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Preface

The book Neurotoxins was envisaged to serve as a “one-stop reference” for selected current
topics, including translational cell models, various compounds and related neurotoxic
and/or therapeutic effects, biomarkers, and advanced decision trees for diagnosing neuro‐
toxicity. The book is organized into eight chapters: (1) “Using Human Pluripotent Stem Cell-
Derived Neural Cultures to Assess Safety of New Drugs and Chemicals,” (2) “Induced
Pluripotent Stem Cell-Derived Human Glutamatergic Neurons as a Platform for Mechanis‐
tic Assessment of Inducible Excitotoxicity in Drug Discovery,” (3) “Use of the Model Organ‐
ism Caenorhabditis elegans to Elucidate Neurotoxic and Behavioral Effects of Commercial
Fungicides,” (4) “Neurotoxins and Autism,” (5) “Botulinum Neurotoxin: A Multifunctional
Protein for the Development of New Therapeutics,” (6) “Resistance to Botulinum Toxins in
Aesthetics,” (7) “Developmental Neurotoxicity of Fluoride: A Quantitative Risk Analysis to‐
ward Establishing a Safe Dose in Children,” and (8) “Targeting Acid Sensing Ion Channels
by Peptide Toxins”.

A significant challenge for toxicologists is understanding the unique signaling mechanisms
responsible for neurotoxins. To address this issue, tactical approaches including but not lim‐
ited to high-throughput assays as well as epidemiological data have been emphasized in the
context of inducible neurotoxicity, which may progress silently in both humans and ani‐
mals, before remarkable late-stage signs are evident. Hence, the needs and utilities for more
predictive translational models to enable mechanistic investigations have been concisely de‐
scribed in this book.

This book was developed to serve as an open-access resource to academic, pharmaceutical,
and environmental scientists, as well as students. Thus, I am sincerely grateful to the au‐
thors and peer reviewers for their contributions that helped to make this a benchmark publi‐
cation. The astute assistance, guidance, and dedication of the IntechOpen staff are
appreciatively acknowledged.

J. Eric McDuffie
Janssen Research and Development, LLC

USA
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Abstract

The central nervous system (CNS) is a central pillar in safety pharmacology studies of 
new drugs. Characterization of serious adverse drug reactions to a new chemical entity 
involves extensive investigation using in vitro and in vivo models. However, primary cul-
ture of human neurons in vitro can be challenging, giving limited sample availability. 
Additionally, the inter-species differences between humans and current animal models 
impose a considerable obstacle to successfully predict the outcome of new drugs. New 
technologies also need to help address the 3Rs principles in animal research. Human 
pluripotent stem cells (hPSC) have the potential to change the current paradigm in 
pharmacological research. By using hPSCs and state-of-the-art differentiation protocols, 
researchers now have available an unlimited source of neural cells, able to mimic early 
and late stage of human CNS development. Moreover, hPSC-derived cells can be used at 
early stages of drug development, improving clinical predictability and reducing overall 
drug development costs. This chapter covers the advancements that resulted in hPSC-
derived models intended to enable neurotoxicity assessment and drug screening. Finally, 
this chapter will also reveal the bottlenecks and the challenges to overcome of using hPSC 
as a predictive tool in research.

Keywords: human pluripotent stem cells (hPSC), induced pluripotent stem cells (iPSC), 
multielectrode array (MEA), Zika virus, neurotoxicity

