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ABSTRACT  

   
Acetylcholinesterase (AChE) inhibition by chemical toxicants such as organophosphates, 

nerve agents, and carbamates can lead to a series of adverse health outcomes including 

seizures, coma, and death. An adverse outcome pathway (AOP) is a framework that describes a 

series of biologically measurable key events (KEs) leading from some molecular initiating event 

(MIE) to an adverse outcome (AO) of regulatory significance, all developed and hosted in the 

AOP Wiki. A quantitative AOP (qAOP) is a mathematical model that predicts how perturbations in 

the MIE affect KEs based on the key event relationships (KERs) that define the AOP. The 

purpose of this thesis was to expand upon the KERs that define the AOP for AChE inhibition 

leading to neurodegeneration in order to better understand the effects of AChE inhibitors and the 

risks they pose to ecosystems, wildlife, and human health. In order to reduce the resources and 

time spent for chemical toxicity testing, a qAOP was developed based on the available 

quantitative data and models that supported the AOP. A literature review for the collection of 

qualitative evidence and quantitative data in support of the AOP was performed resulting in 

further expansion of the relationships between key events (KERs) through construction of 

additional KER description pages. A model evaluation was performed by comparing the qAOP 

model predictions with experimental data, with a subsequent sensitivity analysis of unknown 

parameters. The qAOP model simulates the MIE through its fifth KE (KE 5) and KE 7. Model 

predictions compared to experimentally measured data either under- or overpredicting multiple 

KEs warranting additional refinement such as a formal parameter optimization. Overall, more data 

amenable to qAOP model development are needed.  To aid qAOP model development, the 

presentation of data in the AOPWiki may be improved by presenting the quantitative data in the 

AOP Wiki in a tabular format and allowing for the hosting of mathematical models or raw data. 

With these recommendations in mind, and through continued AOP construction in the AOP Wiki, 

new qAOP models will be developed, ultimately supporting chemical risk assessment and the 

mitigation of effects upon exposed individuals and wildlife populations.
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CHAPTER 1 

DEVELOPMENT OF AN ADVERSE OUTCOME PATHWAY FOR ACETYLCHOLINSTERASE 

INHIBITION LEADING TO NEURODEGENERATION  

1.1 Introduction 

1.1.1 Inhibition of the Acetylcholinesterase Enzyme 

Acetylcholine (ACh) is a neurotransmitter responsible for a variety of functions ranging from 

muscle contraction and heart function in the peripheral nervous system (PNS) to learning and 

memory consolidation in the central nervous system (CNS) (Kandel et al., 2013b). ACh initiates 

these processes through binding to either nicotinic (nAChRs) or muscarinic acetylcholine 

receptors (mAChRs). Maintaining proper concentrations of ACh is necessary to promote normal 

function, and removal of ACh from the extracellular space is primarily mediated by the enzyme 

acetylcholinesterase (AChE). Inhibition of AChE can therefore result in an accumulation of ACh 

and overactivation of ACh receptors, leading to symptoms ranging from difficulty breathing and 

fasciculations to seizures, coma, and death in the most severe cases (Sidell, 1994). 

AChE can be inhibited by compounds such as organophosphates and carbamates. 

Organophosphates are potent inhibitors that cause irreversible AChE inhibition, while carbamates 

result in reversible inhibition (Čolović et al., 2013). Organophosphates are commonly used 

throughout the world in the form of pesticides, and a particularly hazardous set of 

organophosphates known as nerve agents, like sarin and soman, have been used in chemical 

warfare and terrorism (Yanagisawa et al., 2006). These compounds are capable of crossing the 

blood-brain barrier and irreversibly inhibiting AChE throughout the body and brain. Under in vivo 

conditions in rat models, the processes that occur following AChE inhibition can be separated into 

three phases. (i) Focal seizure onset and increased activity of cholinergic origin due to increased 

ACh. (ii) A transitory phase whereby spreading of the seizure affects other neurotransmitter 

systems like glutamate (Glu). (iii) The prolonged seizure activity becomes primarily non-

cholinergic, ultimately becoming self-sustaining glutamatergically and can no longer be 



  2 

attenuated with anticholinergic therapy (McDonough & Shih, 1997). Prophylactic treatment with 

reversible cholinesterase inhibitors for military personnel or early post-exposure treatment with 

atropine, a mAChR antagonist, for affected individuals can prevent the pathology from occurring. 

The treatment options, however, are limited, as atropine will only be successful if used within 10-

15 minutes post-exposure, and there are few viable treatment options for longer untreated 

exposure periods (McDonough & Shih, 1997). Decreasing levels of brain AChE activity leads to 

an accumulation of ACh and a cascade of events that ultimately result in seizure activity as well 

as neurodegeneration and death (McDonough & Shih, 1997). AChE inhibitors such as these 

introduced into the environment pose risks to both human health, wildlife, and ecosystems. They 

can impact an organism’s health through multiple biological pathways and understanding their 

effects on a population or individual level is necessary to evaluate their risk, as well as to 

successfully provide treatment options to those exposed to the chemical(s).  

1.1.2 Adverse Outcome Pathways 

Adverse Outcome Pathways (AOPs) were created to collect and organize information about 

toxicants’ effects on organisms and biological pathways. Through this process of collection and 

organization, AOPs help us understand how changes at the molecular level initiate impacts on 

higher levels of biological organization. This framework facilitates both ecological and human 

health risk assessment for regulatory decision making and identifying potential effects upon 

individuals (Ankley et al., 2010). Given the serious consequences of AChE inhibition, an AOP for 

AChE inhibition leading to neurodegeneration (AOP 281) was developed by integrating existing 

information into a conceptual model that best describes these linked biological pathways. In doing 

so, this AOP will result in a better understanding of and ability to predict adverse effects of AChE 

inhibitors. 

AOPs are available on the AOP Wiki, a website that stores and organizes the available 

information on AOPs in a wikilike format (Society for Advancement of AOPs, 2022). As per the 

Organization for Economic Co-operation and Development (OECD) User Handbook (OECD, 

2018), an individual AOP is defined by a modular sequence of events and the relationships 
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between them, known as Key Events (KEs) and Key Event Relationships (KERs), respectively. 

An AOP begins with a KE known as the Molecular Initiating Event (MIE), a specific KE that 

involves a chemical toxicant’s interaction with biology at the molecular level of organization. An 

AOP is built with KEs that progress toward increasing levels of biological organization, going from 

the molecular level to cells and tissues, organs and organ systems, and finally the individual and 

population (OECD, 2018). KEs ultimately lead to the final KE in the AOP known as the Adverse 

Outcome (AO), which describes an effect of regulatory relevance, such as an overall reduced 

reproductive capacity for a population or a disease state for an individual (OECD, 2018). KEs are 

specific biological responses in an organism that are both measurable and essential to an AOP. 

In an AOP, KE essentiality is defined as the ability to prevent or block subsequent (downstream) 

KEs and the AO by preventing or blocking the preceding (upstream) KE (OECD, 2018). A KER 

describes changes in a downstream KE in response to changes in an adjacent upstream KE, 

such as increased receptor activation (downstream KE) in response to increases in 

neurotransmitter concentration (upstream KE). These KEs and KERs are housed in the AOP Wiki 

in the form of description pages. KE and KER description documents summarize the processes 

and evidence, such as the methods used for KE measurement and its biological domain of 

applicability (taxonomic, life stage, and sex relevance), in support of the KE or KER. The AOP 

Wiki and the OECD User Handbook (OECD, 2018) also provide templates and guidelines to 

assist in the efficient development of an AOP (Society for Advancement of AOPs, 2022).  

The AOP development process involves determining the most suitable KEs and KERs that 

define an AOP and is based on two factors that ultimately shape the final AOP conceptual model: 

(i) What is currently known about the involved biological pathways and (ii) what quantitative data 

are available that supports the specific relationship between two KEs. Compiling this information 

required an extensive literature review through available databases and search engines. Prior to 

my involvement in the development of AOP 281, a substantial amount of this work and 

development had already begun. Over 200 papers had been reviewed and collected for its 

development, with the KEs and KERs having been constructed (Conrow et al., 2019, 2020). 
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Figure 1.1 shows the prior iteration of the conceptual model describing AOP 281, which includes 

the MIE, 8 KEs, the AO, and 10 corresponding KERs. KER 1 is AChE inhibition leading to an 

excess of ACh in the synapse. KER 2 involves the accumulated ACh overactivating mAChRs 

within the brain. KER 3 involves the overactivated mAChR initiating focal seizures. KER 4 is the 

occurrence of focal seizures leading to increased glutamate. KER 5 involves the increased 

glutamate leading to overactivation of n-methyl-D-aspartate (NMDA) receptors. KER 6 involves 

the overactivated NMDA receptors leading to an excess of intracellular calcium. KER 7 is the 

excess intracellular calcium leading to status epilepticus. KER 8 involves status epilepticus 

resulting in a further release of glutamate, forming a positive feedback loop. KER 9 involves the 

excess intracellular calcium leading to cell death. Lastly, KER 10 involves the cell death leading 

to overall neurodegeneration in the brain. While the conceptual model had been created, AOP 

281 development was still under progress, and necessitated further literature review and 

expansion of its KER description pages. As work on individual KEs have been done prior to my 

entry on the development of AOP 281, the KE information later in the chapter will be a brief 

summary of what is currently available in the AOP Wiki (Society for Advancement of AOPs, 

2022). 

Due to the AOP Wiki format, multiple authors with diverse scientific backgrounds may 

contribute to an AOP throughout its development, making it a collaborative process. Additionally, 

an AOP’s modularity allows its KEs and KERs to be used by multiple AOPs as many biological 

pathways may intersect at one or even multiple points. In the context of AOP 281, this modularity 

allowed for modification and reuse of descriptions for both KER 1 (AChE inhibition leading to ACh 

accumulation), and KER 10 (Cell death leading to neurodegeneration) as seen in Figure 1.1. 

Additionally, reuse without modification of a description is also possible. For the current AOP 

(Figure 1.2), the material on the description pages for KERs 1 and 11 was written by authors 

unaffiliated with AOP 281, however owing to the modular nature of AOPs, the information 

provided in these KERs fit well for usage in AOP 281, although additional quantitative evidence 

was included in KER 1. Finally, the OECD handbook refers to AOPs as “living” documents that 
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grow or evolve over time (OECD, 2018). This applies to AOP 281 as well, as there have been 

multiple iterations of this AOP prior to the current conceptual model, with the most recent 

modification taking place in October of 2022 (see Figure 1.2). As new data become available, the 

sequence of KEs or KERs that define an AOP may change to adapt to the new information.  

The additional work that led to the current conceptual model was motivated primarily by the 

need for quantitative data for the development of a quantitative AOP (qAOP); a mathematical 

model that would allow for the extrapolation of in vitro data to make predictions on the likelihood 

and severity of the AO in response to a measurable perturbation in the MIE. The qAOP and its 

development are discussed in Chapter 2. The section that follows describes the additional 

literature review conducted, methodologies for KER description development, and the 

adjustments that resulted in the most recent conceptual model. 

1.2 Methods 

1.2.1 Literature Review 

A review of the available qualitative evidence and quantitative data in support of the KERs 

was conducted through databases and search engines such as Scopus, PubMed, and Google 

Scholar. The general searching strategy for each KER employed the use of variations of keyword 

pairs for adjacent KEs, such as “Status epilepticus” and “Calcium”, or “Generalized seizure 

activity” and “Calcium”. The search criteria remained general and was not limited to a specific 

timeline or set of journals. In certain instances, references from the present literature review and 

previously compiled papers led to the identification of additional suitable papers. Acceptable 

qualitative evidence for a KER includes studies which demonstrated a cause-and-effect 

relationship between the KE pair and included papers such as gene knock-out studies and 

receptor antagonist experiments which prevented the downstream KE. Acceptable quantitative 

data for KERs included dose-response or time-series data, computational models that predict 

changes in at least two adjacent KEs, and any values describing relevant enzyme and receptor-

ligand kinetics for the appropriate KEs. Papers providing data for two or more non-adjacent KEs 



  6 

were also collected for use in later quantitative AOP (qAOP) model development and evaluation, 

which is described in more detail in the next chapter.  

The overall collection and organization of the articles were managed both through EndNote 

(The EndNote Team, 2013) and a shared Microsoft® Excel spreadsheet. Appendix A contains the 

spreadsheet and the collection of articles gathered during the literature review. The spreadsheet 

ordered articles depending on the KEs for which they provided information, as it contained 

columns for each KE in the AOP. Additional columns included the type of paper, chemicals, 

species, sex, age, exposure route and duration, and the tissue sample used if applicable. The 

spreadsheet’s layout made determining the quantity of data available for any KER simple as the 

articles could be sorted by individual KEs. 

1.2.2 Methods for AOP Development for the AOP Wiki. 

The available scientific evidence gathered from the literature review was assembled into KER 

description pages according to the template and practices outlined in the OECD User’s Handbook 

(OECD, 2018). The KER description sections were written to provide a brief overview of the 

relationship between the two KEs and includes information that was not otherwise provided in the 

individual KE descriptions. Biological plausibility sections were written to include information 

about what is known of the biology regarding the relationship, such as describing the function of 

AChE and its hydrolysis of ACh, while the empirical evidence section included any support for the 

KER such as cause-and-effect relationships. Experimental evidence or knowledge that conflicted 

with support for the KER were included in the uncertainties and inconsistencies section. A more 

detailed explanation of the sections can be found in the OECD User’s Handbook (OECD, 2018). 

Additionally, when possible, a table of quantitative data was prepared containing a data summary 

following the recommendations outlined in Sinitsyn et al. (2022), and included information on 

which methods were used to measure each KE, the species utilized, and a brief summary of the 

data for each reference. The table also included previously developed mathematical models that 

encompassed at least the two related KE pairs for the KER as these facilitated qAOP model 

development. 
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Specialists in the field were brought in to review the construction of the AOP and through its 

most recent iteration. KER 7 from Figure 1.1 was discovered to lack literature evidence, and as a 

result I consulted with Demetrio Raldua, PhD (Institute of Environmental Assessment and Water 

Research, Spain) and Joyce Rohan, PhD (US Army Core of Engineers, Dayton, OH) to make 

appropriate modifications to the AOP. Specifically, a revised set of KERs were needed to better 

describe the biology, and as a result, adjustments to the set of KERs were made based on expert 

advice (D. Raldua, J. Rohan, personal communication, October 3, 2022).  

1.3 Results 

1.3.1 Literature Review  

In total, I gathered and reviewed over 75 papers for the AOP, bringing the total to over 275 

papers reviewed for its development. Both in vivo and in vitro evidence covered a broad variety of 

species and included human, cow, pig, fish, and bird data, however the majority of articles 

gathered involved rodents, primarily rats, in addition to mice, hamsters, and guinea pigs. While 

there was a relatively moderate amount of qualitative evidence to support each KER, there was 

significantly less quantitative data available.  

1.3.2 AOP 281: AChE Inhibition Leading to Neurodegeneration 

The current conceptual for AOP 281 is shown in Figure 1.2. KER 7 in Figure 1.1 was 

removed, and the current KERs 6 (NMDA receptor activation leading to SE) and 9 (SE leading to 

increased intracellular calcium) were added in its place as they were more suitable to support the 

AOP based on the existing evidence. Additionally, the KER numbering post-KER 5 was modified 

to account for these changes. NMDA receptor activation leading to increased intracellular calcium 

is now KER 8 while increased intracellular calcium leading to cell death and ultimately 

neurodegeneration is now KERs 10 and 11, respectively. KER 6 was created as evidence shows 

that NMDA receptor antagonism can prevent soman-induced status epilepticus (Sparenborg et 

al., 1992). KER 9 was created as NMDA receptor activation is not the only mechanism through 

which calcium influx into the neuron occurs, as channels such as voltage-dependent calcium 
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channels (VDCC) and release from intracellular calcium stores have also been shown to be 

involved (Deshpande et al., 2010; Deshpande et al., 2014; Pal et al., 1999). Further details on 

KER 6 and 9 can be found later in this chapter and in Appendix B. 

In total, I produced three KER descriptions (KERs 5, 6, and 9) for AOP 281 and either edited 

or modified seven of the remaining KER descriptions by providing additional information or 

including a table of quantitative data pertinent to that particular KER. Listed below are summaries 

of the descriptions of the KEs and KERs that comprise the AOP. Appendix B contains the drafts 

of the KER descriptions I produced. 

AChE Inhibition (MIE). AChE is an enzyme primarily responsible for the regulation of the 

neurotransmitter ACh and does so by removal of the transmitter from cholinergic synapses 

through hydrolysis (Kandel et al., 2013b). AChE is found in both the PNS and CNS and is 

involved in the regulation of muscle activity and neurological processes (Kandel et al., 2013b). 

AChE is inhibited by inhibitors such as organophosphates and carbamates, and results in 

permanent and reversible inhibition, respectively (Fukuto, 1990). 

Acetylcholine Accumulation in Synapses (KE 1). ACh is a neurotransmitter found in both the 

PNS and CNS. It is released from neurons during an action potential and diffuses across 

cholinergic synapses to bind to either ionotropic nAChRs or metabotropic mAChRs, which 

ultimately results in the stimulation of the post-synaptic neuron or neuromuscular junction of 

muscle fibers receiving the ACh signal (Kandel et al., 2013b). Therefore, accumulation of ACh in 

these synapses can cause overstimulation of the affected neuron or muscle fiber through excess 

binding of ACh onto cholinergic receptors.   

Activation of Muscarinic Receptors (KE 2). The mAChRs are a set of G-protein coupled 

metabotropic receptors of either excitatory or inhibitory subtypes, labeled M1 through M5 (Hulme 

et al., 1990). M1, M3, and M5 are considered excitatory while M2 and M4 mAChR are considered 

inhibitory with regard to modulation of neuron excitability (Haga, 2013). In the context of AOP 

281, preventing the activation of mAChR through antagonists such as atropine were 
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demonstrated to reduce symptoms of organophosphate poisoning, and is used as standard 

treatment in conjunction with AChE reactivators (McDonough & Shih, 1997). 

Occurrence of Focal Seizure (KE 3). The start of a focal seizure begins with excessive and 

hypersynchronous activity located within a small group of neurons in a localized region of the 

brain, called the focus (Kandel et al., 2013a). The affected neurons of the focus are in a 

hyperexcitable state and are more likely to fire in response to excitatory input. Initially, seizure 

activity is limited to a small region due to successful inhibition of the hyperexcitable neurons by 

neighboring inhibitory neurons, called the inhibitory surround (Kandel et al., 2013a). Failure of the 

inhibitory surround ultimately results in spreading of the seizure, a process known as secondary 

generalization (Kandel et al., 2013a). 

