiss DG, Schroeder OH, Gramowski A, Shafer TJ.Microelectrode arrays: a 

physiologically based neurotoxicity testing platform for the 21st century. Neurotoxicology. 2010 Aug;31(4):331-

50. doi: 10.1016/j.neuro.2010.04.001.  

PMID: 20399226  

 

Robinette BL, Harrill JA, Mundy WR, Shafer TJ. In vitro assessment of developmental neurotoxicity: use of 

microelectrode arrays to measure functional changes in neuronal network ontogeny. Front Neuroeng. 2011 Jan 

20;4:1. doi: 10.3389/fneng.2011.00001.  

PMID: 21270946  

 

Cotterill E, Hall D, Wallace K, Mundy WR, Eglen SJ, Shafer TJ. Characterization of Early Cortical Neural 

Network Development in Multiwell Microelectrode Array Plates. 

J Biomol Screen. 2016 Jun;21(5):510-9. doi: 10.1177/1087057116640520. Epub 2016 Mar 29.PMID: 27028607  

 

Brown JP, Hall D, Frank CL, Wallace K, Mundy WR, Shafer TJ. Editor's Highlight: Evaluation of a 
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9.2. (Potential) Linkage to AOPs 

Changes in neuronal network formation are found in Key Events #618 and 386.  KE 618 is 

part of an AOP titled ionotropic glutamatergic receptors and cognition. KE386 is included in 7 

different AOPs, the most relevant to developmental neurotoxicity is one titled: Oxidative 

stress and Developmental impairment in learning and memory. 

9.3. Steps towards mechanistic validation 

a) Information demonstrating how the test system is biologically relevant to humans in terms 

of cell types, signaling pathways, etc  

 Formation of neural networks during development is a process that is highly 

conserved across all mammalian species, including humans. In vitro, neural cultures derived 

from human IPSC models develop neural networks with patterns of spiking and bursting that 

are similar to those of rodent cells (Saavedra et al., 2021). However, the time period over 

which that activity develops is longer than rodent cultures. 

 

b) Interventions (pathway knockdown, specific inhibitors (i.e. mechanistic controls, which 

may be part of the training set) that show expected effects on the assay 

 This assay has been developed by using mechanistic control compounds known to 

disrupt neurite outgrowth and synaptogenesis in cortical neurons (Robinette et al., 2011; 

Brown et al., 2016).  

 

c) Formal mechanistic validation  

 There has been no formal mechanistic validation of this assay. This test method was 

developed following the criteria established in Crofton et al., 2011, where a set of assay 

positive controls has been tested (Brown et al., 2016), followed by a test set of compounds 

(Frank et al., 2017; Shafer et al., 2019). 

 

d) Is there a correspondence to human (in vivo?) changes? 

 

 To date, no specific studies have been conducted with chemicals to demonstrate a 

correspondence to human in vivo changes. However, the basic electrical properties 

measured in MEA recordings provide the biological substrate and mechanistic underpinnings 

for in vivo electroencephalogram recordings made clinically in humans and other mammals. 

Further, neural cultures grown on MEAs from patient derived IPSC cells from various 

different neurological diseases demonstrate disruptions in network activity (Gullo et al., 2014; 

https://pubmed.ncbi.nlm.nih.gov/28470525/
https://pubmed.ncbi.nlm.nih.gov/28470525/
https://pubmed.ncbi.nlm.nih.gov/28973552/
https://pubmed.ncbi.nlm.nih.gov/28973552/
https://pubmed.ncbi.nlm.nih.gov/28973552/
https://pubmed.ncbi.nlm.nih.gov/31073941/
https://pubmed.ncbi.nlm.nih.gov/30816951/
https://pubmed.ncbi.nlm.nih.gov/30816951/
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Pelkonen et al., 2020; Que et al., 2021) and MEAs have been used to evaluate compounds 

causing convulsants in vivo (Odawara et al., 2018). 

9.4. Pre-validation or validation 

To date, 451 unique compounds (as defined by unique DTXSIDs) have been tested 

successfully in this assay. 

 

No formal OECD 34 validation study has been done (eg., ring trials with a standard set of 

known postive and negative controls).  

 

The test method is part of a pre-validation study that test the DNT hazard assessment for 83 

Compounds in a DNT test battery. The compound sets include potential DNT positive and 

DNT negative compounds.  

9.5. Linkage to (e.g. OECD) guidelines/regulatory use 

Test is not linked to regulatory guidelines.  

10. Test method transferability 

10.1. Operator training 

For operators with a basic training in cell culture practices a minimum four-week training 

period for handling of the test system and training in the assay is recommended. This should 

be under the supervision of someone experienced in running the NFA. The operators should 

have basic understanding in neurobiology, toxicology and electrophysiology as well as data 

evaluation with respect to concentration response fitting.     

10.2. Transfer 

The test method has been used by multiple operators over a period of 5 years. However, 

inter operator variability has not been formally determined. Many of the compounds that were 

tested as multiple samples (Table 8.4.2) were tested by different operators with similar 

results. In addition, ring trials have been performed that demonstrate high intralaboratory 

replicability for MEA based approaches to assess responses of mature neural networks to 

acute exposures to neurotoxic/neuroactive compounds (Novellino et al., 2011; Vassallo et 

al., 2017). 

11. Safety, ethics and specific requirements 

11.1. Specific hazards; issues of waste disposal 

The NFA itself has no specific hazards. However, chemicals being tested in the NFA may 

pose both human health and environmental hazards. Therefore, appropriate personal 

protective equipment should be worn by operators, and appropriate waste disposal practices 

should be followed. 

11.2. Safety data sheet (SDS) 
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SDS should be supplied by the manufacturer or supplier of the chemicals being tested, and 

should be kept on file as appropriate for legal guidelines for the location of the facility where 

testing is occurring. 

11.3. Specific facilities/licenses 

No specific facilities are required.  

Use of live rodents will require the approval of the appropriate institutional animal care 

committee. Note that many vendors supply frozen primary cortical cells which would avoid 

this issue. However, the performance of these cells has not been verified in this assay. 

11.4. Commercial aspects/intellectual property of materials/procedures 

The Axion AxIS software is a commercial product and requires a license. Kits used for 

cytotoxicity assessment are supplied by commercial vendors and subject to their licensing. 

There are no other commercial/intellectual property issues. 
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