1. Introduction

1.1. New therapeutic compounds and the nervous system

The human central nervous system (CNS) is a unique structure organized in an intricate net-
work composed of different cell types [1, 2]. Its homeostasis is maintained by an orchestrated 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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signaling milieu composed of neurotransmitters, cell-cell interactions, and protein factors. 
Any compound acting upon one of the CNS components could potentially shift this delicate 
balance, resulting in untoward outcomes. Therefore, safety pharmacology profiling for com-
pounds that crosses the blood-brain barrier represents a key step in the drug development 
process, particular prior to conducting studies in human subjects. Recently, the Biotechnology 
Innovation Organization (BIO) released the largest study of clinical drug development success 
rates to date [3]. In partnership with Amplion and Biomedtracker, BIO collected and analyzed 
a total of 9985 phase transitions in clinical trials between 2006 and 2015. Their data revealed 
a likelihood of approval being of only 9.6% for all developmental candidates. If segmented 
by diseases, candidates to neurology and psychiatry disorders fall under 9.6%, with 8.4 and 
6.2% likelihood of approval, respectively. Moreover, adverse effects to the CNS account for a 
considerable proportion of all drug attrition cases. This demonstrates the poor predictability 
of current animal and in vitro models leveraged at the pre-clinical drug development stage.

Assessing the toxicological profile of new molecular entities requires extensive investigation 
using in vitro and in vivo models (Figure 1). This incremental accumulation of data helps to 
evaluate the toxicological profile and potential side effects of new compounds before moving to 
clinical trials. Studies to investigate the toxicity of drugs on the human central nervous system 
(CNS) relies mostly on animal (in vivo) and cellular (in vitro) models [4]. Although significant 
achievements have been accomplished using these models, there are many bottlenecks to over-
come. For instance, efforts to fully recapitulate the human nervous system using animal models 
can be very challenging [5]. Rodents and human brains display major genetic, cellular, and ana-
tomical differences [6]. Many compounds have failed in clinical trials even after being consid-
ered promising based on rigorous testing in animal models. Therapies to Alzheimer’s disease 
(AD) for example have an attrition rate of 99.6% [7]. Many potential  therapeutic compounds 

Figure 1. In vitro and in vivo models available for toxicological screenings. As the complexity of the model increases, 
there is a substantial decrease in throughput. Common cellular models include immortalized cell lines, primary tissue 
culture and hPSC-derived cells. Organoids are 3D structures derived from hPSC differentiation toward neuroectoderm 
in suspension.
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for AD displayed unacceptable toxicity in humans. Additionally, while animal models have 
unquestionable importance in toxicological studies, new technologies could uniquely help to 
address the 3R principles of refine, reduce, and replace their use in this research space [8].

There are two main in vitro cellular models available for toxicology studies: primary and 
established cell lines [9, 10]. Primary cell lines are isolated directly from tissues. Their main 
advantage is that they more closely remember the in vivo counterpart, displaying many fea-
tures presented in the target tissue. However, primary cell lines need fresh tissue to estab-
lish the cell culture and have limited capability of expansion in vitro. This turns impractical 
Studies that require large numbers of cells, especially from difficult-to-obtain tissue such as 
the human central nervous system. Immortalized cell lines, on the other hand, can be kept 
in culture for extensive periods of time and expanded through passaging. The immortalized 
cells have the intrinsic ability to proliferate indefinitely in culture, usually acquired by mul-
tiple mutations or transformations in their genomes. Although the proliferative potentials 
for immortalized cells make them amenable to large-scale production, they may significantly 
differ from the tissue of origin. Given the limitations imposed by these types of cell culture, 
human pluripotent stem cells have gained credence as a new reliable source of human tissues, 
with many advantages over the traditional in vitro cellular models.

2. Human pluripotent stem cells (IPSC)

Human pluripotent stem cells (hPSC) have the ability to expand to large amounts and dif-
ferentiate into any cellular tissue of the body [11]. Giving these extraordinary abilities, hPSC 
can potentially change the current paradigm in pharmacological research, offering unlimited 
access to a reliable source of neural tissue able to mimic early and late stages of human CNS 
development [2]. There are two types of hPSC: embryonic stem cells (hESC) and induced 
pluripotent stem cells (iPSC). Although both types share the same core features that classified 
them as hPSC, such as the ability of differentiating to any adult tissue, there are major differ-
ences between them. The hESC are derived from inner cell mass of blastocyst stage embryos 
after 5 days from the fertilization of the oocyte [12]. As of January 2017, 378 hESC lines were 
eligible for NIH fund research [13]. Comparatively, this library is still small to fully explore 
the whole human genomic diversity landscape. Moreover, giving its origin, hESC carry many 
ethical issues [14]. In spite of that, hESC have been pivotal on advancing the human stem cells 
research, permitting unlimited access to any human tissue of interest for the first time.