Increased Glutamate (KE 4). Glu is an excitatory neurotransmitter and binds to both 

ionotropic and metabotropic receptors in the CNS and PNS. Ionotropic glutamatergic receptors 

include α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, kainate 

receptors, and N-methyl-D-aspartate (NMDA) receptors (Kandel et al., 2013b). Increased 

extracellular Glu in the synapse can be a product of excessive activity such as during seizures 

(Lallement et al., 1992). Excessive extracellular Glu overstimulates the affected neurons through 

overactivation of glutamatergic receptors. 

Overactivation of NMDA Receptors (KE 5). NMDA receptors are ligand and voltage-

dependent ionotropic receptors. To fully activate, NMDA receptors require both Glu and glycine 

as ligands, and depolarization of the membrane to which the receptors are bound in order to 

release Mg2+ from the channel. NMDA receptors are unique relative to the other ionotropic Glu 

receptors as they are also permeable to Ca2+ and upon activation are responsible, in part, for 

calcium influx into the post-synaptic neuron (Choi, 1988). 

Status Epilepticus (KE 6). After focal seizure onset, a seizure may progress by spreading 

throughout the brain and fail to terminate. Status epilepticus (SE) is defined as a condition of 

continuous seizure activity or intermittent seizure activity without recovery lasting for more than 5 

minutes (Lowenstein & Alldredge, 1998). Status epilepticus induced through AChE inhibition is 
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unresponsive to anticholinergic treatment, showing the process is instead self-sustained through 

glutamatergic mechanisms (Lallement et al., 1999; McDonough & Shih, 1997). 

Increased Intracellular Calcium Overload (KE 7). Intracellular Ca2+ acts as a secondary 

messenger for a variety of cellular functions, ranging from gene transcription and cellular 

development to controlled cell death through apoptosis (Berridge, 2012). Therefore, Ca2+ 

homeostasis is an integral and tightly regulated conserved process in cells (Case et al., 2007). 

Dysregulation of intracellular calcium and increasing concentrations beyond what the cell or 

neuron is capable of managing can lead to excitotoxic outcomes (Sattler & Tymianski, 2000). 

Cell Injury / Death (KE 8). Cell death can be separated into multiple categories which include 

apoptosis and necrosis, with each event containing distinct morphological features. Apoptosis 

involves cellular shrinkage and fragmentation, while necrosis includes cellular swelling and lysis 

(Kroemer et al., 2009).  

Neurodegeneration (AO). While cell death can be considered a form of neurodegeneration, 

this outcome also pertains to a more general loss of neuron structure and function. 

Neurodegeneration can be seen in many notable diseases such as Huntington’s, Alzheimer’s, 

Parkinson’s disease, and amyotrophic lateral sclerosis (ALS), all of which are characterized by 

progressive neurodegeneration (Przedborski et al., 2003). Examples that do not include cell 

death are morphological changes in neurons such as distorted shape and size (Przedborski et al., 

2003).  

AChE Inhibition leads to ACh Synaptic Accumulation (KER 1). There is a significant amount 

of evidence in multiple species that demonstrates accumulation of ACh after AChE inhibition. For 

example, in vivo time-series data provides a dose-response relationship between AChE activity 

and ACh and show that AChE inhibition through a variety of inhibitors results in the progressive 

accumulation of extracellular ACh (Kosasa et al., 1999). Additionally, pharmacokinetic data and 

multiple pharmacokinetic/pharmacodynamic (PKPD) models are available that simulate the time-

course and concentration of AChE inhibitors and predict changes in free AChE throughout their 

compartments (Chen & Seng, 2012; Maxwell et al., 1988).  
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ACh Accumulation leads to Activation, mAChRs (KER 2). With accumulation of ACh comes 

excessive binding of post-synaptic receptors. In the context of AOP 281, mAChRs are at the 

center of organophosphate poisoning through ACh accumulation. Quantitatively, binding kinetics 

for ACh on mAChRs have been determined through radiolabeled assays, and computational 

models have been developed that show neuronal responses to activation of M1 mAChRs using 

ACh (Kellar et al., 1985; Mergenthal et al., 2020; Uchida et al., 1978).  

Activation, mAChRs leads to Occurrence, Focal Seizure (KER 3). Activation of excitatory 

mAChRs result in enhanced excitability of the post-synaptic neuron through inhibition of the M-

current, a voltage-dependent K+ current responsible for modulation of cellular excitability 

(Marrion, 1997). In the case of AOP 281, it is overactivation of the M1 subtype by which the 

pathology progresses. This has been demonstrated in experiments where transgenic mice 

lacking M1 mAChR show resistance to seizure activity in response to administration of 

pilocarpine, an mAChR agonist (Hamilton et al., 1997). In another experiment, pretreatment with 

pirenzepine, an M1-specific antagonist, prevented cholinergically induced seizure activity 

(Cruickshank et al., 1994). 

Occurrence, Focal Seizure leads to Increased, glutamate (KER 4). Upon firing, glutamatergic 

neurons release glutamate. In cases of excessive and hypersynchronous activity such as during 

seizure activity, there is increased Glu release, with experiments showing increasing levels of 

extracellular Glu after the start of cholinergically induced seizure activity (Lallement et al., 1991). 

More recent quantitative experimentation of seizure induction through various methods (Meurs et 

al., 2008; O’Donnell et al., 2011) measures both seizure activity through EEG and Glu dialysate 

through microdialysis experiments.  

Increased, glutamate leads to Overactivation, NMDARs (KER 5). As NMDA receptors are 

glutamatergic, it follows that increased Glu results in increased binding of NMDA receptors. 

Michaels and Rothman (1990) showed that excessive Glu is excitotoxic to neurons and results in 

cell death. More specifically, they demonstrated that it was mediated through NMDA receptor 
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activation as dizocilpine (MK-801), an NMDA receptor antagonist, prevented said cell death 

(Michaels & Rothman, 1990). 

Overactivation, NMDARs leads to Status epilepticus (KER 6). Continuously sustained seizure 

activity is considered to become status epilepticus after lasting longer than five minutes 

(Lowenstein & Alldredge, 1998). NMDA receptor activation has been demonstrated to be involved 

in this extended seizure activity that ultimately leads to status epilepticus. For example, in status 

epilepticus induced models of seizure activity, NMDA receptor antagonists such as ketamine or 

MK-801 were used to terminate seizures (Borris et al., 2000; Braitman & Sparenborg, 1989; 

Sparenborg et al., 1992). 

Status epilepticus leads to Increased, glutamate (KER 7). As status epilepticus is prolonged 

seizure activity, this KER is similar to the previously defined KER 4. In the context of AOP 281, 

KER 7 is separate from KER 4 based on the length of time since seizure activity, spreading of 

seizure activity from focal to generalized, and lastly that seizures during the phase of status 

epilepticus appears to be resistant to anticholinergic therapy (McDonough & Shih, 1997). 

Overactivation, NMDARs leads to Increased, Intracellular Calcium overload (KER 8). There is 

a considerable amount of evidence associating NMDA receptor activation and calcium influx. For 

example, in an in vitro experiment it was shown that activation of NMDA receptors using either 

NMDA or Glu resulted in increased intracellular calcium, with the change in calcium absent under 

extracellular Ca2+ free conditions (Liu et al., 2013). Similarly, in another in vitro experiment, 

increases in intracellular calcium using Glu was prevented with pre-treatment of MK-801 

(Michaels & Rothman, 1990). Quantitatively, there have been models developed that simulate 

calcium influx upon NMDA receptor activation in dendritic spines (Hu et al., 2018). 

Status epilepticus leads to Increased, Intracellular Calcium overload (KER 9). Intracellular 

calcium increases during status epilepticus through a variety of mechanisms, such as NMDA 

receptor activation, VDCCs, and release from intracellular calcium stores (Deshpande et al., 

2010; Deshpande et al., 2014; Pal et al., 1999). Additionally, intracellular calcium levels appear to 

remain elevated days later following status epilepticus onset (Raza et al., 2004). Intracellular 
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calcium levels have been shown to increase through in vitro models of status epilepticus as well 

(Nagarkatti et al., 2010; Pal et al., 1999). 

Increased, Intracellular Calcium overload leads to Cell injury/death (KER 10). Calcium 

signaling mechanisms are known to exist that induce cell death (Zhivotovsky & Orrenius, 2011). 

Quantitatively, in vivo experiments have shown the relationship between increased intracellular 

calcium and cell death (Deshpande et al., 2014). In another study, Hartley et al. (1993) 

demonstrated the relationship between increased intracellular calcium and cell death after 

exposure to varying concentrations of Glu over time, and that MK-801 prevented calcium influx 

and reduced cell death. 

Cell injury/death leads to N/A, Neurodegeneration (KER 11). As cell death is considered a 

marker of neurodegeneration, this relationship involves a broader scope involving cell death in 

the form of neurodegeneration in the context of an organ system rather than individual cell death. 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive cells (as a 

marker of cellular injury through DNA damage) increased after three weeks of daily domoic acid 

(DA) injections, while neuronal nuclei protein (NeuN)-positive cells (a marker of living neurons) 

remained the same (Lu et al., 2012). Four weeks of DA injections, however, resulted in 

decreased NeuN-positive cells, showing an incidence concordance between cell injury or death 

and overall neurodegeneration. 

1.4 Discussion 

The literature review for the quantitative data available for KERs differs from searching for 

qualitative evidence for KEs. KER quantitative data specifically require an experimenter to have 

measured both related KEs while also being in the context of the AOP in question. Using Figure 

1.2 as an example, quantitative data for KER 10 would involve a study measuring both increased 

intracellular calcium and some form of neuronal cell death while initiating these changes through 

perturbation of the MIE by inhibiting AChE. Ideally, it would be time-series or dose-response data 

amenable for qAOP model development. Such data are not common, however, as few 

experimenters are publishing data with AOP development or qAOP modeling in mind. As the 
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prevalence of AOPs increases, gaps in our understanding of biological processes will continue to 

be revealed, which will ideally lead to more experiments with AOP development in mind. 

While AOPs by definition are intended to by chemically agnostic, studies show that some 

chemicals that produce the same AO do so via distinct mechanisms (Braitman & Sparenborg, 

1989; Deshpande et al., 2010; Sparenborg et al., 1992). During the literature review process, 

conflicting evidence was found involving some AChE inhibitors and their resulting pathology upon 

exposure. Rats exposed to diisopropylfluorophosphate (DFP) manifested SE and did not respond 

to treatment with MK-801 (Deshpande et al., 2010). This contrasts with other similar experiments 

which showed a marked attenuation of seizure activity after MK-801 treatment in soman exposed 

rats (Braitman & Sparenborg, 1989; Sparenborg et al., 1992). There have also been conflicting 

results regarding increased Glu levels in some cholinergic seizure-inducing chemicals, and in one 

paper experimenters showed that sarin resulted in increasing Glu levels post-seizure onset while 

VX resulted in no changes (O’Donnell et al., 2011). DFP, soman, and VX are potent AChE 

inhibitors, but the specific processes through which each chemical progresses the pathology 

appear to be distinct enough to result in different methods of pathway progression and, in some 

cases, unresponsiveness to similar treatment. Despite the fact that the AOP does not account for 

these chemically specific differences, these separate mechanisms should be considered in the 

future. 

AOPs are a simplification of biology's complexity and determining the appropriate KEs or 

KERs depends on how that biology can be best simplified while meeting the requirements of KEs. 

Doing so necessitates a specialist’s knowledge in that field and therefore requires collaboration 

with experts. The prior iteration of AOP 281 originally had KER 7, calcium overload leading to SE 

(see Figure 1.1). This KER was originally proposed due to the fact that NMDA receptors are 

calcium permeable channels and NMDA receptor antagonism has been found to prevent SE in 

rat studies (Borris et al., 2000; Braitman & Sparenborg, 1989; Sparenborg et al., 1992). It was 

later discovered through further review and expert consultation that this KER lacked support in 

literature, and it was determined that KERs 6 and 9 in Figure 1.2 better defined the biology based 
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on literature evidence. As previously stated, AOPs are considered ‘living’ documents, and thus 

are expected to change with time as new evidence supporting or even rejecting AOPs emerges 

(OECD, 2018). As such, AOP development is an iterative process, and additional changes to 

AOP 281 may occur in the future. The construction of a qAOP model based on the quantitative 

data obtained from the literature review is the next step for AOP 281 development. The following 

chapter discusses in more detail the development of the quantitative model. 
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Figure 1.1. Prior Iteration of AOP 281 Conceptual Model. This shows AOP 281 (AChE Inhibition 
Leading to Neurodegeneration) without NMDAR activation leading to SE and SE leading to 
increased intracellular calcium (Conrow et al., 2021). AChE = Acetylcholinesterase. ACh = 
Acetylcholine. mAChR = Muscarinic Acetylcholine Receptor. NMDAR = N-methyl-D-aspartate 
Receptor.  



  17 

 

Figure 1.2. Conceptual Model Diagram of AOP 281: AChE Inhibition Leading to 
Neurodegeneration (Conrow et al., 2022). AChE = Acetylcholinesterase. ACh = Acetylcholine. 
mAChR = Muscarinic Acetylcholine Receptor. NMDAR = N-methyl-D-aspartate Receptor. The red 
lines indicate the newly added KERs.  
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CHAPTER 2 

A QUANTITATIVE ADVERSE OUTCOME PATHWAY FOR ACETYLCHOLINSTERASE 

INHIBITION LEADING TO NEURODEGENERATION 

2.1 Introduction 

A qAOP is a mathematical model built upon the quantitative understanding of KERs that form 

the relationships between KEs. Given a perturbation in the MIE, a qAOP will be able to predict 

changes in the downstream KEs and AO. Depending on the level of quantitative understanding 

and available data, a qAOP can represent the relationships in a variety of ways, ranging from 

simple linear regression equations to biologically based models utilizing differential equations 

(Conolly et al., 2017). I chose to develop a biologically based model to represent the MIE (AChE 

inhibition) through KE 7 (increased intracellular calcium) because both positive (self-sustaining 

seizure through status epilepticus) and negative (interneuron inhibition) feedback loops influence 

the time-dependent changes in the pathway (Figure 1.2). In some cases, it is possible to model 

the feedback loop of a system as a response-response relationship. This is a mathematical 

relationship describing how a change in an upstream KE will impact the downstream KE, and 

includes models such as linear regression equations (OECD, 2018). This can be done if the 

system involved is assumed to reach and remain at steady-state (Sinitsyn et al., 2022; Zgheib et 

al., 2019). However, I am explicitly interested in perturbing the system and capturing its time-

dependent dynamics, not steady-state.  

A robust quantitative model for AChE inhibition can reduce the resources and time spent for 

chemical toxicity testing related to AChE inhibitors and is ultimately needed in order to reduce 

animal testing, provide accurate predictions of the AO for previously untested compounds, and 

extrapolate available in vitro data related to the pathway to in vivo settings. While time-series data 

of AChE activity or free remaining AChE may potentially be used as input for the model, there 

would be limitations to consider, as these time-series data would be specific to the chemical 

toxicant used, its route of exposure, and its concentration. This naturally would require the 
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availability of relevant chemical and toxicological data from experimental studies, or if available, 

existing PKPD models that may be integrated for model development. Thus, a qAOP can benefit 

from the integration of existing models such as these PKPD models as it would then enable the 

model to make predictions for unmeasured doses on the distribution and toxic effects of the 

chemical upon exposure. Doing so aligns well with the goals of a robust qAOP model as 

described above. Furthermore, due to the modular nature of AOPs, utilization of existing models 

and other models that represent an AOP’s KER(s) can significantly improve the overall pace of 

qAOP development. The following section describes the qAOP model development process. 

2.1.2 Modeling AChE Inhibition 

I chose to model the impact of soman (CASRN 96-64-0) on the system as it is known to be a 

potent AChE inhibitor and has multiple PKPD models available (Chen & Seng, 2012; Langenberg 

et al., 1997; Maxwell et al., 1988; Sweeney et al., 2006). More specifically, I chose to adapt a 

PKPD model by Chen and Seng (2012) for use in the larger qAOP model because it predicts the 

level of free AChE in the brain after soman exposure through multiple routes including 

intramuscular (IM), intravenous (IV), and subcutaneous (SC), thus enabling the model to compare 

its predictions to data collected under different experimental conditions. 

Figure 2.1 provides the schematic diagram used for the model and a brief overview of the 

model by Chen and Seng (2012) follows. Input parameters for the model are: (i) concentration of 

soman (ug/kg); (ii) rat weight (g); (iii) method(s) of injection, which include intramuscular (IM), 

subcutaneous (SQ), and intravenous (IV); and (iv) length of infusion for IV (s), which can be used 

to represent a slower introduction of soman into the system. As shown in the figure, soman is 

either injected directly into the venous blood compartment through IV administration, or injected 

into the subcutaneous compartment, which is then absorbed into the muscle compartment at a 

rate determined by the absorption rate constant. Soman flows through the system following the 

diagram before reaching the individual compartments representing the body systems and organs. 

Soman is removed from the system when it inhibits AChE or carboxylesterase (CaE) and is 

additionally removed through hydrolysis by diisopropyl-fluorophosphatase (DFPase). Soman 
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hydrolysis was considered to be significant in the arterial, venous, kidneys and liver compartment 

and is modeled through first-order elimination rate constants. Lastly, soman is not a single unique 

compound, but instead exists in an equal mixture of four stereoisomers, labeled C(-)P(-), C(-

)P(+), C(+)P(-), and C(+)P(+). The individual isomers differ from one another in their ability to bind 

and inhibit AChE and in their rates of hydrolysis, with the P(-) isomer pair showing a significantly 

increased ability to inhibit AChE and in vivo toxic effects (Maxwell et al., 1988). Thus, the PKPD 

model simulates the individual stereoisomers rather than treating soman as a single molecule.  

2.1.3 Modeling Neurons 

Now with the PKPD model integrated, allowing for the prediction of free AChE in response to 

soman exposure, the remaining KEs can be modeled. As the KEs in the AOP are specific to the 

brain and involve neurophysiological processes such as neurotransmitters, receptor-ligand 

interactions, and intracellular calcium, I chose to work with a spiking neuron model that is able to 

incorporate these characteristics. Fundamentally, neurons respond to activation through 

receptors by firing or spiking, also known as an action potential. This process occurs with 

changes in the neuron’s membrane potential, which is the electrical voltage across the cell’s 

membrane. This voltage changes in response to various ion currents that are modulated by the 

activation of receptors. An action potential in turn releases neurotransmitters, thereby resulting in 

changes in the concentration of extracellular neurotransmitters. For the purposes of the AOP I 

chose to work with a neuron model that could simulate the enhanced excitability that has been 

demonstrated to occur through mAChR activation (Marrion, 1997). Specifically, mAChR activation 

leads to the inhibition of the M-current, a potassium ion current responsible for a process known 

as spike-frequency adaptation or spike adaptation (Marrion, 1997). This is an inhibitory process 

that reduces the frequency of action potentials in response to excitatory events. Consequently, 

inhibition of this process ultimately results in the neurons enhanced excitability and overall 

increased firing rate (Otto et al., 2006).  