In 2006, a scientific breakthrough introduced a technique able to generate pluripotent stem 
cells without the ethical controversies of embryonic stem cells [15]. The team used the tech-
nique of reprogramming to reverse an adult mouse cell (fibroblast) into a pluripotent stem 
stage: the induced pluripotent stem cells (iPSC). Soon after the same research group pub-
lished the technique using human fibroblast to generate human-induced pluripotent stem 
cells (hiPSC) [16]. Once hiPSC have the same capacity as their hESC counterparts to generate 
human target cells in vitro, many scientists have shifted their focus into producing patient-
specific iPSC to potentially validate disease phenotypes in vitro [17]. For the nervous system, 
many studies confirmed the great potential of hiPSC in recapitulating CNS diseases [18, 19]. 
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Moreover, studies have revealed the potential of using hiPSC as a drug-screening platform 
to systematically evaluate spontaneous neurological disorders and drug-induced neurotox-
icity [17]. The biggest challenge for this approach is to identify key phenotypes in vitro for 
reproducible outcomes. Neurodevelopmental disorders, for example, impose such a signifi-
cant challenge. Recently, two studies that focused on different diseases (Rett Syndrome and 
MeCP2 Duplication Syndrome) successfully demonstrated the use of hiPSC-derived cells in 
identifying potential therapeutic candidates [20, 21]. Both neurodevelopmental disorders 
altered MeCP2 gene expression (loss of a functional copy in Rett Syndrome and overexpres-
sion in MeCP2 Duplication Syndrome). These studies identified core alterations in the syn-
apses of neurons in both conditions. In the MeCP2 Duplication Syndrome study, researchers 
developed a simplified drug-screening platform able to quickly assess the synaptic pheno-
type. By using a library of epigenetic modifiers, they identified two compounds that able to 
reverse the synaptic phenotype in vitro. However, the study also displays an alarming finding: 
although both potential therapeutic compounds identified in the study induced rescue of the 
cellular synaptic phenotype in vitro, one of them demonstrated significant toxicity on the CNS 
function in selected electrophysiology assays. This study highlights the need for an extensive 
characterization of drug toxicity in vitro before further consideration in human studies.

2.1. The current state-of-the-art of using hPSC for CNS safety screening

The extraordinary ability of hPSC to differentiate to CNS components makes them an interest-
ing platform to better understand the deleterious effects of compounds on neural tissue [11, 
22, 23]. Paired with cellular, genetic, biochemical, and functional assays, hPSC-derived neural 
tissue can be used to generate a comprehensive toxicological profile of drugs on the CNS 
and help to address decisions of go/no-go during a drug development process. Moreover, 
the brain undergoes significant postnatal development and its structure and function differ 
significantly between infantile and adult stages. Many drugs can affect the CNS differently, 
depending on the maturity of the subject (i.e., embryonic, infantile, or adult). Taken together, 
researchers may leverage hPSC-derived neural cells in different stages of differentiation to 
explore the safety profile of drugs on mature and immature nervous systems.

Neural precursor cells (NPCs) are multipotent cells, with the potential to generate multiple 
mature CNS cells, such as neurons, astrocytes, and oligodendrocytes [2, 24]. They are able to 
self-renew and proliferate, being pivotal players in the developing human brain. Toxicity to 
these cells at young stages of development can predispose the CNS to the onset of neurode-
velopmental disorders and neurological impairments [25]. NPCs can be expanded in vitro, 
which makes them amenable to incorporation into large-scale studies. Protocols to maintain 
and differentiate NPCs in their CNS derivatives are well established, with great consistency 
and reproducibility [2, 26]. Moreover, hiPSC from different individuals can be used to obtain a 
progenitor cell bank representative of genetic differences found on our population. Assessing 
toxicological profile in such a heterogeneous genomic population could improve predictabil-
ity of safety profiles of drugs on different individuals.

Publications with human NPCs started to demonstrate their use in assessing toxicological 
profile of drugs [25, 27]. Using hESC-derived NPCs, a research group described a platform 
for detection of toxicity to neuronal induction in embryonic development [28]. Researchers 
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exposed differentiating cells to methylmercury (MeHg) and found that it could disrupt early 
stages of neural differentiation. In another approach, researchers described the use of hESC-
derived NPCs in identifying compounds that were selectively toxic to progenitor, but innocu-
ous to terminally differentiated cells (neurons and astrocytes) [29]. Although the work was 
primarily envisioned as a platform to identify compounds able to deplete proliferation cells 
from heterogeneous neural populations in vitro, with applications in purifying populations 
for regenerative medicine, similar approach could also be used to elucidate the safety profile 
of chemical compounds on the CNS.

Differentiated populations of neurons have also been used to assess the toxicological profile 
of compounds [11]. Phenotypic assays such as neurite outgrowth and neuronal morphology 
have been used to investigate the effect of chemical entities on these populations. In a recent 
study, a library of 80 compounds was screened for their ability to inhibit neurite outgrowth 
in iPSC-derived neurons using a high-content screening platform [30]. From the compounds 
tested, 16 selectively inhibited neurite outgrowth, confirming the usefulness of hiPSC-derived 
neurons in neurotoxicity screenings. Although this study represents a step forward in devel-
oping a relevant humanized safety screening platform, it still relies on dissociated neurons 
plated at low density in vitro, which does not represent well the developed brain. Additionally, 
more sophisticated platforms, able to capture functional phenotypes, such as electrical activ-
ity of the neural circuitry, and the interplay between different CNS cell types will greatly help 
to improve the predictability of safety screenings.

2.2. Neural culture in vitro: from traditional tissue culture to organized organoids

Given the easy accessibility to CNS cells that hPSC offer, we have witnessed in the recent 
years the rediscovery of three-dimensional (3D) cell culture technologies as a powerful tool to 
study the brain [31, 32]. Organoids are 3D agglomerates of tissue-specific cells self-organized 
in structures that more closely resemble the target organ. Once organoids exhibit key struc-
tural and functional properties of a target tissue, they hold great promise in advancing the 
studies of complex organs such as the brain, where the interaction of many different cells 
organized in a defined structure is pivotal for its functions (Figure 2). Moreover, giving the 
complex interplay between neuronal and non-neuronal cells in the CNS, the deleterious effect 
of drugs may rely on non-neuronal cells (and not directly on neurons) but still lead to a pro-
nounced effect on the nervous system. In this scenario, brain organoids could better capture 
any deviation from the homeostatic balance of the interaction between different neural cells.

Two different types of cells can be used to obtain organoids: hPSC (using either ESC or iPSC) 
or multipotent adult stem cells [32]. Both approaches rely on the potential for expansion and 
self-organization of these precursors in vitro. Many recent studies have confirmed the used of 
brain organoids in the modeling of diseases by recapitulating in vitro the intricate and com-
plex processes occurring during human brain development. Moreover, brain organoid con-
structs incorporating many different cell types (such as neurons, astrocytes, endothelial, and 
microglia) can be obtained and used in developmental neurotoxicity screenings [33]. By using 
the described model, a recent study assessed the neurotoxicity profile of a library of 60 com-
pounds and correctly classified 9 of 10 chemicals. Although organoids containing different 
tissues would be a model more representative of the organ in vivo, the different tissue-specific 
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cells lack the  structural organization found in vivo and may not fully recapitulate the organ 
function or multi-tissue interactions.