Existing models for spiking neurons range from the biologically detailed Hodgkin Huxley (HH) 

neuron model to simpler-integrate-and fire models with fewer parameters (Burkitt, 2006; Hodgkin 
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& Huxley, 1952). A neuron model that can account for changes in spike frequency adaptation via 

M-current inhibition by mAChRs was developed by Brette and Gerstner (2005). Originally based 

on an HH-model of a pyramidal neuron that incorporated M-current, the model simplifies the HH-

model by instead accounting for M-current spike frequency adaptation with a generic adaptation 

variable that varies based on both the subthreshold membrane potential and after each action 

potential event (Brette & Gerstner, 2005). Brette and Gerstner (2005) found that the reduced 

formulation with fewer parameters is less computationally intensive than its HH counterpart and 

predicted on average 96% of the spikes of the HH-model (Brette & Gerstner, 2005). Thus, I chose 

to use this model in the qAOP as it would allow for the modeling of M-current inhibition through 

mAChR activation and the resulting enhanced excitability, ultimately leading to an overall 

increased rate of firing.  

2.1.4 Modeling Synaptic Transmission 

With increased Glu concentration as a KE in AOP 281, the qAOP model should also be able 

to predict extracellular glutamate. Destexhe et al. (1994a) report that Glu release and uptake is a 

rapid process, with Glu remaining in the synaptic cleft for a very brief amount of time, with 

estimates in the sub-millisecond scale (Clements et al., 1992). As such, I chose to model Glu 

release assuming it to be an instantaneous process occurring with each action potential event. 

Binding of Glu to post-synaptic receptors ultimately result in the modulation of the post-

synaptic neuron’s membrane potential through changes in currents evoked by receptor activation. 

Receptor kinetic models by Destexhe et al. (1994b) were adapted for use in the qAOP model as 

they included receptor-ligand interactions and the consequent depolarization or hyperpolarization 

of a neuron’s membrane potential. Specifically, models for excitatory AMPA-Kainate (AK) 

receptors for depolarization and action potential generation and inhibitory Gamma-aminobutyric 

acid type A (GABAA) receptors for membrane hyperpolarization were adapted. M1 mAChR 

binding kinetics were adapted from Mergenthal et al. (2020) as their model was calibrated to 

match the behavior of rat CA1 pyramidal neurons in response to M1 mAChR activation through 

binding of ACh. M1 mAChR kinetics were simplified in the model to include the forward and 
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reverse binding rate kinetics. An NMDA receptor kinetic model was adapted from Hu et al. (2018) 

as part of their intracellular calcium model, which will be described in further detail below. The 

integration of these kinetic models thus allows for the modeling of synaptic transmission and 

prediction of both neurotransmitter concentration and receptor activation. 

2.1.5 Modeling Calcium Dynamics 

Intracellular calcium homeostasis is a tightly regulated process and involves many 

mechanisms of calcium influx and efflux (Barhoumi et al., 2010; Case et al., 2007). Hu et al. 

(2018) recently developed a model of post-synaptic calcium dynamics at the dendritic spine of a 

CA1 pyramidal neuron, where the dendritic spine refers to the protrusion of synaptic membrane 

that includes the post-synaptic membrane and its associated membrane-bound receptors and 

intracellular mechanisms. I chose to adapt the model by Hu et al. (2018) as the model is able to 

show changes in intracellular calcium due to both NMDA receptor and VDCC activation, which 

reflects the multiple methods of calcium entry as shown in the AOP through KER 8 and KER 9. 

The model, however, could not be reproduced in whole as not all parameter values were provided 

in the original publication, and I was unable to obtain these values from the author. To address 

this issue of missing parameters, I chose to simplify the calcium model and instead adjust the 

reduced parameters to align with the intracellular calcium data used in the original model’s 

calibration. Figure 2.2 provides a schematic diagram of the simplified model. Calcium influx 

occurs via two channels, NMDA receptors and VDCCs. NMDA receptors follow an eight-state 

kinetic receptor model by Hu et al. (2018) that represents the free, bound, desensitized and open 

states of an NMDA receptor (see Hu et al. (2018) Supplementary Figure 1). NMDA receptors 

generate calcium influx dependent on the total number of bound and open receptors and the 

calcium potential difference between intracellular and extracellular calcium. Through Glu binding, 

NMDA receptors open and increase the rate of calcium influx. VDCCs are dependent on both the 

post-synaptic membrane and calcium potential difference, opening more frequently with further 

membrane depolarization. The calcium currents due to NMDA and VDCC activation were 

modified to include a conversion factor and tuned to fit experimental data and will be discussed in 
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more detail in the methods section. Additionally, calcium buffering and efflux has been simplified 

due to the missing parameters and is instead modeled solely as calcium efflux following first-

order elimination. Through these above mechanisms the model simulates changes in intracellular 

calcium in response to changes in membrane potential (VDCCs) and receptor activation 

(NMDARs). 

2.1.6 Description of the qAOP Model  

Figure 2.3A shows a conceptual model for the qAOP. The model was designed to capture the 

salient biological features of the AOP and its KERs. The model is specifically of a group of 

neurons located in the CA1 hippocampal region in the rat brain, shown in Figure 2.3B. The CA1 

region was selected as it is one of the most extensively studied regions and there is evidence 

showing that neuronal cell death occurs in this region following exposure to AChE inhibitors and 

subsequent SE (Deshpande et al., 2010; Deshpande et al., 2014; Deshpande et al., 2008). 

Neuron 0 in Figure 2.3B is modeled as the cholinergic input onto Neuron 1. Biologically, its soma 

is situated in the medial septum and projects to the CA1 region and is therefore not represented 

in the figure. This cholinergic neuron was selected as they are known for their cholinergic input 

into this region (McKinney et al., 1983). Neuron 1 is modeled as a CA1 excitatory pyramidal 

neuron. These are glutamatergic neurons that are known for receiving cholinergic input through 

their post-synaptic mAChRs, to which they respond by entering a hyperexcitable state (Dasari & 

Gulledge, 2011). M1 mAChRs were chosen as they have been shown to be the major excitatory 

muscarinic receptor involved in the neuron entering this excitable state (Cruickshank et al., 1994; 

Hamilton et al., 1997). Neuron 2 is an inhibitory interneuron that is modeled as an Oriens-

Lacunosum-Moleculare (OLM) interneuron, a GABAergic interneuron known for its involvement in 

feedback inhibition in the hippocampal region (McKinney et al., 1983). Neuron 2 receives 

glutamatergic input from Neuron 1 through the binding of post-synaptic AMPA and Kainate 

receptors. For the purposes of this model, AMPA and Kainate receptors fulfill the same role, thus 

the receptors are combined as AMPA-Kainate (AK) receptors based on the work by Destexhe et 

al. (1994b). Neuron 3 is also modeled as an excitatory CA1 pyramidal neuron. This neuron 



  24 

receives glutamatergic input through NMDA receptors resulting in calcium influx, with additional 

calcium influx occurring through activation of VDCCs. 

The majority of Figure 2.3A aligns with the AOP shown in Figure 1.2, however, additions in 

the form of negative feedback loops were included to account for the time delays seen to occur in 

the pathology. These modifications are highlighted as orange-dashed lines, and account for the 

negative-feedback inhibition and delay in seizure activity occurring prior to the onset of focal 

seizure activity that is seen in the biology, also referred to as the breakdown of the inhibitory 

surround (Kandel et al., 2013a). The qualitative AOP does not include these specific mechanisms 

as KE 3 (onset of focal seizures) would encompass these biological processes that occur as part 

of a focal seizure. Neuron 2 fires and releases GABA in response to synaptic activation from 

Neuron 1, thereby modeling this inhibitory feedback mechanism. The AOP contains two KEs 

regarding seizure activity: Onset of focal seizure and status epilepticus. While these events can 

be measured through methods such as EEG activity, firing rate is instead used in the model as a 

substitute for these events as it has been shown that individual neurons increase in firing rate 

upon recruitment to the seizure (McKinney et al., 1983; Merricks et al., 2021). Furthermore, in 

vivo seizure activity is a complex biological process, making it challenging to study the cellular 

impacts of SE, however studies that initiate in vitro status epilepticus, defined as continuous high-

frequency activity, using neuronal cultures have been able to show the relationship between 

seizure duration and changes in both intracellular calcium and neuronal death (Deshpande et al., 

2007; Pal et al., 1999). 

2.2 Methods 

2.2.1 Data Collection 

The literature review conducted for the development of the AOP was utilized for the 

development of the qAOP. While the AOP is meant to be a general framework that is applicable 

to any species adversely affected by this pathway, the qAOP requires species-specific data for 

model development because species differ in various aspects of the AOP (Pereira et al., 2014). 
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Therefore, Rattus norvegicus was chosen as the species for model development due to the 

amount of data available compared to other species. A further literature review, using the same 

databases and search engines as with the prior review, was conducted to identify relevant 

models, model equations, and parameter values required for qAOP model development that were 

not applicable as quantitative data for any specific KER in the AOP, such as individual neuron 

models or AK and GABA receptor binding kinetics. Initially, an exploratory literature review was 

conducted with ‘neuron models’ to gain a better understanding of the available variety of models 

before further refining the searches to ‘adaptive integrate-and-fire neuron models’ that were 

specific to the qAOP model’s needs. Additionally, a literature review of receptor binding kinetics in 

rats involved using paired terms such as ‘AMPA receptors’ or ‘AMPAR binding kinetics’ combined 

with rats or related variations. After gathering the necessary data, relevant models, and model 

equations from both the AOP and qAOP literature reviews, the information was integrated to form 

the qAOP model, which is detailed below. 

2.2.2 AChE Inhibition Model Formulation 

The PKPD soman model by Chen and Seng (2012) was integrated into the qAOP model to 

simulate AChE inhibition, as previously stated. More specifically, I adapted the PKPD model in a 

reduced format, focusing on the initial reaction between AChE and soman while excluding the 

formation of the downstream products, which include the inhibited AChE-soman complex and 

aged AChE-soman complex as these are considered irreversible steps and thus there is no 

feedback between these products and the initial reaction. Furthermore, there are no available 

data to validate the dynamics of these products. The remaining components of the model by 

Chen and Seng (2012) are used as provided by the authors, with no changes to the formulation 

of the equations. Note that some variable names have been modified to maintain consistency 

between the model equations and model code. Specifically, CpPp, CpPm, CmPp, and CmPm 

represent the concentration of the individual soman stereoisomers whereas the original authors 

used C(+)P(+), C(+)P(-), C(-)P(+), and C(-)P(-), respectively. As the purpose of the model is to 

determine AChE activity in the brain, and with the above information in mind, the remaining focus 



  26 

of soman and its effects on the system presented will be on the brain and its relevant 

compartment. AChE is inhibited through soman, and free AChE in the brain is modeled as:  

𝑑𝐶AChEBr

𝑑𝑡
= 𝐾SYN − 𝐾DEG ∗ 𝐶AChEBr

 

− 𝐶AChEBr
∗ (CpPpBr ∗ 𝑘CpPpAChE

+  CpPmBr ∗ 𝑘CpPmAChE
 

 +CmPpBr ∗ 𝑘CmPpAChE
+ CmPmBr ∗ 𝑘CmPmAChE

) ,                              (1)  

where CpPpBr, CpPmBr, CmPpBr, and CmPmBr (µM) represent the concentration of the individual 

soman stereoisomers C(+)P(+), C(+)P(-), C(-)P(+), and C(-)P(-), respectively in the brain. 

𝐾SYN (=3.056e-12 µM ms-1) and 𝐾DEG (=1.64e-10 ms-1) represent the 0th order synthesis rate 

constant and 1st order degradation rate constant for AChE, respectively. 𝐶AChEBr
 (µM) represents 

the concentration of free AChE in the brain. 

Next, it was assumed that soman inhibits AChE evenly throughout the brain, which allows 

AChE in the hippocampus to be based on the remaining free AChE concentration as modeled by 

the PKPD model Chen and Seng (2012) , and is defined as: 

 𝐶AChE = CAChET
∗ (

𝐶AChEBr

𝐶AChEBr_T

) , (2) 

Where 𝐶AChEBr_T (=3.78e-2 µM) is the initial concentration of AChE in the brain, CAChET
 (=3e-4 mM) 

is the initial synaptic concentration of AChE in the hippocampus, and 𝐶AChE (mM) represents the 

current concentration of AChE in the hippocampus at any time t. Doing so creates a separation of 

AChE concentrations; one for the concentration of whole brain free AChE (𝐶AChEBr
), and another 

for the synaptic AChE concentration in the hippocampus (𝐶AChE). This is done as AChE is not 

evenly distributed throughout the whole-brain but rather is localized to specific regions (Das et al., 

2001). Therefore, using the measured value of whole brain free AChE from tissue homogenate 

would not be appropriate when modeling synaptic concentrations of AChE. Two assumptions are 

required here, however: Changes in free hippocampal AChE due to inhibition by soman directly 

correlates to changes in whole-brain free AChE. This assumption is supported by multiple authors 
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demonstrating that overall changes in AChE in the brain follows a similar trend regardless of the 

region measured (Fosbraey et al., 1990; Kassa & Bajgar, 1998). Changes in synaptic AChE 

concentration in the hippocampus will not affect total whole brain tissue homogenate AChE 

concentration, as the prior represents an overall smaller concentration of AChE compared to 

whole brain AChE. 

2.2.3 Accumulation of ACh and M1 mAChR Activation 

As the concentration of free AChE decreases due to inhibition by soman, the 

neurotransmitter ACh begins to increase in the synaptic cleft as rate of hydrolysis decreases. 

ACh is modeled as shown in Eq (3). 

 
ⅆ𝐶ACh

ⅆ𝑡
= 𝑘rM1 ∗ 𝐶M1B

− 𝑘fM1 ∗ 𝐶ACh ∗ 𝐶M1 −  𝑘AChE ∗ 𝐶ACh ∗ 𝐶AChE , and (3)  

At spike time (V0 > -40.4 mV): 

𝐶ACH = 𝐶ACh + AChRelease , 

 

where 𝑘AChE (=150 mM-1 ms-1) is the bimolecular rate constant for hydrolysis of ACh by AChE. 

ACh is added to the system through AChRelease (=2 mM) at regular intervals based on the firing 

rate of Neuron 0. Based on the basal firing rate values for neurons, this was determined to be 0.4 

Hz (Simon et al., 2006). Spike time is defined as the time at which an action potential occurs, 

where the membrane potential of Neuron 0 reaches -40.4 mV. Additionally, Neuron 0 was 

assumed to maintain a constant basal firing rate in the model due to a lack of experimental data 

on changes in individual firing rates during seizure activity of medial septum cholinergic neurons. 

In the synaptic cleft, ACh binds to free M1 mAChRs, and is modeled as 

 𝐶M1 =  𝐶M1 𝑇
− 𝐶M1𝐵

 , and  (4) 

 
ⅆCM1B

ⅆ𝑡
= 𝑘fM1 ∗ CACh ∗ CM1 − 𝑘rM1 ∗ 𝐶M1𝐵

 , (5) 
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Where 𝐶M1 and 𝐶M1𝐵
 (mM) represent free and bound M1 mAChRs, and 𝐶M1 𝑇

 (=2.25e-2 mM) is 

the total concentration of M1 mAChRs. 𝑘fM1 (=2.78 mM-1 ms-1) and 𝑘rM1 (=2.15e-3 ms-1) are the 

forward and reverse binding rate constants for ACh binding to M1 mAChR.  

2.2.4 Neuron 1 Membrane Potential Model Formulation 

Neuron 1 follows an integrate-and-fire model containing an adaptation equation 𝑤 and 

exponential spiking mechanism (Brette & Gerstner, 2005). The membrane potential for Neuron 1 

evolves over time following the equation 

 CM1
𝑑𝑉1

𝑑𝑡
= 𝐼leak1 + 𝑔𝐿 ∗ 𝛥𝑇1 ∗ exp (

𝑉1 −𝑉𝑇1

𝛥𝑇1
) − 𝐼GABA + 𝐼injectN1 − 𝑤 , (6) 

where, 𝑉1 (mV) is the membrane potential for Neuron 1, CM1 (=281 pF) is the membrane 

capacitance, 𝑔𝐿(=30 nS) is the leak conductance, 𝑉𝑇1 (=-50.4 mV) is the threshold potential, and 

𝛥𝑇1 (=2 mV) is the slope factor. 𝐼leak1, 𝐼GABA, and 𝑤 (pA) are variable currents defined by their own 

functions. 𝐼injectN1 (= 580 pA) is a constant applied current used to establish a basal firing rate of 

approximately 1 Hz based on in vivo recordings of CA1 pyramidal neurons at rest (Wiener et al., 

1989). 

The leak current, responsible for establishing resting membrane potential in the neurons, is 

defined as 

 𝐼leak1 = 𝑔𝐿 ∗  (𝐸𝐿 − 𝑉1) , (7) 

where 𝐸𝐿 (=-70.6 mV) is the resting potential. In addition to M1 mAChRs, Neuron 1 also contains 

inhibitory GABAA receptors, responsible for modulating the firing rate through binding by the 

neurotransmitter GABA, released by Neuron 2. GABAA receptor binding is modeled as the 

fraction of bound receptors following first-order kinetics, with the equations and estimated rate 

constants obtained from Destexhe et al. (1994b). 

 
𝑑𝑟𝐺𝐴𝐵𝐴𝐴 

𝑑𝑡
= 𝑘𝑓GABAA

∗ 𝐶GABA ∗ (1 − 𝑟GABAA
) − 𝑘𝑟GABAA

∗ 𝑟GABAA
 , (8) 
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where 𝑟𝐺𝐴𝐵𝐴𝐴  (unitless) is the fraction of bound GABAA receptors, while 𝑘𝑓GABAA
(=5 mM-1 ms-1) 

and 𝑘𝑟GABAA
(=1.8e-1 ms-1) are the forward and reverse rate constants, respectively, and where 

𝐶GABA(mM) is the concentration of the GABA neurotransmitter in the synaptic cleft. With the 

fraction of bound GABAA receptors known, the post-synaptic current 𝐼GABA𝐴
 can be modeled as 

 𝐼GABA𝐴
= gGABA𝐴

∗ 𝑟GABA𝐴
∗ (𝑉1 − 𝐸GABA𝐴

) , (9) 

where gGABA𝐴
(7.25e-1 nS) is the maximal conductance and 𝐸GABA𝐴

(=-80 mV) is the reversal 

potential of GABAA receptors. The reversal potential is the membrane potential at which point the 

current changes direction, and biologically relates to a specific ion’s net flow across a cell 

membrane, in this case chloride (Cl-) ions. 

In Eq. 6, the variable current 𝑤 is the adaptation current and represents the adaptive 

inhibitory effect of the M-current on Neuron 1. The adaptation current is modified from Brette and 

Gerstner (2005) to include the relationship between mAChR activation and change in membrane 

potential, and is modeled as   

 𝜏𝑤 ∗
𝑑𝑤

𝑑𝑡
= (1 −

𝐶M1B

𝐶𝑀1𝑇

) ∗ 𝑎 ∗ (𝑉1 − 𝐸L) − 𝑤 , (10) 

At spike time (𝑉1 > -40.4 mV):   

𝑉1 = 𝑉1𝑟  

            𝑤 = 𝑤 + 𝑏 ∗ (1 −
𝐶M1B

𝐶𝑀1𝑇

) 

 

Where 𝜏𝑤(=144 ms) is the time constant and 𝑎 (nS) is the subthreshold adaptation. Additionally, 

𝑤 is increased by 𝑏 ∗ (1 −
𝐶M1B

𝐶𝑀1𝑇

) after each firing event, which represents the spike-triggered 

adaptation of the integrate-and-fire model (Brette & Gerstner, 2005), where 𝑉1𝑟 (=-70.6 mV) is the 

resting membrane potential, and 𝑏 (=80.5 pA) is a constant modified by (1 −
𝐶M1B

𝐶𝑀1𝑇

). Thus, 𝑏 ∗ (1 −
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𝐶M1B

𝐶𝑀1𝑇

) is added to the 𝑤 variable after each spiking event, representing spike-triggered adaptation 

as mentioned above. The equation 𝑤 from Brette and Gerstner (2005) was modified by including 

a proportionality term (1 −
𝐶M1B

𝐶𝑀1𝑇

), which scales 𝑤 based on bound M1 receptors. When mAChR 

activation occurs, it causes the neuron to enter a hyperexcitable state (Dasari & Gulledge, 2011). 

This is done biologically by ultimately reducing the inhibitory effect of the M-current, as mentioned 

above. This is modeled between bound mAChRs and the 𝑤 variable using the proportionality 

term (1 −
𝐶M1B

𝐶𝑀1𝑇

) in Eq. 10.  

2.2.5 Formulation of Glutamate Mass Balance and Release 

Upon each firing event, Neuron 1 releases a set amount of Glu similar to a vesicle of Glu 

released during an action potential (see #1 in Figure 2.4). Glu release occurs simultaneously in 

both synapses between Neuron 1 and Neurons 2 and 3. The Glu mass balance in the synapse 

between Neuron 1 and 2 is modeled as 

 
𝑑𝐶GluN2

𝑑𝑡
= krAK2 ∗ (𝑟AK2 ∗ C𝐴𝐾2𝑇

) − 𝑘fAK2 ∗ 𝐶GluN2
∗ (𝐶𝐴𝐾2𝑇

∗ (1 − 𝑟AK2)) −   𝑘elimGlu ∗ 𝐶GluN2
 ,(11) 

At spike time (𝑉1 > -40.4 mV): 

𝐶GluN2
= 𝐶GluN2

+ GluRelease, 

 

where 𝐶GluN2
 (mM) is the concentration of Glu in the synapse between Neurons 1 and 2. The 

constants 𝑘rAK2 (=1.9e-1 ms-1) and 𝑘fAK2 (=1.1 mM-1 ms-1) are the reverse and forward binding 

rate constants for Glu binding to AK receptors (see #2 in Figure 2.4). C𝐴𝐾2𝑇
 (=1.1e-1 mM) is the 

total (free plus bound) AK receptor concentration in the synapse, while 𝑟AK2 (unitless) represents 

the fraction of bound AK receptors at time t. Next, 𝑘elimGlu (=5 ms-1) is a first-order rate constant 

representing the clearance rate of Glu from the synapse and encompasses known biological 

mechanisms of clearance such as re-uptake by neighboring glial cells, diffusion out of the 

synapse, and degradation. Glu entering the synapse occurs when Neuron 1 fires an action 
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potential upon reaching threshold (V1 > -40.4 mV). GluRelease (13.0 mM) is the instantaneous 

release of Glu into the synapse. GluRelease was calculated based on an assumption of 10,000 

molecules released (Destexhe et al., 1994b) in a synaptic cleft volume of 1.26e-3 μm3 (Hübel et 

al., 2017). This results in an increased concentration of Glu by 13.17mM after each firing event.  

Glu release and the mass balance between Neuron 1 and 3 is modeled similarly. Upon firing, 

Neuron 1 releases Glu instantaneously and follows the same release amount and volume 

assumptions outlined above. In this synapse, Glu binds to post-synaptic NMDA receptors on 

Neuron 3. The NMDA receptor is modeled as an 8-state kinetic model as following the model by 

Hu et al. (2018). Glu mass balance for the synapse between Neuron 1 and 3 is modeled as:  

𝑑CGlu𝑁3

𝑑𝑡
= 𝑘offNMDA

∗ 𝐶RA + 2 ∗ 𝑘offNMDA
∗ 𝐶RA2 − 2 ∗ 𝑘onNMDA

∗ 𝐶GluN3
∗ 𝐶𝑅 

 − 𝑘onNMDA
∗ 𝐶GluN3

∗ 𝐶RA −  𝑘elimGlu ∗ 𝐶GluN3
  (12) 

where 𝑘offNMDA
 (=1.01 ms-1) and 𝑘onNMDA

 (=31.6 mM-1 ms-1) are the reverse and forward binding 

rate constants, respectively, for Glu binding to either the R or RA states or unbinding from the RA 

or RA2 states of the NMDA receptors (see Hu et al. (2018) Supplementary Figure 1). These are 

denoted as 𝐶𝑅, 𝐶RA, and 𝐶RA2 (mM), representing the concentration of R, RA, and RA2 states. 

2.2.6 Neuron 2 Feedback Inhibition and Release of GABA 

Neuron 2 AK receptor activation by Glu causes Neuron 2 to fire in a similar integrate-and-fire 

model as seen in Neuron 1, modeled as 

 
𝑑𝑟AK2

𝑑𝑡
= 𝑘fAK2 ∗ 𝐶GluN2

∗ (1 − 𝑟AK2) − 𝑘rAK2 ∗ 𝑟AK2 , and (13) 

 CM2 ∗
𝑑𝑉2

𝑑𝑡
= 𝐼leak2 − 𝐼AK2 + 𝑔𝐿 ∗ 𝛥T2 ∗ exp (

𝑉2 −𝑉T2

𝛥T2
) + 𝐼injectN2 , (14) 

where 𝑉2 (mV) is the membrane potential for Neuron 2, 𝐼leak2 (pA) is the leak current for Neuron 2 

and follows the same formulation as Eq. 7. 𝐼injectN2 (=553 pA), 𝛥T2 (=2 mV), 𝑉T2 (=-50.4 mV) are 

the injected current, slope factor, and threshold potential for Neuron 2, following the same 
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functions as with Neuron 1 in Eq. 6.  𝐼AK2 (pA) is the excitatory current due to AK receptor 

activation. 𝐼AK2 is determined by Eq. (15),  

 𝐼AK2 = 𝑔AK2 ∗ 𝑟AK2(𝑉2 − 𝐸AK2) , (15) 

where 𝑔AK2 (6.75e-1 nS) is the maximal conductance of current due to AK2 receptor activation, 

and 𝐸AK (0 mV) is the reversal potential for AK receptor currents. Upon firing, Neuron 2 releases 

GABA and the mass balance for the GABA concentration (𝐶GABA) follow kinetics similar to Glu 

from Neuron 1 and Eq. 11.  

 
𝑑𝐶GABA

𝑑𝑡
= 𝑘rGABAA ∗ 𝐶GABA𝐴𝑏

− 𝑘fGABAA ∗ 𝐶GABA ∗ 𝐶GABA𝐴
 −   𝑘elimGABA ∗ 𝐶GABA , (16) 

At spike time (𝑉2 > -40.4 mV): 

𝐶GABA =  𝐶GABA + GABARelease , 

 

where 𝑘rGABAA (=1.8e-1 ms-1) and 𝑘fGABAA (=5 mM-1 ms-1) is the reverse and forward binding rate 

constant for GABA binding to GABAA receptors,   𝑘elimGABA (=5 ms-1) is the firsr-order clearance 

rate of GABA from the synaptic cleft, and 𝐶GABA𝐴𝑏
, 𝐶GABA, and 𝐶GABA𝐴

 (mM) are the concentrations 

of bound GABAA receptors, free GABA neurotransmitter, and free GABAA receptors, respectively. 

When the membrane potential of 𝑉2 (mV) reaches spike threshold, the constant value, 

GABARelease (mM), for lack of data on how much GABA is released, is assumed to be an equal 

concentration to GluRelease, and is instantaneously added to the pool of GABA in the synaptic cleft. 

Once in the synaptic cleft, GABA is able to bind to GABAA receptors following Eq. 8, resulting in 

the feedback inhibition due to the change in current from Eq. 9.  

2.2.7 Neuron 3 and Calcium Dynamics  

As previously mentioned, the calcium model adapted from Hu et al. (2018) has been 

simplified as the model could not be reproduced in its original state due to missing parameter 

values. All changes made to the model equations are described in detail below. However, other 
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aspects of the model that were incorporated, but remained unchanged from the original model, 

will be described briefly and referenced appropriately.  

On firing, Neuron 1 releases Glu into the synaptic cleft between Neuron 1 and 3. Glu stays in 

the synaptic cleft following Eq. 12 and binds to the NMDA receptors located on Neuron 3. The 

membrane potential of Neuron 3, 𝑉3 (mV) follows similarly to Neuron 1 and 2 with the addition of 

an NMDA current, and is modeled as: 

 CM3 ∗
𝑑𝑉3

𝑑𝑡
= 𝐼leak3 + 𝑔𝐿 ∗ 𝛥𝑇3 ∗ exp (

𝑉3 −𝑉𝑇3

𝛥𝑇3
) − 𝐼NMDA + 𝐼injectN3 ,  (17) 

where 𝐼NMDA (pA) is the excitatory current due to NMDA receptor activation. 𝐼leak3 (pA) is the leak 

current for Neuron 3 and again follows the same formulation as Eq. 7. 𝐼injectN3 (=0 pA), 𝛥T3 (=2 

mV), 𝑉T3 (=-50.4 mV) are the injected current, slope factor, and threshold potential for Neuron 3, 

and follow the same functions as in Eq. 6. 𝐼injectN3 is currently set to 0 because the model does 

not currently simulate the positive glutamatergic feedback loop in the AOP between NMDA 

receptor activation, SE, and Glu. Setting 𝐼injectN3 to 0 removes the basal firing rate of the neuron 

and allows the model to specifically predict influx of intracellular calcium due NMDA receptor 

activation. This corresponds to KER 8 in the AOP. The 𝐼NMDA current has been modified from the 

Hu et al. (2018), and is now modeled as 

 𝐼NMDA = CFNMDA ∗ 𝑔totalNMDA
∗ 𝑉Ca ,  (18) 

where CFNMDA (=6, unitless) is a conversion factor applied to the NMDA current as calcium influx 

due to NMDA receptor activation could not be reproduced as done by the original model due to 

the previously stated missing parameters. This parameter was fit based on experimental 

measurements of changes in intracellular calcium from Sabatini et al. (2002) in response to 

NMDA receptor activation. 𝑉Ca (mV) is the voltage for calcium ions, and follows the original 

equations proposed by Hu et al. (2018). However, changes to some variable names have been 

made and therefore will be explained in detail. 𝑉Ca is modeled as 
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 𝑉Ca = −
𝑅con∗𝑇con

2∗𝐹con
∗ log (

𝐶CaEC

𝐶Caspine

 ) ,  (19) 

where 𝑅con (=8.31 J mol-1 K-1) is the molecular gas constant, 𝑇con (=299.5 K) is the temperature in 

kelvin, and 𝐹con (=9.65e4 C mol-1) is Faraday’s constant. 𝐶CaEC
 (=2 mM) is the extracellular 

calcium concentration which is assumed to remain constant. 𝐶Caspine
 (mM) is the intracellular 

calcium concentration in the spine compartment. The variable 𝑔totalNMDA
 (pS) (Eq. 18) is the 

maximal possible conductance for NMDA receptors and is modeled as  

 𝑔totalNMDA
= 𝑔NMDA ∗ 𝑛NMDA ,  (20) 

where 𝑔NMDA (pS) is the NMDA conductance for NMDA receptors and 𝑛NMDA (=10, unitless) is the 

total number of NMDA receptors within the post-synaptic density (PSD) compartment (see Figure 

2.2). The variable 𝑔NMDA (pS) is dependent on magnesium ion binding, which in turn is dependent 

on the neuron’s membrane potential. Magnesium ions bind to and act as a blockade to NMDA 

receptors, preventing the flow of current. The variable 𝑔NMDA is modeled as 

 𝑔NMDA = 𝑔max ∗
𝐶𝑂

𝐶𝑁𝑀𝐷𝐴𝑇

  ,  (21) 

where 𝑔max (pS) is the current conductance for NMDA receptors that is dependent on membrane 

potential and magnesium binding, while 𝐶𝑂 (mM) is the concentration of NMDA receptors in the 

open state and is part of the 8-state kinetic model, and 𝐶𝑁𝑀𝐷𝐴 𝑇
 (=1.66e-4 mM) is the total 

concentration of NMDA receptors, regardless of state, in the PSD compartment. Both 𝑔max and 

the NMDA 8-state kinetic model by Hu et al. (2018) have been incorporated into the qAOP model 

as presented in their original work and are therefore not included as part of the set of equations 

described here.  

Next, calcium influx is dependent on both NMDA receptor and VDCC activation. As 

mentioned previously, the calcium dynamics of the model by Hu et al. (2018) were simplified to 

include only calcium influx through tuned NMDA and VDCCs and efflux through a first-order 
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elimination rate constant. Following Figure 2.2, calcium is divided into two compartments. 

Calcium influx into the spine compartment is modeled as  

 
𝑑𝐶Caspine

𝑑𝑡
= 𝐷Ca ∗

𝐴surfArea

𝑑dist∗𝑉spine
∗ (CCaPSD

− 𝐶Caspine
) + 

𝐼VDCC

2∗𝐹Con∗𝑉spine 
− 𝑘elim𝐶𝑎

∗ 𝐶Caspine
 ,  (22) 

where 𝐶Caspine
 and CCaPSD

 (mM) are the concentrations of intracellular calcium in the dendritic 

spine and the PSD, respectively. Calcium diffusion occurs between these two compartments, 

where 𝐷Ca (=2.25e-1 µm2 ms-1) is the calcium diffusion coefficient, 𝐴surfArea (=5e-2 µm2) is the 

surface area between the PSD and spine compartment, 𝑑ⅆist (=7e-1 µm) is the distance between 

the midpoints of two compartments, and 𝑉spine (=1e-1 µm3) is the volume of the spine 

compartment. Calcium elimination was simplified from the Hu et al. (2018) model and is modeled 

here through the first-order elimination rate constant 𝑘elim𝐶𝑎
 (=7e-1 ms-1), which was manually 

tuned to fit experimental data from Sabatini et al. (2002). The variable 𝐼VDCC (pA) is the calcium 

influx current due to VDCC activation, and is modeled as  

 𝐼VDCC = CFVDCC ∗ 𝑔conVDCC
∗ 𝑚2 ∗ ℎ ∗ dvfVDCC ,  (23) 

Where 𝑔conVDCC
 (=7.5 pS) is the single-channel conductance for VDCC channels, and CFVDCC 

(=2.3e4, unitless) is the conversion factor applied to the VDCC current. In the same manner as 

with the NMDA current, CFVDCC was manually tuned to fit experimental measurements of changes 

in intracellular calcium from Sabatini et al. (2002), specifically due to VDCC activation. As 𝐼VDCC is 

a voltage-dependent current, Hu et al. (2018) chose to model this following a Hodgkin and Huxley 

formalism (Hodgkin & Huxley, 1952), where 𝑚 (unitless) and ℎ (unitless) are voltage-dependent 

gating variables which range from 0 to 1; the product of the two ultimately determine the total 

channel conductance. The VDCC current is further modified by dvfVDCC (V) which is the 

equilibrium potential that is dependent on membrane potential and the internal and external 

calcium concentration. The equations that define the 𝑚 , ℎ , and dvfVDCC variables and 

parameters were taken from Hu et al. (2018) without modification. Lastly, 𝐶CaPSD
 in Eq. 22 
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represents the intracellular calcium concentration in the PSD. The PSD compartment models 

calcium influx through NMDA receptors and is modeled similarly to the spine compartment in Eq. 

22. Intracellular calcium in the PSD compartment is modeled as 

 
𝑑𝐶CaPSD

𝑑𝑡
=

−𝐼NMDA

2∗𝐹Con∗𝑉PSD 
− DCa ∗

𝐴surfArea

𝑑dist∗𝑉PSD
∗ (𝐶CaPSD

− 𝐶Caspine
)  ,  (23) 

where the influx of calcium through NMDA receptors is included here as 𝐼NMDA, and 𝑉PSD (3.2e-3 

µm3) is the volume of the PSD compartment. Overall, the simplified Hu et al. (2018) calcium 

model included the tuning of the unknown parameters CFNMDA, CFVDCC, and 𝑘elim𝐶𝑎
, as described 

above. These parameters were manually tuned using the same experimental data from Sabatini 

et al. (2002) that were used in the validation of the original model by Hu et al. (2018), thus 

allowing the simplified model predictions to be compared to original model output provided in Hu 

et al. (2018). 

2.2.8 Neurotransmitter Dialysate Model 

The incorporation of the above neurotransmitter and receptor kinetic models enable the 

model to simulate changes in neurotransmitter concentration in the synapse at a small timescale 

on the order of milliseconds. However, since experimental measurements of neurotransmitter 

concentration are often performed using microdialysis, which has limited temporal resolution, I 

have incorporated a ‘microdialysis’ compartment into the model. Specifically, this compartment 

mimics the process of microdialysis and accounts for relevant parameters including the flow rate 

of the dialysate and collection interval that are provided in the experimental methods. The 

microdialysis compartment equations for both Glu and ACh include: 

 
𝑑𝑋𝑑𝑖𝑎𝑙𝑦𝑠𝑎𝑡𝑒

𝑑𝑡
= flowRate ∗ 𝐶𝑋 ,  and  (24) 

 
ⅆ𝑉liq

𝑑𝑡  
= flowRate ,   (25) 
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where 𝑋𝑑𝑖𝑎𝑙𝑦𝑠𝑎𝑡𝑒 (mmol) is the amount of neurotransmitter in the collection tube, either ACh or 

Glu, flowRate (=3.33e-11 L ms-1) is the rate at which the dialysate is pumped through, 𝐶𝑋 (mM) is 

the neurotransmitter concentration in the synaptic cleft, and 𝑉liq (L) is the total volume of liquid 

accumulated in the collection tube. At the end of each collection interval, the concentration of the 

dialysate in the collection tube is calculated and the above variables reset to 0. The inclusion of 

this compartment now allows the model to make predictions of larger scale changes in 

neurotransmitter concentration observed under microdialysis experiments (Lallement et al., 1992; 

Tonduli et al., 1999). 