3. Using MEA technology to evaluate neuroactivity of new chemicals

Cell viability, gene expression and neurite outgrowth assays with neurons have been the stan-
dard methods in vitro to measure deleterious effects of compounds on the CNS. In spite of their 
importance, they have limited predictability, especially with drugs able to evoke a deleterious 
functional change but without noticeable biochemical or cellular changes. Electrophysiology 
techniques exploit ionic conductance of ion channels and transient modulation of the mem-
brane potential of a neuron, being able to assess the functional status of the neural network  
in vitro [34]. There are many different techniques to record neuronal activity in vitro, with the most  
commonly used being the patch-clamp method. Although very sensitive, its low throughput 
and limitation of assessing only one or few neurons at a time precludes its use in investigating 
large neuronal circuitry dynamics [34]. Recently, new technologies of extracellular recordings 
have been developed. They have many advantages over traditional patch-clamp techniques, 
such as being noninvasive, capable of monitoring the culture for long periods of time, and 

Figure 2. In vitro models derived from hPSC. The main advantages and bottlenecks are listed. Brain organoids are 3D 
structures derived from hPSC differentiation toward neuroectoderm.
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able to record multiple cells at once, allowing large-scale assessment of neuronal circuitry 
dynamics [35]. This allows their use to better understand neuronal communication, informa-
tion encoding, propagation, processing, and computation of neuronal circuits in vitro [36].

One of the most promising technologies to record extracellular signaling is the microelectrode 
arrays (MEA). Uniquely, MEA platforms consist of hundreds to thousands of electrodes inte-
grated in a cell culture dish and enable recordings of neural activity by sensing extracellular 
field potentials [37]. This technology has been used to investigate the neural network dynam-
ics of hESC- and hiPSC-derived neuronal cultures, organotypic slice cultures and acute brain 
slices [34]. By combining multiple arrays, the MEA technology allows to investigate several 
conditions at the time in a high-throughput fashion. Moreover, because MEA is a noninvasive 
technology and the neurons are cultured directly onto the electrodes, this technology enables 
the repeated monitoring of intrinsic and inducible changes in neuronal network dynamics 
for several days which is extremely useful to investigate the relative effects of chronic drug 
exposure in a dish [35, 38].

Functional electrophysiology of neurons represents a powerful tool to investigate the safety 
pharmacology of drugs prior to first-in-human studies. It needs to be noted though that the 
human brain contains hundreds of different types of neurons, each with unique properties 
and pharmacological signal transduction pathways which may not be fully recapitulated  
in vitro. When mimicking the human brain in vitro, it is imperative to select the most appropriate  
cellular model to ensure unequivocally adequate and highly reproducible predictability [34]. 
Although mouse and rat primary neuronal cultures are the gold standard in MEA electro-
physiology, interspecies differences in ion-channel expression profile and neuronal response 
can be significantly different; therefore, translation of data to the human brain is very chal-
lenging in many situations [39]. The potential of using human PSC as a source of neuro-
nal circuitry mimicking the human brain just started to be explored [40]. While preliminary 
results are confirming the use of hiPSC-derived neural culture as a powerful tool to explore 
neurotoxicity of compounds on the human brain, more studies are warranted to address the 
variability and heterogeneity of such cell culture models.

4. Overcoming current bottlenecks of hiPSC-derived cultures

Giving the high degree of complexity of the CNS cellular components, full translation from  
in vitro studies of compound-induced neurotoxicity can be challenging [40]. In the recent years, 
the stem cell field has produced diverse protocols for obtaining hiPSC-derived neurons in vitro, 
making any attempt to standardize the field complicate once each laboratory uses its own pro-
tocol. Moreover, the field is also subjected to batch-to-batch variation and long period of time 
differentiation protocols, which introduce additional challenges in reproducibility and hampers 
its full adoption by screening companies. Recently, however, a number of hiPSC-derived neu-
rons became commercially available. Homogenous populations of neurons with specific neu-
rotransmitter profiles are an attractive alternative to study the human physiology. The reduced 
variability from batch-to-batch and controlled differentiation process make possible the repro-
ducible use of these cells to investigate neurotoxicity on the CNS. One thing to be noted though 
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the stem cell field has produced diverse protocols for obtaining hiPSC-derived neurons in vitro, 
making any attempt to standardize the field complicate once each laboratory uses its own pro-
tocol. Moreover, the field is also subjected to batch-to-batch variation and long period of time 
differentiation protocols, which introduce additional challenges in reproducibility and hampers 
its full adoption by screening companies. Recently, however, a number of hiPSC-derived neu-
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is the difference between hiPSC-derived products offered by different companies. Additionally, 
while most companies focus on highly pure populations of neurons, depleted of glia cells, this 
model may not be ideal to mimic the CNS complexity. The presence of astrocytes, for example, 
are important to modulate the response of neurons to neurotransmitters and can affect the 
vulnerability of neuronal cultures to toxic insults [41, 42]. Moreover, co-culture with astrocytes 
enhances synaptic maturation, with consequences on firing frequency and bursting behavior 
[43, 44]. Although still an emerging field with many questions to be answered, commercially 
available hiPSC-derived neurons and astrocytes will be pivotal in validating this model as a 
suitable solution to reduce (or even replace) animal experimentation in toxicology studies.

5. Conventional drug development process and Zika virus

In February of 2016 the World Health Organization (WHO) declared the Zika virus infec-
tion a Public Health Emergency of International Concern (PHEIC), which prompted scientist 
worldwide to an urgent and coordinated response to this new global threat. Zika virus was 
first identified in 1947, but only recently received public attention after being associated with 
microcephaly in newborns and Guillain-Barré syndrome in adults [45, 46]. Two recent studies 
screened libraries of FDA-approved drugs and identified potential therapeutics with novel 
activity against the Zika virus [47, 48]. Repurposing FDA-approved drugs can potentially 
accelerate the discovery of cures to diseases, reducing time, and costs. However, both stud-
ies lack extensive neurotoxicity characterization of the potential therapeutics. Although the 
library consisted of FDA-approved compounds, the active concentrations against the virus 
were relatively high and not necessarily safe to human use. Moreover, it is pivotal to assess 
the safety of these compounds in early stages of the CNS development before considering 
them to treat pregnant women or newborns. In a recent scientific communication, our group 
demonstrated that many of the compounds identified on the mentioned studies were in fact 
toxic at their effective concentrations against Zika virus [49]. We investigated the toxicological 
profile of 29 compounds described as potential therapeutic against Zika virus infection. By 
testing hiPSC-derived cells at different stages of the CNS development, we observed greater 
toxicity at early stages of the nervous system, with decreasing toxicity as the cells matured 
in vitro. Interestingly, Emricasan (a compound highlighted in a previous publication) dem-
onstrated a safe toxicological profile in all stages of the CNS and did not interfere with the 
normal function of mature neural cultures, as assessed by calcium mobilization assays using 
a fluorescent imaging plate reader (FLIPR) platform and electrophysiology using MEA [48]. 
Nonetheless, this study emphasized the need for extensive early characterization of repur-
posed compounds before considering them to potentially alleviate new diseases.

6. Conclusion/remarks

There is an urgency to accelerate and streamline the process of the development of new 
drugs. From devastating neurodegenerative disorders, such as Alzheimer’s, to global threats, 
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epidemics from known and unknown viruses, we need to be able to rapidly identify safe 
therapeutic compounds. The average time to translate a drug from the bench to the clinic is 10 
years, with an approximate cost of $2.6 billion dollars. One contributor for this is the fact that 
the current drug development process is very inefficient, with fewer than 10% of the drugs 
in development being approved for use [50]. Adverse drug reactions to CNS are responsible 
for a large amount of all drug attrition cases [51]. To change the current scenario, it is cru-
cial to have available a toolbox able to quickly assess the toxicological profile in early steps 
of drug development. The incredible potential of hPSC to expand in vitro and differentiate 
toward any adult cell type makes them ideal tools to large-scale toxicology studies. Together 
with techniques able to assess functional phenotype in real time, such as MEA technology, 
terminally differentiated neurons derived from hPSC could help to improve clinical outcome 
predictability in early steps of the clinical trial, reducing overall costs and turnover of the 
drug development process.