2.2.9 Model Implementation and Simulation Environment 

Model simulations were performed using the open-source integrated development 

environment (IDE) Spyder (Raybaut, 2009) in Python, version 3.8.8. To solve the system of 

ordinary differential equations (ODEs) that define the model, I used the solve_ivp function using 

the Runge-Kutta 45 (RK45) integration method, available in the SciPy library (Virtanen et al., 

2020). The model was run using the following computer specifications: Windows 10 Operating 

System (OS), Intel Core i7-8700K, 6 cores, 3.70 GHz, and 16 GB DDR4 3200 MHz RAM.  

2.2.10 Model Evaluation 

To evaluate the model, the qAOP model predictions were compared against the original 

model output provided by Chen and Seng (2012) and compared to the observed data reported in 

Maxwell et al. (1988) and Chen and Seng (2012) for changes in free AChE and arterial soman 

stereoisomer after soman exposure, respectively. A mean squared error (MSE) was calculated to 

quantify the differences between model predictions and data, following: 

 MSE =
1

n
∑ (𝑌𝑖 − 𝑌�̂�)

2𝑛

𝑖=1
,  (26) 

where 𝑌𝑖 is the observed value from the data, 𝑌�̂� is the predicted value from the model, and n 

is the total number of data points. Next, a model evaluation was performed by comparing model 
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predictions of free AChE, ACh and Glu dialysate, and calcium to available experimental data, 

totaling seven independent sets of data. Specifically, free AChE was compared to data provided 

by Maxwell et al. (1988), Tonduli et al. (1999), Reddy et al. (2021), and Kassa and Bajgar (1998), 

while hippocampal ACh and Glu dialysate was compared to data by Lallement et al. (1992). As 

mentioned previously, studies have demonstrated that there are comparable levels of AChE 

inhibition across different brain regions, and therefore the data provided by Tonduli et al. (1999), 

which measured AChE inhibition in frontal cortex tissue, and Reddy et al. (2021), which 

measured AChE inhibition in cerebral cortex tissue, were considered suitable for model 

evaluation.  

Additionally, model predictions of ACh dialysate were compared to hippocampal ACh 

dialysate data, as it has been demonstrated that there is a region-dependent difference in both 

basal ACh content and its accumulation upon soman exposure (Fosbraey et al., 1990).This is 

further supported by the significant differences reported in ACh dialysate given the same 

experimental procedure and similar dose of soman between Tonduli et al. (1999) and Lallement 

et al. (1992). Therefore, as the qAOP model is a model of the hippocampal region, ACh dialysate 

was compared to data reported by Lallement et al. (1992) because they measured changes in 

hippocampal dialysate. Specifically, Lallement et al. (1992) first measured basal neurotransmitter 

concentrations, followed by SC injection of soman, noting seizure activity to begin on average 13 

minutes post-injection. Their first dialysate sample was then collected 10 minutes post-seizure 

onset. This resulted in Lallement et al. (1992) effectively measuring their first dialysate point 23 

minutes post-soman injection. In order to align the qAOP model to the data, I chose to introduce 

soman at the 17-minute mark, ensuring that I can both collect a basal neurotransmitter 

concentration followed by 10-minute collection intervals as done so by the authors. This allows 

the fourth collection point to be 23 minutes post-soman injection, thus corresponding to the first 

10-minute post-seizure dialysate sample in the paper. This approach allows the model predictions 

to be compared to the observed data at the appropriate time points. 
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As previously mentioned, firing rate is used as a substitute in the model for seizure activity as 

it has been shown that individual neurons increase in firing rate upon recruitment to the seizure 

(McKinney et al., 1983; Merricks et al., 2021). Tonduli et al. (1999) demonstrated that the fraction 

of animals developing seizures in response to soman exposure is dose dependent. Tonduli et al. 

(1999) were able to demonstrate that seizures were triggered in 0% and 100% of rats given a SC 

injection of 79 and 152 µg/kg soman, respectively. Additionally, they reported that seizure onset 

occurred between 10 to 49 minutes post-soman administration. Thus, I evaluated the qAOP 

model’s ability to predict the onset of seizure activity by comparing the model’s firing rates within 

that window of time under the two dosing scenarios: 79 and 152 µg/kg soman, SC. Specifically, 

firing rate in the model is defined as the number of action potentials per second (Hz), and was 

calculated by counting the number of action potentials per one second interval. While the model 

predicts the firing rate of each neuron individually, it is the firing rate of Neuron 1 that will be 

evaluated in order to determine the model’s ability to predict onset of seizure activity. This is 

because Neuron 1 represents the excitatory CA1 pyramidal neurons with mAChRs, which 

become hyperexcited upon receptor activation (Dasari & Gulledge, 2011). If the model reaches a 

firing rate given a 152 µg/kg soman, SC dose that was not observed under the 79 µg/kg dose, it 

will indicate that this distinct firing rate reached is indicative of seizure activity. Conversely, if firing 

rates overlap and no distinct value is reached, the model cannot reliably predict the onset of 

seizure activity. Under these conditions, the model can be evaluated in order to determine if it can 

predict the onset of seizure activity based on firing rate. 

Next, although there are a lack of experimental data measuring intracellular calcium after 

soman exposure, other organophosphates, notably diisopropyl fluorophosphate (DFP) and 

paraoxon, have been demonstrated to cause similar increases in intracellular calcium after the 

onset of SE, with respective increases to approximately 6.5e4 mM and 7.5e4 mM 1-hour post-

exposure. The qAOP model currently simulates changes in increased intracellular calcium in 

response to NMDA receptor activation, corresponding to KER 8. The qAOP model currently does 

not reproduce SE. However, the experimental data measures intracellular calcium after inducing 
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SE, which implicitly involves more than NMDA receptor activation. Additionally, the integrated 

calcium model is specifically of intracellular calcium of dendritic spine, while the above data are of 

measurements of whole-cell intracellular calcium. To make the comparison between the 

experimental data and model predictions requires the assumption that changes in intracellular 

calcium in the dendritic spine of the neuron reflects its changes in whole-cell intracellular calcium. 

Despite these differences, this comparison is still valuable to make in order to evaluate the 

model’s current calcium predictions. Therefore, model predictions of intracellular calcium are 

evaluated with the reported range of intracellular calcium values under the conditions of SC 

injection of soman (152 ug/kg), which as previously mentioned have been shown to elicit seizures 

in 100% of animals tested (Tonduli et al., 1999).  

Lastly, although there are no experimental data available to evaluate the model at the smaller 

timescale for model predictions regarding membrane potential, pulses of neurotransmitter 

concentration in the synapse, and receptor activation dynamics, examining the model’s 

predictions here is still valuable as it is these underlying dynamics and their change over time that 

ultimately shape the larger-scale changes in the model. Thus, I chose to examine the qAOP 

model’s predictions within the first and final seconds of a 1-hour simulation following a 100 µg/kg 

SC injection of soman, given a 250g rat weight. 

2.2.11 Sensitivity Analysis 

As the model includes several unknown parameters, a sensitivity analysis was conducted to 

examine the impact changes in these parameters would have on model output. The selected 

values for these unknown parameters were chosen based on assumptions made about the 

underlying biology due to a lack of data specific to those parameters. While there are additional 

parameters whose values were otherwise fit or optimized as part of some of the adapted models, 

I specifically considered parameters to be unknown if they were: (i) created independently of prior 

models; (ii) modified to better fit experimental data; (iii) had no biologically relevant range of 

values due to lack of data. A sensitivity analysis was performed by adjusting each parameter by 

±40%, with the methods following a local sensitivity analysis (Hamby, 1994).  
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I chose a ±40% variation in parameters over the more commonly used ±20% as some of the 

unknown parameters had a potential range broad enough that the ±20% variation did not 

adequately cover the range of parameter values tested, as shown in Table 2.1. The model 

conditions chosen for the analysis were a 60-minute simulation given a SC injection of soman 

(100 ug/kg) assuming a 250g mass for the rat and a 10-minute dialysate collection interval with a 

flow rate of 3.33e-11 L / ms. Model predictions of free AChE (% of basal) and ACh concentration 

(mM) and Glu concentration (mM) in dialysate at 30-minutes and 60-minutes post-soman 

injection were recorded in order to calculate relative sensitivity. Additionally, a 1-second average 

calcium (mM) concentration was recorded at 60-minutes post-soman injection. While using an 

average calcium value here obscures the dynamics of calcium seen in the model, it is still 

informative to use to assess the sensitivities of these unknown parameters. Multiple timepoints 

were selected for the sensitivity analysis in order to highlight the variations seen in the model’s 

response to changes in these unknown parameters based on the timepoint selected. I specifically 

chose to combine the relative sensitivity from both the increased and decreased parameter to 

assess the overall variation seen in the model. The relative sensitivity (RS) helps identify which 

parameters had the most impact on model output and therefore help inform future work for 

parameter estimation and validation. The RS was then calculated for each endpoint at 30-minutes 

and 60-minutes post-soman injection following the equation: 

 𝑅𝑆 =  

(
|𝑌+40%−𝑌−40%|

𝑌0
)

0.8
 , (27) 

where Y-40% and Y+40% are the values of endpoint Y when unknown parameter X is decreased or 

increased by 40%, respectively, Y0 is the original value of Y when no parameters are changed, 

and 0.8 is the normalized range of variation in X, as a ±40% change divided by the original 

parameter value X corresponds to 0.8. The relative sensitivity of each unknown parameter can 

then be determined based on the resulting value, where an RS of >1 or <1 would imply there is 

greater than 40% or less than 40% variation in the model output given a ±40% change in 



  42 

parameter X, respectively. The parameters of each endpoint that were determined to be sensitive 

were then visualized as figures to show the dynamic changes in endpoints throughout the run of 

the model. 20 timepoints were selected over an evenly spaced interval for AChE as this allows for 

a better visualization of the changes in free brain AChE post-soman injection. The timepoints for 

the ACh and Glu dialysates are based on the collection interval used and thus are presented at 

10 minutes intervals. Lastly, the fluctuations seen in intracellular calcium occur at a smaller 

timescale relative to the changes in the other endpoints. Thus, I chose to use 101 timepoints over 

an evenly spaced interval in the last second of the model run to better visualize this behavior. 

2.3 Results  

The qAOP model currently simulates the MIE to KE 7, with the exception of SE (KE 6). The 

model can simulate IM, SC, and IV injection of soman. Appendix C provides the Python code for 

the model implementation, evaluation, and sensitivity analysis. Appendix D provides the list of 

dependent variables and parameters that define the model. Under the given computer 

specifications, 1 minute of simulation time takes approximately 10 minutes of real-time 

computation. Below are the results of model evaluation using available experimental datasets. 

These results include predictions of free AChE, ACh and Glu concentrations measured through 

microdialysis, and intracellular calcium concentrations. Also included are model predictions of the 

changes occurring at the smaller timescales, such as changes in membrane potential, pulses of 

neurotransmitter concentration in the synapse, and receptor activation dynamics given a SC 

injection of soman (100 µg/kg) within the first and final one to 10 seconds of a 1-hour simulation. 

Finally, the results of the sensitivity analysis of the unknown parameters are included to 

determine their significance and impact on the model’s behavior. 

2.3.1 Comparison of AChE Model Predictions with Experimental Data  

The model is able to output predictions of tissue AChE concentrations upon exposure to 

soman. Figure 2.5 shows a comparison between the model predictions versus experimental data 

from Maxwell et al. (1988), and compares free AChE as a percentage of total initial AChE (% free 
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AChE) after inhibition by an intramuscular injection of 90 ug/kg of soman. Each subfigure has an 

associated mean squared error (MSE) to quantify the differences between model prediction and 

data by comparing model output at the timepoints measured in Maxwell et al. (1988). Overall, the 

comparison between model output and experimental data demonstrates that while most of the 

tissue compartment predictions align well and show agreement with the measured data, there are 

compartments, specifically the liver and kidney (Figures 2.5C and F), where the model does not 

predict the experimental data well. Among the compartments, diaphragm AChE follows most 

closely to the data with a MSE of 70, followed by heart, brain, and lung AChE with MSEs of 180, 

190 and 190, respectively, while the kidney and liver AChE compartments align least closely with 

respective MSEs of 1100 and 2000. Overall, this suggests that the model may benefit from further 

refinement. However, as brain AChE is used as the input for the remaining elements of the 

model, it’s relatively good fit helps ensure the reliability of the model’s downstream predictions.  

It is important to note that the Chen and Seng (2012) model was calibrated in part with the 

data from Maxwell et al. (1988), however the current model output deviates from the output 

provided in the original paper. Using the same MSE methods as described above, the model 

output, experimental data, and output provided by Chen and Seng (2012) were compared. 

Figures 2.6A and 2.6B shows the same model output as with Figure 2.5 overlayed with the output 

provided by Chen and Seng (2012) for the brain and diaphragm compartment. The model 

predictions extracted from Figure 5 in Chen and Seng (2012) yield MSEs of 240 and 69 with 

respect to the brain and diaphragm compartments (compared to MSEs of 190 and 70 for qAOP 

model output as above). Model predictions for free brain AChE fits to the experimental data better 

than the original model predictions. The comparison of the diaphragm compartment is nearly 

identical. Figures 2.6C and 2.6D show model predictions for two of the four soman stereoisomers, 

C(+)P(-) and C(-)P(+) following an IV injection of soman. This was compared to the model output 

provided by Chen and Seng (2012) with experimental measurements extracted from Figure 4 in 

the paper. The differences between the model predictions are more noticeable here than with the 

brain and diaphragm compartments. In both 2.6C and 2.6D, the model output from the Chen and 
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Seng (2012) model fits to the experimental data better than the qAOP model. The qAOP model 

underpredicts the C(+)P(-) soman isomer and overpredicts the C(-)P(+) soman isomer in the 

arterial compartment. Overall, as the model’s equations were taken from Chen and Seng (2012) 

unmodified, these differences warrant further investigation into their underlying cause. 

2.3.2 Comparison of Calcium Model Predictions with Experimental Data 

The model by Hu et al. (2018) was simplified as stated previously, and the qAOP model 

predictions of intracellular calcium in response to NMDA receptor and VDCC activation were 

compared to the output provided by Hu et al. (2018) and experimental data by Sabatini et al. 

(2002), and is shown in Figures 2.7A and 2.7B, respectively. The qAOP model is able to predict 

the peak calcium concentrations reached under the experimental conditions, but it was unable to 

simulate the slower decay of calcium concentration observed in the experimental data. Instead, 

the qAOP model underpredicted calcium concentration as it decreased from its peak value. In 

contrast, the model output by Hu et al. (2018) aligned more closely to the experimental data. This 

indicates that the qAOP model’s simplified representation of calcium dynamics is not sufficient to 

capture the underlying mechanisms responsible for the observed rate of decay at this timescale. 

However, despite the limitations in predicting the decay rate at this scale, the primary focus of the 

qAOP model lies in the long-term calcium behavior, which is more relevant to the AOP. Thus, the 

model was also compared to experimental data on a longer timescale and is presented below. 

2.3.3 Model Evaluation with AChE Experimental Data 

The qAOP model’s predictions of brain AChE inhibition after soman exposure were evaluated 

against four independent data sets (Kassa & Bajgar, 1998; Maxwell et al., 1988; Reddy et al., 

2021; Tonduli et al., 1999) and included both SC and IM administration scenarios. Figure 2.8 

shows the results of qAOP model predictions after SC administration compared against data 

provided by Tonduli et al. (1999). Figure 2.8A shows that given an SC injection of soman (103 

µg/kg), the model predicts near maximal inhibition of AChE, with <1% of free AChE at 100 

minutes post-soman exposure (equal to approximately 140 minutes on Figure 2.8A), while the 
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observed data show free AChE reaches approximately 30% at that same point in time. 

Furthermore, the model predicts a faster rate of inhibition, reaching maximal AChE inhibition 

approximately 10 minutes post-soman injection (equal to approximately 50 minutes on Figure 

2.8A), while the observed data show 50% free AChE at that same timepoint. Figure 2.8B shows a 

similar overall trend given a SC dose 90 µg/kg, with the model predicting both a greater maximal 

and rate of inhibition of AChE compared to the experimental data. Reddy et al. (2021) 

demonstrated a similar reduction in free AChE after a SC injection of 154 µg/kg of soman. Figure 

2.9 shows that under these conditions the qAOP model behaves similarly and overpredicts the 

rate of inhibition and underpredicts the free AChE 60 minutes post-soman injection. In summary, 

the model consistently overestimates the rate and extent of AChE inhibition following doses of 

soman ranging from 90-154 µg soman/kg under SC administration compared to what has been 

observed based on the experimental data. 

The fourth evaluation data set used IM administration scenarios. Figure 2.10 compares qAOP 

model predictions of free AChE with data provided from Maxwell et al. (1988) and Kassa and 

Bajgar (1998) 30-minutes after IM injection of 107 µg soman/kg and 1-hour after IM injection of  

48 µg soman/kg, respectively. Predictions of free AChE in each tissue compartment in Figure 

2.10A follow a similar trend as seen in Figure 2.5, where the qAOP model underpredicts the free 

AChE in liver and lung tissue and aligns well with the observed data in diaphragm tissue. In both 

Figures 2.10A and B, the qAOP model overpredicts the percent of free brain AChE after soman 

injection. Although time-series data were not available for these specific doses, evaluating the 

model at these individual timepoints of 30-minutes and 1-hour post-soman injection shows that 

the model overpredicts free brain AChE under IM administration scenarios. 

2.3.4 Evaluation with Experimental Data – ACh and Glutamate 

Model predictions were evaluated against hippocampal neurotransmitter concentration data 

provided by Lallement et al. (1992), and are presented in Figure 2.11, where predictions in both 

ACh and Glu dialysate concentrations are compared to the observed data. In both cases, the 

model overpredicts ACh and Glu dialysate concentrations. Furthermore, the model greatly 
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overpredicts the observed pattern of change in both ACh and Glu dialysate, where both 

neurotransmitters appear to temporarily decrease approximately 40 minutes post-soman injection 

(at 50 minutes in Figure 2.10A and 60 minutes in Figure 2.10B) before increasing again. Although 

these notable differences exist, one key similarity can be observed. Lallement et al. (1992) 

demonstrated that hippocampal ACh reaches a higher maximum percent increase (approximately 

500% of basal levels) compared to Glu (approximately 330% of basal levels). The qAOP model 

exhibits a similar behavior as ACh dialysate is seen to increase to a greater peak percentage 

than Glu. Overall, the significant differences between the model predictions and experimental 

data seen here highlight the need for parameter optimization and model refinement. 

2.3.5 Evaluation with Experimental Data – Determining Seizure Activity   

Figures 2.12A and B show the model’s predicted changes in firing rate in response to 79 

µg/kg and 152 µg/kg of soman, injected SC. Neurons 1, 2 and 3 are shown for reference, 

however as stated previously it is the firing rate of Neuron 1 that will determine if the model can 

predict onset of seizure activity. In both dosing scenarios, the model predicts a peak firing rate of 

17.5 Hz in Neuron 1 soon after soman exposure. Figure 2.12C overlays both dosing scenarios to 

better compare the firing rate predictions of Neuron 1. The small and large doses result in a peak 

firing rate reached after approximately 4 and 7 minutes, respectively. The qAOP model does not 

predict a different firing rate in response to the larger dose of soman; in both cases the firing rate 

remains the same through the 10–49-minute window. Thus, as a change in firing rate is not 

obtained in this time window, the changes in model-predicted firing rates cannot be used to 

predict the onset of seizure activity.  

2.3.6 Evaluation with Experimental Data – Calcium  

Figure 2.13 shows the results of the model predictions of intracellular calcium 1-hour after a 

SC injection of 152 ug soman/kg compared to the observed intracellular calcium of neurons in 

animals after receiving either DFP or paraoxon. Figure 2.13A shows the qAOP model predictions 

within the last second of a 1-hour model simulation after soman injection. The model is shown to 
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consistently fluctuate between 1.2e-4 and 2.5e-4 mM occurring in response to the dynamics of 

NMDA receptors and first-order elimination kinetics. To reiterate, Neuron 3 is not firing as there is 

no injected current, thus VDCCs which respond to changes in membrane potential are not active, 

therefore the influx of calcium is due to NMDA receptor activation. The average response over 

that 1 second period is shown in comparison to experimental data on Figure 2.13B. The model 

underpredicts intracellular calcium compared to the experimental observations, predicting an 

average of 1.8e-4 mM 1-hour post exposure, demonstrating that the model requires further 

refinement and additional considerations to predict the long-term calcium concentrations more 

accurately, as NMDA receptor activation alone is not enough to accurately predict intracellular 

calcium. 

2.3.7 Smaller Timescale Components of the Model 

Figures 2.14A and B show the first and last seconds, respectively, of a 1-hour simulation 

following a 100 µg/kg SC injection of soman and assuming a 250g rat weight. Figure 2.14A 

shows up to the first 10 seconds of the model simulation, and soman is not yet significantly 

inhibiting brain AChE, with brain AChE remaining 100% free during this window (figure not 

shown). Therefore, the changes observed here in these neuronal components are representative 

of the unperturbed conditions of the model. Synaptic ACh, Glu, and GABA concentration all follow 

a pulsatile behavior, quickly reaching a peak concentration based on their associated 

instantaneous release of neurotransmitter concentrations. AK and GABAA receptors respond with 

similar dynamics, quickly reaching their respective peak bound values before decreasing to 0. 

Conversely, mAChRs demonstrate a slower dissociation process which can be seen in the figure 

by the more gradual decline in bound mAChRs, reflecting the receptor’s slower rate of unbinding, 

0.00215 ms-1, versus 0.19 ms-1 and 0.18 ms-1 for the dissociation rate of glutamate from AK and 

GABA receptors, respectively. Interestingly, Neuron 1 responds to mAChR activation at this basal 

rate by firing in pairs of action potentials. This is similar to a bursting firing rate behavior where 

neurons fire in rapid succession, however the timing between actions potentials required to define 

this behavior as bursting is less than 15 ms between spikes, whereas Neuron 1 fires with an 
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approximate delay of 80 ms between the pairs (Harris et al., 2001). This paired firing and 

subsequent release of glutamate in quick succession also exposes the desensitization kinetics 

that are part of the NMDA receptor model, whereby the second binding event of each pair results 

in a smaller peak percent bound due to receptor desensitization. This is due to the 8-state kinetic 

model containing desensitized states (see Supplementary Figure 1 in Hu et al. (2018)). 

Next, Figure 2.14B shows the final seconds of the model simulation. Synaptic ACh dynamics 

are now much slower. There remains a constant presence of ACh in the synapse. For better 

context, the model predicts AChE decreasing to approximately 0.6% free AChE at this time 

(figure not shown). This increased ACh is clearly at a saturating concentration as mAChRs are 

persistently 100% bound during this window. In response to this, Neuron 1 is now firing at a much 

higher frequency and is no longer firing following that paired-spiking behavior. As mAChRs are 

100% bound, this firing rate would be the maximum firing rate possible for the neuron to achieve, 

which is approximately 17.5 Hz. This saturation of mAChRs explains well why the model’s overall 

changes in firing rate remained identical with regard to its ability to determine seizure activity from 

Figure 2.12. As the same 17.5 Hz firing rate is reached under both conditions, it indicates that 

mAChRs reach saturation under both of the low and high dose conditions. Under this persistent 

receptor activation, NMDA receptors are fluctuate around a lower (approximately 9% bound) 

range due to further desensitization. In both scenarios, GABA and GABAA receptors remain 

unchanged, exhibiting a constant pattern of release, binding, and elimination. This suggests that 

the portion of the model responsible for GABA may be insufficient as it has a limited range of 

behavior. Overall, examining the model behavior at this smaller timescale exposes interesting 

behaviors and helps to explain model predictions at longer timescales. 

2.3.8 Sensitivity Analysis 

A sensitivity analysis was performed with the endpoints free AChE, ACh and Glu dialysate 

concentration, and intracellular calcium concentration. Parameters were considered unknown if 

they were created independently of prior adapted models, were modified to better fit experimental 

data, or had no biologically relevant range of values. A total of 14 parameters fit these criteria. 
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Table 2.1 provides the list of unknown parameters along with their definition and assumptions 

made that informed their values. The results of the sensitivity analysis are presented in Tables 

2.2 and 2.3, evaluated at 30-minutes and 60-minutes post-soman injection, respectively.  

F_SC was determined to be the parameter that had the greatest sensitivity overall. This 

parameter had the strongest influence on free brain AChE concentration and showed a 

diminishing effect on the Glu and ACh dialysate concentration endpoints, with no effect on the 

intracellular calcium concentration endpoint. Additionally, F_SC had the greatest sensitivity 

regarding the ACh dialysate endpoint, followed by C_AChE_T at both 30 and 60-minutes. 

Regarding the Glu dialysate endpoint, k_elimGlu had the greatest sensitivity, followed next by 

F_SC. Lastly, k_elimCa showed the greatest sensitivity with regard to the average intracellular 

calcium endpoint with an RS of approximately 1.0. Although parameters cf_NMDA and cf_VDCC 

show comparably less sensitivity, with corresponding values of approximately 0.7 and 0.28, 

respectively in Table 2.3, they still show some degree of sensitivity in comparison to the 

remaining parameters with RS values of 0. Overall, the parameter F_SC had the greatest 

sensitivity given an adjustment of ±40% to its value.  

The results of the sensitivity analysis for these parameters have been presented graphically 

in Figures 2.15 to 2.18 for each relevant endpoint, showing the changes in model behavior given 

a ±40% change in one of the unknown parameters. Figure 2.15 shows the impact F_SC has on 

model output for the free brain AChE endpoint, demonstrating that a 40% decrease in F_SC 

resulted in a greater change in model output than a 40% increase. Conversely in Figure 2.16, a 

40% decrease in F_SC results in a smaller change in model behavior with regards to ACh 

dialysate, while most of the change in model output regarding Glu dialysate (Figure 2.17) is due 

to a 40% increase in F_SC. This asymmetrical response to changes in F_SC indicates a 

saturability in some of the model’s mechanisms. The differences seen between the ±40% 

adjustments in free AChE best highlight this as the original model results in near maximal AChE 

inhibition at approximately 15 minutes (Figure 2.15). Thus, an increase in F_SC shows a limited 

effect on this endpoint, while a decrease in the parameter has more room for change and is 
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demonstrated by the asymmetry observed in the figure. As another example of this saturability, a 

40% increase in F_SC results in a large change in ACh dialysate compared to the -40% output 

(Figure 2.16A), while there is only a correspondingly small change in Glu dialysate from this 

(Figure 2.17A). This can best be understood by referring back to Figure 2.14B, where it was 

demonstrated that mAChRs are saturated under these conditions. Therefore, as mAChRs are 

already fully saturated under the original model’s conditions, further increases in ACh would have 

no additional influence on mAChR activation. Without overall changes in the behavior of 

mAChRs, the overall firing rate and ultimately release of Glu remains the same, which is what is 

observed in Figure 2.17A. Continuing on, changes in the parameter C_AChE_T results in 

expected model behavior, showing that an increase or decrease in the parameter results in an 

overall decrease or increase in ACh dialysate (Figure 2.16). Additionally, while C_AChE_T was 

determined to be insensitive at the 30 and 60-minute timepoints, minor changes in Glu dialysate 

at 10 and 20 minutes post-soman injection can be seen in response to a ±40% adjustment in 

C_AChE_T. This demonstrates that the model’s response to adjustments in these parameters are 

dependent on the timepoint selected.  

Lastly, Figure 2.18 presents the dynamic behavior in intracellular calcium seen in the last 

second of the 60-minute model run. The results here demonstrate that adjustments in parameters 

cf_NMDA, cf_VDCC, and k_elimCa result in two specific changes to calcium dynamics (Figure 

2.18): I) Changes in the overall average calcium measured over the course of the one second 

interval, and II) changes in the amplitude of these intracellular calcium fluctuations, most 

noticeable with changes to k_elimCa, where an increase in k_elimCa results in an overall 

reduced average intracellular calcium value and an overall smaller amplitude. Overall, plotting the 

changes in model output in response to a ±40% change in a parameter demonstrates how 

changes in these parameters affect the model over time, and specifically highlights that the 

model’s response varies based on the timepoint observed. These plots were additionally able to 

reveal the differences in model output within a parameter, as the changes in model output when 

the parameter was either increased or decreased was asymmetrical. 
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2.4 Discussion 

2.4.1 Model Reproducibility and Simplification 

The successful implementation of existing models into larger frameworks helps to streamline 

model development. In the context of the qAOP model, multiple models have been adapted for 

this purpose as the models predicted the endpoints used in the AOP. However, model 

reproducibility has been a concern. Adapting the PKPD model by Chen and Seng (2012) and 

comparing qAOP model output versus the output provided by Chen and Seng (2012) clearly 

showed there were differences between the two. A thorough review of the model implementation 

did not result in any model discrepancies, suggesting other potential causes. Variations in 

hardware or software used could potentially lead to differences between model output. Originally, 

Chen and Seng (2012) developed the model in MATLAB 7.8 (Matlab, 2012), while the qAOP 

model runs in Python. Additional differences could be due to the integration method used. The 

qAOP model uses RK45, while Chen and Seng (2012) did not specify their integration method. 

To better understand the cause of these differences, the model could be reconstructed in 

MATLAB to allow for a closer comparison between the outputs.  

Next, the calcium model adapted from Hu et al. (2018) was ultimately simplified as the model 

also could not be reproduced due to missing parameter values. Simplifying a model to use fewer 

overall parameters can be beneficial if the model is still able to capture the salient features of the 

system, however oversimplification can result in a loss of accuracy, as was demonstrated when 

the qAOP model was compared against the experimental measurements from Sabatini et al. 

(2002) and the original model output reported by Hu et al. (2018). Despite these differences, the 

simplified model, while unable to simulate the finer scale changes in dendritic intracellular 

calcium, may still be used to predict changes in total intracellular calcium levels. Doing so would 

first require calibration of the parameters to experimental data of larger scale changes in 

intracellular calcium. However, data that measure changes in intracellular calcium concentration 

in response to soman exposure are not available, which limits development options.  
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Lastly, several challenges were encountered in the development of the qAOP model. While 

performing the sensitivity analysis, it was noted that changes in certain parameters resulted in 

changes in upstream endpoints despite the lack of any feedback mechanisms that could have led 

to that change. This behavior was attributed to the adaptive step size in the solve_ivp function. 

The model contains conditional triggers that result in instantaneous release of neurotransmitters. 

This abrupt change from what would otherwise have been a smooth derivative likely led to errors 

in the solution and ultimately this unintended behavior. This was solved by introducing a 

maximum timestep of 0.1 milliseconds. While this drastically slowed the computation time of the 

model, it successfully eliminated the unintended behavior. Next, decreasing the k_elimGABA 

parameter resulted in the model terminating early and was thus not shown as part of the 

sensitivity analysis. This was initially believed to be due to GABA potentially exceeding tolerable 

limits as a reduction in this parameter would be expected to result in increased GABA. If the 

parameter is reduced enough GABA could theoretically increase to infinite values as there is no 

mechanism to prevent this in the model. Upon further investigation, however, GABA appeared to 

remain controlled, and still behaved in an expected pulsatile manner. Thus, the cause of this early 

termination under this specific condition remains unknown. 

2.4.2 Model Refinement and Sensitivity Analysis 

Initially, two parameters were identified that could have an impact on the model’s predictive 

capability for the free brain AChE endpoint: K_a_SC and F_SC. These parameters were 

considered unknown as they were originally tuned for guinea pigs, thereby requiring the 

assumption that the values for SC absorption and bioavailability of soman in guinea pigs follows 

the same pattern in rats. Interestingly, both K_a_SC (3.17e-5 ms-1) and F_SC (0.68) were 

calculated to be larger than K_a_IM (4.33e-6 ms-1) and F_IM (0.3). This is unusual as biologically 

an IM injection would be expected to have faster absorption and bioavailability than an SC 

injection due to the muscle tissue being more vascularized. Ultimately though, the sensitivity 

analysis revealed that K_a_SC was an insensitive parameter for the endpoints measured at 30 

and 60 minutes and did not result in any calculable changes given a ±40% adjustment in its 
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value. As this was a local sensitivity analysis, however, it did not evaluate the potential interaction 

between the two parameters, therefore a simultaneous change in both K_a_SC and F_SC may 

still result in a more pronounced effect in the free brain AChE endpoint compared to only a 

change in F_SC. Overall, the univariate or local sensitivity analysis performed has inherent 

limitations in describing the model’s overall behavior as it only evaluates the effect of each 

parameter on an individual basis, and thus does not account for the interactions between 

parameters. Furthermore, while the approach to combine the relative sensitivities of both the 

increased and decreased parameter changes into a single value helped to explain the 

parameters overall impact on the model, it ultimately concealed the differences between the two 

adjustments within a parameter. This was revealed when plotting the model’s responses to each 

of the sensitive parameters. Therefore, calculating the relative sensitivities separately based the 

direction of adjustment would be more beneficial as it may reveal parameters that are more or 

less sensitive depending on the direction of change. Despite these limitations, multiple unknown 

parameters were determined to be sensitive based on the analysis, ultimately warranting formal 

parameter optimization. Additionally, parameter sensitivity differed based on the timepoint 

selected, as was demonstrated by the differences in F_SC sensitivity in the 30-minute versus 60-

minute timepoints. To analyze this change over time, the sensitivities could be calculated at 

multiple timepoints and visualized by plotting those values over time. Sweeney et al. (2006) 

performed a similar analysis of their PKPD soman model and examined the changes in RS of 

model parameters over time. As part of future work, it could be valuable to perform a similar 

analysis as it would provide deeper insight into the time-dependent nature of relative sensitivities 

or highlight key points in time where certain parameters may show an enhanced sensitivity. 

In addition to optimization, further refinement of the model may be beneficial. For example, 

the microdialysis compartment developed to mimic dialysate concentration could be improved by 

incorporating additional parameters such as dialysis efficiency, as it has been shown that the ratio 

between actual extracellular concentration and dialysate concentration is on average 

approximately 40% (Chefer et al., 2009). Additionally, the qAOP model currently assumes 
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constant basal release of ACh regardless of the conditions in the model. This is another example 

of oversimplification, as the model was unable to predict the dynamic changes seen in both 

hippocampal ACh and Glu as reported by Lallement et al. (1992). The dynamic changes were 

attributed to the existence of M2 mAChRs that act as autoreceptors in a negative feedback loop 

to ultimately inhibit and reduce the release of ACh (Quirion et al., 1994). Thus, incorporating such 

a behavior in the model would allow it to better predict these dynamic changes and have the 

model align more closely to the observed data. Ideally, the addition of the above-mentioned 

aspects of model refinement and formal parameter optimization would allow the model to better fit 

the experimental data and ultimately become a predictor of seizure activity based on firing rate. 

Future work would of course include continuing model development to incorporate the remaining 

KEs and KERs. A key feature to consider in future work would be the modeling of AMPA 

receptors on Neuron 3. Biologically, most glutamatergic synapses contain both AMPA and NMDA 

receptors, and AMPA receptors are known to be the primary drivers of synaptic transmission and 

membrane depolarization, which in turn lead to action potentials (Kandel et al., 2013b). Thus, 

modeling AMPA receptors on Neuron 3 to be used as the driving force for action potential 

generation would align more closely to what is seen biologically rather than using NMDA 

receptors alone. Additionally, activation of NMDA receptors is known to result in the modulation of 

AMPA and GABA receptors through calcium (Kapur, 2018). Incorporating the modeling of 

proteins involved in this modulation such as Phosphatase for AMPA upregulation and calmodulin-

dependent protein kinase II (CaMKinase II) for GABAA downregulation in the model should be 

considered as it could potentially be a key factor in allowing the model to simulate the transition 

from cholinergic excitation to self-sustaining glutamatergic seizure activity (Kapur, 2018). Overall, 

further model refinement and parameter optimization is necessary in order for the model to align 

more closely with the observed data. With this in mind and the future work to the include the 

remaining KEs and KERs, the model would ideally be able to predict the neurodegeneration AO 

in response to AChE inhibition. 
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Figure 2.1. Schematic Diagram of the PKPD Model. Adapted from Figure 2 in Chen and Seng 

(2012). VEN = venous blood, ART = arterial blood, LU = lung, BR = brain, LI = liver, KI = kidney, 

HE = heart, RPT = rapidly perfused tissue, AD = adipose tissue, SPT = slowly perfused tissue, 

DIAP = diaphragm.  
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Figure 2.2. Schematic Diagram of the Calcium Model Influencing Intracellular Calcium Dynamics. 

Adapted from Hu et al. (2018). PSD = post-synaptic density. VDCC = voltage-dependent calcium 

channel. 
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Figure 2.3. Schematic Diagram of the qAOP and Overall Model (A) Diagram of the conceptual 
model for the qAOP. KERs are aligned with the AOP 281. Dashed lines indicate feedback loops 
added to the qAOP model. *While the qAOP model simulates firing rate of Neuron 1, it is currently 
unable to determine onset of focal seizure. Additionally, status epilepticus, cell death, and 
neurodegeneration are not represented in the model. (B) Overall visual representation of the 
neurons, synapses, receptors, neurotransmitters, and ions present in the model. 
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Figure 2.4. Conceptual Figure of Neuron Synapses in the Model. This shows the flow of 
glutamate (Glu) into and out of the pool (dashed lines). Neuron 1 (N1) forms two synapses, one 
with Neuron 2 (N2), as well as with Neuron 3 (N3). Glu enters the system through a release event 
at each action potential, releasing at both synapses (#1). Glu temporarily leaves the system 
through binding to either AMPA/Kainate or NMDA receptors (#2) , and through either diffusion, 
uptake, or degradation (#3). 
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Figure 2.5. PKPD AChE Comparison with Maxwell et al. (1988) Data. These are model 
predictions with Maxwell et al. (1988) experimental measurements of the percent of free AChE 
following inhibition by intramuscular injection of 90 ug/kg of soman, simulating the same 
experimental conditions. AChE = Acetylcholinesterase. MSE = Mean Squared Error. 
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Figure 2.6. PKPD Model Output Comparison with Chen and Seng (2012). (A) Free Brain AChE 
model output versus Chen and Seng (2012) model output compared to experimental 
measurements in Maxwell et al. (1988), given 90 µg/kg soman IM. (B) Free Diaphragm AChE 
model output versus Chen and Seng (2012) model output compared to experimental 
measurements in Maxwell et al. (1988), given 90 µg/kg soman IM. (C) C(+)P(-) soman 
stereoisomer qAOP model predictions versus Chen and Seng (2012) model output compared to 
experimental measurements, given 82.5 µg/kg (1xLD50) and 495 µg/kg (6xLD50) soman IV. (D). 
C(-)P(+) soman stereoisomer qAOP model predictions versus Chen and Seng (2012) model 
output compared to experimental measurements, given 247.5 µg/kg (3xLD50) and 495 µg/kg 
(6xLD50) soman IV. Chen and Seng MSE = Mean Squared Error for the Chen and Seng output 
versus data from Maxwell et al. (1988).  
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Figure 2.7. Calcium Model Comparison. (A) Comparison of qAOP model predictions with 
Sabatini et al. (2002) experimental measurements of intracellular calcium concentration in the 
dendritic spine of CA1 pyramidal neurons in response to NMDA receptor activation after a single 
Glu release event (Neuron 2 releasing Glu onto Neuron 3). (B) Comparison of qAOP model 
predictions with Sabatini et al. (2002) experimental measurements of intracellular calcium 
concentration in the dendritic spine of CA1 pyramidal neurons in response to VDCC activation 
after action potential induction of Neuron 3.  
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Figure 2.8. Model Predictions of Free Brain AChE Versus Tonduli et al. (1999) Data. The red-

dashed line indicates the time at which soman was injected in both the model and the 

experimental data. (A) Model evaluation against AChE inhibition data from Tonduli et al. (1999) 

given SC injection of 103 µg/kg soman at approximately 38 minutes. (B) Model evaluation against 

AChE inhibition data from Tonduli et al. (1999) given SC injection of 90 µg soman/kg at 

approximately 53 minutes.  
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Figure 2.9. Model Predictions of Free Brain AChE Versus Reddy et al. (2021) Data. 154 µg 

soman/kg was injected SC and the model was evaluated against the data at the same timepoints 

from 0 to 60 minutes.  
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Figure 2.10. Model Predictions of Free Brain AChE 1-Hour Post-Soman Injection. This was 

compared against data provided by Maxwell et al. (1988) and Kassa and Bajgar (1998) under IM 

administration scenarios at the same timepoint. (A) Model predictions of free liver, lung, 

diaphragm, and brain AChE versus data from Maxwell et al. (1988) given an IM injection of 107 

µg/kg soman. (B) Model predictions of brain AChE versus data from Kassa and Bajgar (1998) 

given an IM injection of 48 µg/kg soman.   
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Figure 2.11. Dialysate Model Evaluation. Model predictions compared to experimental data from 

Lallement et al. (1992). The red dashed line indicates the time at which soman was injected (17 

minutes). ACh = Acetylcholine. Glu = Glutamate. MSE = Mean squared error. (A) ACh dialysate 

as a percent of basal levels compared to observed data. Model Basal ACh = 1.4 mM, Data Basal 

ACh = 1.1e-6 mM. (B) Glu dialysate as a percent of basal levels compared to observed data. 

Model basal Glu = 4.5e-2 mM, data basal Glu =  2.9e-4 mM.  
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Figure 2.12. Changes in Firing Rates. This shows Neurons 1, 2 and 3 following SC injection of 

soman of either 79 or 152 µg/kg. Neuron 3 is currently not set to fire as described in the methods. 

The black dashed lines represent the total possible range of time (10-49 minutes post-soman 

injection) at which seizures were seen to occur based on the observed data in Tonduli et al. 

(1999). (A) Neuronal firing rates in response to 79 µg/kg soman, SC. (B) Neuronal firing rates in 

response to 152 µg/kg soman, SC. (C) Overlaying Neuron 1 firing rate under both conditions.  
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Figure 2.13. Calcium Model Evaluation. (A) Final 1s output of intracellular calcium 1-hour post-

soman injection SC 152 ug/kg. (B) Bar graph comparing averaged output from A and data 

provided by Deshpande et al. (2010) and Deshpande et al. (2014), where intracellular calcium 

was measured 1-hour post-SE after injecting varying doses of either diisopropylfluorophosphate 

(DFP) or paraoxon (POX), both known organophosphates and AChE inhibitors.  
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Figure 2.14. Model Output of Small Timescale Changes. This shows synaptic ACh concentration, 

bound mAChRs, membrane potential (Neuron 1), bound NMDARs, bound AK receptors, synaptic 

GABA concentration, and bound GABAA receptors after injection of 100 µg soman/kg, SC. (A) 

Small timescale changes within the first 1 or 10 seconds. (B) Small timescale changes within the 

final 1 or 10 seconds of the simulation.  



  69 

 

Figure 2.15. Changes in Free Brain AChE. This is over 1-hour post-soman SC injection of 100 

µg/kg. This is given a ±40% change in the parameter F_SC. F_SC = The bioavailability constant 

for soman injected SC. 
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Figure 2.16. Changes in ACh Dialysate. This is 1-hour post-soman SC injection of 100 µg/kg. 

This is given a ±40% change in (A) F_SC, and (B) C_AChE_T. F_SC = The bioavailability 

constant for soman injected SC. C_AChE_T = The concentration of AChE in the synapse of the 

hippocampus.   
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Figure 2.17. Changes in Glu Dialysate. This is over 1-hour post-soman SC injection of 100 µg/kg. 

This is given a ±40% change in (A) F_SC, (B) k_elimGlu, and (C) C_AChE_T. F_SC = The 

bioavailability constant for soman injected SC. k_elimGlu = First-order elimination rate of Glu in 

the synapse. C_AChE_T = The concentration of AChE in the synapse of the hippocampus.   



  72 

 

Figure 2.18. Changes in Intracellular Calcium in the Dendritic Spine. This is over the course of 1 
second at the end of the model run, given a ±40% change in (A) cf_NMDA, (B) cf_VDCC, and (C) 
k_elim_Ca. cf_NMDA = NMDA current conversion factor. cf_VDCC = VDCC current conversion 
factor. k_elim_Ca = First-order elimination rate of intracellular calcium in the dendritic spine. 
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Table 2.1. List of Unknown Parameters. These were considered unknown if they were created 
independently of prior models, were modified to better fit experimental data, or had no biologically 
relevant range of values. The potential values, where indicated, describe other reasonable values 
from the referenced authors, and is given to provide an estimate for the possible range of values 
for that unknown parameter. 

Unknown 
Parameter 

Value Potential 
value 

Description Reasoning and Assumptions (If 
applicable) 

K_SYN 3.06E-12 
uM/ms 

N/A AChE rate of 
synthesis 

Original units unknown due to 
discrepancy (Chen and Seng (2012)). 

K_a_SC 3.17E-05 
ms-1 

1.16e-6 
ms-1 

Subcutaneous 
absorption rate 
constant 

Based on Guinea Pig data, assumed to 
be equivalent in rats (Chen and Seng 
(2012)). Potential value: K_a_SC 
recalculated using the same methods, 
instead using data by Tonduli et al. (1999) 

F_SC 0.68 
(unitless) 

N/A Subcutaneous 
bioavailablity 

Subcutaneous assumed equivalent in 
rats, from Chen and Seng 2012) 

C_AChE_T 0.0003 
mM 

N/A Synaptic 
concentration of 
AChE 

Striatal concentration of AChE in baboons 
and humans, assumed to be similar in 
rats (Blomqvist et al., 2001) 

C_M1_T 0.0225 
mM 

N/A Synaptic 
concentration of M1 
mAChR 

Calculated from the average density of 
M1 mAChRs over a neuron, and 
assuming similar concentrations in a 
synapse 

k_elimGlu 5 ms-1 10  
ms-1 

Glu clearance from 
synapse 

Modified from Destexhe et al., 1994b to 
better fit experimental data, originally set 
to 10. 

k_elimGABA 5 ms-1 10  
ms-1 

GABA clearance 
from synapse 

Modified from Destexhe et al., 1994b to 
better fit experimental data, originally set 
to 10. 

gabaRelease 13 mM N/A Concentration of 
the instantaneous 
release of GABA 

Assumed an equivalent release as Glu 
from Destexhe et al., 1994b. 

C_GABAA_T 0.11 mM N/A Concentration of 
GABA_A 
Receptors in the 
synapse 

Assumed an equivalent concentration to 
AK receptors from Destexhe et al., 1994b 

A_surfArea 0.05 um2
 N/A Surface area 

between the PSD 
and remaining 
spine volume 

Estimated from Naoki et al., 2005 

d_dist 0.7 um N/A Distance between 
the midpoints of the 
PSD and the spine 
compartments 

Estimated from Naoki et al., 2005 

cf_NMDA 6 
(unitless) 

N/A NMDA current 
conversion factor 

Calibrated to fit experimental intracellular 
calcium concentration changes (Sabatinit 
et al., 2002) 

cf_VDCC 2.3e4 
(unitless) 

N/A VDCC current 
conversion factor 

Calibrated to fit experimental intracellular 
calcium concentration changes (Sabatinit 
et al., 2002) 

k_elim_Ca 0.7  
ms-1 

N/A First-order 
elimination rate of 
intracellular calcium 

Calibrated to fit experimental intracellular 
calcium concentration changes (Sabatinit 
et al., 2002) 
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Table 2.2. Relative Sensitivity of Unknown Parameters at 30-Minutes. Following 100 µg 
soman/kg soman, injected SC. This is for the free brain AChE, ACh dialysate, and Glu dialysate 
endpoints. Average intracellular calcium was only recorded at 60 minutes post exposure therefore 
it is not shown here. *Decreasing k_elimGABA by 40% led to model instability and crashing, 
however the parameter is insensitive when increased by 40%, resulting in no changes in model 
output. **The value 0.0446 for both K_SYN and K_a_SC is likely due to rounding error after 
rounding to two significant figures of model output at this timepoint, and therefore should be 
considered equivalent to 0. The shaded cells indicate the parameters that may have an impact on 
the endpoints, unshaded cells are expected to have a value of 0 as there is no feedback in the 
model that would result in changes to the above endpoints. 

Relative Sensitivity at T = 30 Minutes 
 

  AChE ACh Glu  

K_SYN 0 0.0446** 0  

K_a_SC 0 0.0446** 0  

F_SC 12.2 9.24 0.163  

C_AChE_T 0 1.21 0  

C_M1_T 0 0 0  

k_elimGlu 0 0 1.17  

k_elimGABA N/A* N/A * N/A *  

gabaRelease 0 0 0  

C_GABAA_T 0 0 0  

A_surfArea 0 0 0  

d_dist 0 0 0  

cf_NMDA 0 0 0  

cf_VDCC 0 0 0  

k_elimCa 0 0 0  
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Table 2.3. Relative Sensitivity of Unknown Parameters at 60-Minutes. Following 100 µg/kg 
soman injected SC. This is for the free brain AChE, ACh dialysate, Glu dialysate, and average 
intracellular calcium endpoints. *Decreasing k_elimGABA by 40% led to model instability and 
crashing, however the parameter is insensitive when increased by 40%, resulting in no changes 
in model output. **The value 0.0417 in K_SYN is likely due to rounding error after rounding to two 
significant figures of model output at this timepoint, and therefore should be considered 
equivalent to 0. The shaded cells indicate the parameters that may have an impact on the 
endpoints, whereas unshaded cells are expected to have a value of 0 as there is no feedback in 
the model that would result in changes to the above endpoints. 

Relative Sensitivity at T = 60 Minutes 
 

  AChE ACh Glu Calcium  

K_SYN 0.0417** 0 0 0  

K_a_SC 0 0 0 0  

F_SC 12.2 7.94 0.136 0  

C_AChE_T 0 1.21 0 0  

C_M1_T 0 0 0 0  

k_elimGlu 0 0 1.17 0  

k_elimGABA N/A* N/A* N/A* N/A*  

gabaRelease 0 0 0 0  

C_GABAA_T 0 0 0 0  

A_surfArea 0 0 0 0  

d_dist 0 0 0 0  

cf_NMDA 0 0 0 0.694  

cf_VDCC 0 0 0 0.278  

k_elimCa 0 0 0 1.04  
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CHAPTER 3  

FROM QUALITATIVE TO QUANTITATIVE AOP: A CASE STUDY OF NEURODEGENERATION 

3.1 Preface  

The following text has been adopted from a published paper, Sinitsyn et al. (2022), and is 

included here as it discusses the overall challenges faced with regard to quantitative model 

development in the context of AOP 281. Specifically, it focuses on the transition from qualitative 

to quantitative AOP and provides overall recommendations made for the facilitation of qAOP 

development. As this was published in March of 2022, the text below presents a perspective from 

an earlier stage in the development process. There have since been changes made to both the 

AOP and qAOP, therefore, some of the text presented will not reflect the current state of the AOP 

and qAOP. However, the overall lessons learned, and recommendations made remain valid and 

pertinent. Presenting the text as is additionally demonstrates how the model has evolved over 

time, allowing the reader to compare the methods described below to the above methods and 

final model presented in the previous chapter. 

3.2 Introduction 

The ability to predict the potential hazard of chemicals is crucial to better understand and 

protect both human health and ecological receptors. Regardless of numerous international efforts 

to improve predictions, many challenges remain. The Adverse Outcome Pathway (AOP) 

framework (Ankley et al., 2010) is an increasingly accepted approach to link biological pathways 

at the molecular level to adverse outcomes. While the development of AOPs has increased 

substantially, the need for quantitative approaches using the AOP framework remains a 

challenge. It took years to develop what could be considered the first quantitative AOP (qAOP), 

and several approaches have been proposed to date (Conolly et al., 2017; Perkins, Gayen, et al., 

2019). The development of qAOPs is arguably one of the main challenges remaining within the 

AOP framework, nevertheless necessary in order to improve risk and hazard prediction.  
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The development of a qAOP logically follows AOP development given its function as a 

mathematical representation of the key event relationships (KERs) in an AOP.  Different 

approaches have been used including: (i) fitting functions to key event (KE) data bounding a 

KER(s) (response-response method) (Doering et al., 2019; Doering et al., 2018; Song et al., 

2020; Zgheib et al., 2019); (ii) biologically based mathematical modeling using ordinary 

differential equations (aka systems biology modeling) (Conolly et al., 2017; Gillies et al., 2016; 

Muller et al., 2015; Zgheib et al., 2019); and recently (iii) a causal modeling approach using a 

Bayesian Network (Burgoon et al., 2020; Jeong et al., 2018; Moe et al., 2021; Paini et al., 2021; 

Perkins, Ashauer, et al., 2019; Zgheib et al., 2019). Bayesian Networks, in particular, are useful 

for describing complex AOPs involving multiple pathways leading to an AO as long as there are 

no feedback loops.  The KEs of the AOP can be taken as the nodes of the network and can even 

be used to model time dependencies in the form of Dynamic Bayesian Networks (Zgheib et al., 

2019). Note that in this article, response-response relationships are defined as mathematical 

functions determined by a regression analysis, whereas in other publications, e.g., Paini et al. 

(2021), the response-response relationship is defined more broadly to include biologically based 

models that quantitatively relate two KEs.  The merits and pitfalls of the response-response 

approach and biologically based modeling have been discussed (Foran et al., 2019; Schultz & 

Watanabe, 2018; Spinu et al., 2020; Zgheib et al., 2019), but a significant barrier to the 

development of qAOPs in any form is the availability of quantitative data amenable for 

mathematical model development. 

The goal of this article is to improve the efficiency of converting a qualitative AOP into a 

qAOP. A workflow for qAOP development, electronic resources, and three case studies are 

described in Paini et al. (2021) based on a recent Lorentz workshop. In the following, challenges 

to qAOP development were identified by reviewing AOPs with WPHA/WNT1 endorsement by the 

 

1 Working Party on Hazard Assessment / Working Group of the National Coordinators of the 
Test Guidelines Programme 
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Organisation for Economic Co-operation and Development (OECD, 2021) in the AOPWiki2, and 

through a case study on developing a qAOP for acetylcholinesterase (AChE) inhibition leading to 

neurodegeneration (Conrow et al., 2021). As the construction of AOPs are an ever-evolving 

process, and as we reviewed these AOPs in November 2021, it should be noted that the 

information contained in the list of endorsed AOPs and the information presented inside the 

AOPs may change over time, and what was available at the time of this review may not reflect 

what is available in the future. We selected AOPs with WPHA/WNT endorsement as it provided 

us with a relatively broad and manageable set of AOPs to review.  

3.3 Review of AOPS with OECD Status 

We performed a review of AOPs with OECD status to determine how readily other KER 

descriptions would facilitate conversion from AOP to qAOP, and explore any similar challenges 

shared between AOPs. Determining confidence in an AOP and its associated KERs is 

established through weight of evidence (WoE) evaluations based on modified Bradford-Hill 

criteria involving biological plausibility, empirical support, and quantitative understanding (OECD, 

2018). The process of determining confidence through said criteria has been discussed 

previously (Becker et al., 2015), and while confidence in the supporting data may be considered 

high for a qualitative AOP, the next step of converting to a qAOP requires a more specific, 

quantitative set of data. Our goal in this case was to review the cited quantitative data and 

categorize the AOPs based on how readily a qAOP could be developed based on the 

presentation of information and WoE for the quantitative understanding section. Our review of 

AOPs with OECD status included only those that provided a WoE evaluation for KERs (see Table 

3.1). 

When quantitative data are available for a KER, a question arises as to how to go about 

extracting it for use in quantitative model development. Our review found that quantitative data 

are presented in a variety of ways, ranging from text with cited references to data presented in a 

 

2 https://aopwiki.org/ 
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tabulated form along with relevant figures. The majority of the AOPs reviewed currently contain 

text with cited references in the KER quantitative understanding section, although AOP 131 

supplements some of the text with a figure (Farhat et al., 2021). In contrast, AOP 3 provides text 

and relevant figures for all KERs and includes tables of quantitative data (Bal-Price et al., 2019). 

It is important to note that while the presentation of data in the quantitative understanding section 

of an AOP varies depending on the AOP in question, it does not reflect an AOP’s capability to be 

converted to a qAOP. For example, AOP 25, Aromatase Inhibition Leading to Reproductive 

Dysfunction, has a qAOP while containing only text with cited references in the quantitative 

understanding sections (Villeneuve, 2021). 

3.4 Case study: AChE Inhibition Leading to Neurodegeneration 

AChE inhibition leading to neurodegeneration is AOP 281 in the AOP Wiki (Conrow et al., 

2021) and is currently under development (see Figure 3.1). The molecular initiating event (MIE) is 

AChE inhibition resulting in an excess of acetylcholine (ACh) in the synapse (KER 1).  The build-

up of ACh overactivates muscarinic acetylcholine receptors (mAChR) within the brain (KER 2), 

initializing local (focal) seizures (KER 3). Spreading of the focal seizure through glutamate 

release (KER 4) and subsequent activation of n-methyl-D-aspartate (NMDA) receptors (KER 5) 

propagates the excitotoxicity and leads to elevated intracellular calcium levels (KER 6), status 

epilepticus (KER 7), and ultimately cell death (KER 8) and neurodegeneration (KER 9). 

Additionally, status epilepticus induces further release of glutamate (KER 10), forming a positive 

feedback loop. The following text outlines our methods used during the conversion process, and 

the challenges we encountered.  

3.5 qAOP Development Methods 

3.5.1 Literature Review 

The first step in creating the qAOP was to examine the studies and data obtained during the 

construction of the qualitative AOP. We performed a comprehensive literature review that 

included the qualitative evidence previously obtained and examined additional studies found 
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through publicly available databases, totaling over 200 papers examined. Concluding the review, 

we gathered and grouped the data into two categories: (i) model development, and (ii) model 

evaluation. Ideally, model development data covers at least two adjacent key events, and if there 

is an abundance of data meeting this criterion then a dataset(s) could be set aside and used to 

evaluate the model’s predictive ability. In cases where data are reported for non-adjacent KEs, 

two outcomes are possible: (i) If the qAOP is being developed on response-response 

relationships and all KEs need to be in the qAOP, then these data should be used for evaluating 

the qAOP. (ii) In a biologically based modeling context, data for non-adjacent KEs can be used 

for model development. However, as an example, given two datasets, one that contains data for 

three adjacent KEs, and another that only contains data for the first and third (non-adjacent) KE, 

we would use the first data set for model development and the latter for model evaluation. 

3.5.2 Quantitative Model Development – Data Needs 

We initially planned to use a response-response relationship approach for the construction of 

a modular qAOP, however, while there were data available for KER 1, data to develop response-

response relationships for the remaining KERs were not available. Thus, we chose a hybrid 

approach that would combine a response-response model for KER 1 with a biologically based 

model spanning KERs 2 through 10. Response-response relationships are built upon dose-

response data for adjacent KEs, and linear regression analysis was used KER 1. For the 

remaining KERs, response-response data were sparse, and a feedback loop in the AOP (KERs 

5,6,7,10) precludes the use of response-response modeling and necessitates the development of 

a biologically based model. Of the papers reviewed for qAOP model development, approximately 

10 studies in the primary literature resulted in useable quantitative data for model development 

(Falkenburger et al., 2010; Kim et al., 2003; Kosasa et al., 1999; Mergenthal et al., 2020; 

Michaels & Rothman, 1990), and model evaluation (Lallement et al., 1992; Marks et al., 1996; 

McDonough & Shih, 1997; Miller et al., 2015; Reddy et al., 2021).  

Studies reporting data for non-adjacent KEs, while useful for model evaluation, are not ideal 

for developing quantitative models for KERs. For example, Miller et al. (2015) reported percent 
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AChE inhibition (MIE) and hippocampal volume loss, but did not report data for any KEs adjacent 

to these endpoints. In AOP 281, hippocampal volume loss is a potential measure of the 

neurodegeneration adverse outcome.  Though it may not be the best measure to use in a 

response-response relationship, a biologically based model could predict this endpoint among 

other indicators of neurodegeneration and utilize the study for model evaluation. Similarly, 

Lallement et al. (1992)reported measurements of ACh and glutamate. In this case, we could not 

determine a response-response relationship relating ACh concentration to glutamate. However, 

the data can be used to evaluate predictions from a biologically based model that incorporates 

mechanistic processes representing the intermediate KEs. We acknowledge that the published 

studies discussed were not designed with qAOP model development in mind, though they provide 

as examples of where changes in experimental design and increased research funding could 

yield a more comprehensive understanding of underlying biological mechanisms. 

Biological systems are often regulated by feedback loops, which requires development of a 

time-dependent biologically based model in contrast to a response-response relationship (Zgheib 

et al., 2019). At “steady-state”, when time dependencies are removed and derivatives with 

respect to time are set to zero, a response-response relationship could be used to relate the input 

into a feedback loop with the output, essentially ignoring the mathematical dynamics of the 

feedback loop (Zgheib et al., 2019). However, when a system is perturbed, and a feedback loop 

exists, a time-dependent biologically based model is needed to capture the system dynamics. 

Thus, biologically based models benefit from time series measurements of the associated KEs to 

identify model parameter values. In AOP 281, KERs 5, 6, 7, and 10 form a positive feedback loop 

requiring data to uniquely define model equations and parameter values. Response-response 

models work for linear pathways with one input and one output and are implemented sequentially 

through an AOP (Foran et al., 2019). In contrast, feedback loops involve more than one 

input/output for a KE (e.g., two inputs into the glutamate release KE and two outputs from the 

increased intracellular calcium KE), resulting in a non-linear pathway. As feedback loops are a 



  82 

commonly used regulatory mechanism in nature, methods to develop quantitative models should 

be encouraged instead of avoided. 

In the context of high-throughput chemical toxicity applications, KE measurements need to be 

made quickly and inexpensively. Some studies report excellent data obtained through 

sophisticated measurement techniques that are not practical for use in chemical toxicity testing 

and risk assessment due to cost and time constraints. Such techniques might be described as 

part of the evidence in a KE description though the technique is impractical for measuring a KE in 

high-throughput toxicity testing. With respect to the status epilepticus KE, researchers used 

quantitative MRI to predict hippocampal damage based on changes in the structure and volume 

of the hippocampus after inducing status epilepticus through overactivation of mAChR by 

pilocarpine (Choy et al., 2010). While the data obtained are informative, the tools (i.e., the MRI) 

required are likely to be costly and impractical for toxicity testing applications. Ultimately, this 

issue can be applied more generally to the time and financial costs required of in vivo 

experiments compared to in vitro. 

Distribution of available data throughout an AOP differs for KERs. In the context of AOP 281, 

KER 1 was supported quantitative data that resulted in a response-response relationship. In 

contrast, data to develop a response-response relationship for KER 2 were not found. Similar 

data availability or lack thereof can be seen in many other AOPs. As an example, the quantitative 

understanding section of AOP 3 ranges from low to high depending on the KER in question (Bal-

Price et al., 2019). This uneven distribution of data can be restrictive and prevent model 

developers from working with a single modeling approach to develop a qAOP.  Thus, research 

funding that supports the collection of data for multiple (adjacent) endpoints in an AOP would 

facilitate qAOP model development tremendously. 

3.5.3 Quantitative Model Development – Interspecies Differences in Biological Response 

Consideration should also be given to interspecies differences in response to chemical 

stressors (Celander et al., 2011). Ideally, there should be equivalent measurable responses 

between the target species and the animal model(s) or in vitro assays that provide data. In the 
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case of AOP 281, we started with rat data because there were significantly more studies available 

across the AOP than other animal models. By definition, AOPs are independent of chemical 

stressor, however data required to develop a qAOP are obtained from in vivo and/or in vitro 

experiments using chemical(s), and interspecies differences in the measured responses may 

occur.  For example, in response to OPs, rats respond similarly to humans, though they have a 3-

6 fold higher LD50 compared to humans when administered sarin intravenously, and guinea pigs 

have a 1.7-fold higher LD50 (Pereira et al., 2014). Pereira et al. attribute the fold difference in LD50 

values to differences in OP metabolism between species, and quantitatively, this can be 

addressed through toxicokinetic modeling and methods to quantify measurement uncertainty and 

biological variability (Bernillon & Bois, 2000; Gelman et al., 1996; Jager, 2021).  In terms of our 

qAOP, guinea pig data may be better suited for predicting human responses, but the data 

spanning the qAOP are insufficient.  Thus, we will rely upon data from other species and use 

principles of interspecies extrapolation and allometric scaling (Davidson et al., 1986) as needed.  

For regulatory use, interspecies differences in biological responses could be quantified along with 

measurement uncertainty and biological variability using methods cited above.  

Reducing the number of animals used in toxicity testing is a benefit of new approach 

methodologies such as in vitro assays and in silico models. Given the considerations above 

regarding interspecies differences, a wider array of in vitro assays focused on non-model 

organisms should be developed for ecotoxicology purposes(Hecker, 2018), and to provide a 

knowledge base that will improve our quantitative understanding of interspecies differences in 

biological response. 

3.5.4 Quantitative Model Development – Reuse of Quantitative Models 

Accessibility and transferability of established quantitative models are important factors to 

consider for accelerating qAOP development. Currently, there are two models that simulate 

cellular response to mAChR activation (Greget et al., 2016; Mergenthal et al., 2020), which could 

be extended for use in our qAOP. Mergenthal et. al (2020) describe a computational model of 

cholinergic modulation of CA1 pyramidal cells developed in the NEURON simulation 
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environment, spanning KERs 2 to 3, while Greget et. al (2016) describes a simulation of a CA1 

hippocampal cells responding to OP-induced neurotoxicity, spanning KERs 1 to 3. However, the 

model by Greget et al. (2016) was not accessible, and the NEURON simulation environment is 

too specialized for our qAOP. Thus, we will use Mergenthal et al. (2020) as a reference for KERs 

2 and 3 to construct a biologically based model spanning KERs 2 to 10. The reuse of existing 

models can dramatically improve the pace of qAOP development, though access and cross-

platform transferability are of concern. Additionally, models developed in proprietary or unfamiliar 

software can be restrictive to newer model developers. Tools built with user-friendly, open-source 

software and data exchange formats such as Systems Biology Markup Language (Hucka et al., 

2003) are possible solutions. 

3.6 Discussion 

Overall, the process of converting an AOP to a qAOP is time and resource-intensive and 

requires an abundance of quantitative data for the associated KERs. Some of the challenges 

presented above are not expected to be resolved for the foreseeable future. Costly 

measurements and the uneven distribution of data will remain an issue and will decrease in 

significance over time if and when new methods are developed or when research bridges the 

knowledge gaps in areas lacking in quantitative understanding. A recommendation for these 

challenges would be best aimed toward funding agencies placing additional funding into the 

areas identified by modelers to be lacking in data. Below are four additional recommendations 

pertaining to the remainder of the challenges.  

Regarding the review of the AOPs with OECD status and their presentation of quantitative 

data, we recommend that quantitative data be presented in a more easily accessible form to 

facilitate use in a qAOP. Additionally, we would also like to emphasize the importance of quality 

data reporting. Data that is not produced under OECD guidelines still need to follow a standard to 

be considered reliable for regulatory applications. Hartung et al. (2019) provides the reader with 

existing reporting guidelines and discusses the need for and what constitutes Good In Vitro 

Reporting Standards (GIVReSt). The majority of quantitative data in KER descriptions are 
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reported as in-text citations that requires a modeler to manually extract the data for qAOP 

development. This process could be shortened if the data were presented in a tabular form that 

combines data and quantitative relationships extracted from the cited sources. Factors that aide 

in this process include incorporating relevant figures from the cited studies with appropriate 

copyright permissions, tabulated data, and dose-response or response-response quantitative 

relationships. In the AOP Wiki, AOP 3 (Bal-Price et al., 2019) demonstrates these factors, as the 

KER description’s quantitative evidence section contains significant and detailed information. The 

individual KERs contain relevant figures and tabulated information of the studies supporting the 

AOP. Presentation of information in this manner required a significant amount of effort by the 

AOP authors, which will ultimately improve the rate at which an AOP can be converted to a 

qAOP.  

Concerning the biological differences between species, we would like to highlight the need to 

understand the physiology of the organism to be used in modeling, and more specifically to know 

which chemical stressors can be used if multiple species are involved in model development. 

Using AOP 3 as an example, 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a 

compound commonly used in animal models of Parkinson’s disease.  More specifically, the AOP 

3 authors mention that the effect on mice produces parkinsonian symptoms similar to that seen in 

humans, however rats are much less susceptible to MPTP, which would not be a good fit for a 

model (Bal-Price et al., 2019; Petroske et al., 2001). Understanding differences such as these are 

crucial to successful qAOP development. With the ultimate goal of 21st century toxicology moving 

away from in-vivo testing, greater emphasis should be placed on developing in vitro assays to be 

used as a replacement for animal studies (US EPA, 2021). In this case, research funding for the 

development of these assays and qAOPs would facilitate a move away from animal models by 

providing additional data sets for qAOP model development. 

In the context of our case study, we would like to make recommendations for two of the 

challenges presented involving studies that measure multiple non-adjacent key events and model 

transferability. Currently, existing studies that measure non-adjacent key events are less ideal for 
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modeling and better suited for evaluation. This highlights the need for studies that measure 

multiple adjacent key events. There exists a similar need for models following a biologically based 

approach or AOPs that contain feedback loops. Biologically based models benefit most from 

having both dose-response and time series data of multiple key events, and studies that can 

provide that set of data would be invaluable to qAOP model developers and would aide in the 

transition from AOP to qAOP. Lastly, in a recommendation aimed toward model developers, we 

suggest keeping model transferability in mind when developing a model, as this would simplify 

the process for both developers and data scientists looking to adapt available models for their 

needs. Hosting models in repositories such as Github or SourceForge enables version tracking 

and would benefit model development by allowing multiple authors to modify existing models to 

meet new needs. Additionally, during the construction of either a qualitative or qAOP, the authors 

may come across raw data or models that could support qAOP development. In this case, we 

suggest hosting additional materials in the AOP Wiki to allow for better data management and 

efficient model development. To that end, we would also like to recommend development of 

modular qAOP models for KERs that can be shared and re-used to fit a developer’s needs. 

Hosting of such models could take place in already existing repositories, such as BioModels 

(Malik-Sheriff et al., 2019). 

In addition to their application in toxicity testing, AOPs and qAOPs have benefits beyond their 

original purpose. The design structure of AOPs can be helpful in other fields not associated with 

chemical risk assessment. The pharmacological and medical field could adapt the concept of 

AOPs to fit their needs. For example, recent efforts have begun in developing AOPs for COVID-

19, known as the CIAO project3. Physicians could follow a similar modular approach in 

diagnosing and treating patients based on symptoms and treatment options. Additionally, AOPs 

can help identify knowledge gaps in a particular area (Leist et al., 2017). As AOPs are 

constructed from sources of published literature or sets of experimental data, their modular nature 

 

3 https://www.ciao-covid.net/ 
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can easily highlight areas lacking in mechanistic understanding. Identification of these gaps will 

guide future studies and allow for a deeper understanding of the pathology in question (US EPA, 

2020). Lastly, as progress continues in the development of AOPs and the addition of more 

qAOPs, the next logical step would be the integration of multiple qAOPs into qAOP networks. 

This might best be achieved with a Bayesian Network approach, as the structure of the AOPs and 

KEs naturally follow the form of the network (Perkins, Ashauer, et al., 2019). In conclusion, one 

may ask what specifically is needed to make these recommendations happen. Additional funding 

in the areas lacking in data suitable for model development would be a first major step, followed 

by a change in the culture of data sharing for better accessibility, and lastly, a change in best 

practices for how we write KE and KER descriptions. These changes will allow these 

recommendations to come to fruition and will facilitate the transition from AOP to qAOP. 
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Figure 3.1. Graphical Representation of AOP 281: AChE Inhibition Leading to 

Neurodegeneration (Conrow et al., 2021). Each arrow represents the key event relationship 

(KER) between key events (KE) of the AOP. 
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Table 3.1. Categorization of AOPs with OECD Status based on presentation of quantitative data 

in the quantitative understanding section of the KER description. Total KERs include KERs 

between non-adjacent KEs. T = Written in text only with cited references, F = Includes figures 

extracted from articles, Ta = References are provided in a tabulated form. QU-WoE = Weight of 

Evidence under the quantitative understanding section. 

AOP # Title 

QU-WoE for KERs  
in the AOP 

Category 
Low Moderate High 

3 
Inhibition of the mitochondrial 
complex I of nigro-striatal neurons 
leads to parkinsonian motor deficits 

3 4 1 T, F, Ta 

25 
Aromatase inhibition leading to 
reproductive dysfunction 

1 7 0 T 

131 
Aryl hydrocarbon receptor activation 
leading to uroporphyria 

2 1 2 T, F 

54 
Inhibition of Na+/I- symporter (NIS) 
leads to learning and memory 
impairment 

10 3 2 T 

23 
Androgen receptor agonism leading 
to reproductive dysfunction (in 
repeat-spawning fish)  

8 5 0 T 

21 

Aryl hydrocarbon receptor activation 
leading to early life stage mortality, 
via increased COX-2  
  

1 4 0 T 

150 
Aryl hydrocarbon receptor activation 
leading to early life stage mortality, 
via reduced VEGF  

4 3 0 T 

42 

Inhibition of Thyroperoxidase and 
Subsequent Adverse 
Neurodevelopmental Outcomes in 
Mammals 

7 5 0 T 

10 
Binding to the picrotoxin site of 
ionotropic GABA receptors leading to 
epileptic seizures in adult brain  

0 3 2 T 

6 
Antagonist binding to PPARα leading 
to body-weight loss 

2 4 2 T 
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APPENDIX A 

SPREADSHEET OF COLLECTED ARTICLES 

[Consult Attached Files – “AppendixA-Spreadsheet_of_collected_articles.xlsx”] 

Microsoft Excel is needed to open the file. 
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APPENDIX B 

KER DESCRIPTION PAGES 

[Consult Attached Files – “AppendixB-KER_Description_pages.pdf”] 
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APPENDIX C 

PYTHON SCRIPT MODEL CODE 

[Consult Attached Files – “AppendixC-Python_Script_Model_Code.pdf”] 
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APPENDIX D 

TOTAL LIST OF VARIABLES 

[Consult Attached Files – “AppendixD-List_of_Dependent_Variables_And_Parameters.pdf”] 