In an attempt to streamline the discovery, development, and delivery of new cures, the House 
of Representatives of the United States of America recently passed the 21st Century Cures 
Act [52]. The bill will allocate funds to the National Institute of Health (NIH) and help to fast 
track the approval of new drugs by the Food and Drug Administration (FDA). The Cures 
Act will also provide funding for three innovative scientific initiatives: the Brain Research 
through Advancing Innovative Neurotechnologies (BRAIN) Initiative, the Precision Medicine 
Initiative (PMI) and the Beau Biden Cancer Moonshot Initiative [53]. Moreover, the Cures Act 
also simplifies the process of data sharing, allowing the quick use of data by the scientific 
community. The BRAIN initiative aims to elucidate how the neural network works in health 
brains and what is altered in neurological disorders. The building of knowledge on these 
brain states is pivotal to any drug development workflow. However, although initiatives as 
the BRAIN are required to advance our medical knowledge about the CNS, it is crucial to 
develop new platforms able to recapitulate these findings in vitro. To this end, platforms to 
assess adverse drug effects on the CNS using hiPSC are pointed as the most promising and 
currently being developed [17].

Human iPSC already started to revolutionize disease modeling in vitro, revealing disease 
mechanisms otherwise not seen using classical animal models. Moreover, once hiPSC can be 
derived from any individual, it enables their use in personalized medicine, including toxi-
cological screening in individual-specific tissues to reveal the potential side effects of drugs 
before their use. One caveat though is the simplified representation of the nervous system 
tissue architecture that can be obtained in vitro using hiPSC-derived cell culture techniques. 
In an attempt to overcome this limitation, the field is seen as a re-emergence of 3D organoids. 
Recent studies with brain organoids have confirmed their potential in recapitulating steps of 
the human brain development and organization. The development of new 3D high-content 
screening technologies, such as Light Sheet Microscopy, and improved differentiation proto-
cols will be critical to a broad adoption of this technology in drug development screenings. 
Moreover, they can be an attractive alternative in replacing animal use in certain applications 
as well in guiding conventional clinical trial studies for dose tolerance in humans. In prin-
ciple, the use of brain organoids in screenings could help to provide a more fine-tuned and 
multipronged approach to understand the risks and benefits of new therapies [10].
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In addition to hPSC, the repurposing of old drugs to new diseases have gained attention in the 
recent years and promise to revolutionize the drug discovery field [54]. Repurposing drugs 
could significantly decrease the time and costs to find new therapies. However, it is still cru-
cial to re-evaluate their toxicological profile. When redirecting compounds to new diseases, 
their new efficacy dosage need to be extensively tested to assure safety on the clinic, once 
many redirected compounds present a higher effective concentration for 50% of the maxi-
mum response (IC50) and may not be clinically relevant. The recent example of repurposing 
drugs to Zika virus found many hits with a higher IC50 than the safest dosage identified in 
a toxicological screening using hiPSC-derived neural progenitor cells, preventing their use 
in newborns and pregnant women [48, 49]. Drug combination therapy, using two or three 
compounds found in the repurposing screening, could potentially increase the success rate of 
such screening by synergistic effects of the combination [54]. Successfully synergistic combi-
nations of drugs would enable the reduction of each drug dosage to nontoxic levels and allow 
to use a therapeutic concentration that is below or equal to their achievable human blood 
concentrations.

Finally, the Zika virus prompted the scientific community to react and collaborate in a 
fashion not seen before. Different fields joined forces sharing a common goal: discover 
new therapies and vaccines to an emerging global threat. It also highlighted the need to 
change the current drug development workflow. In face of such threats, new tools are 
needed allowing researchers to quickly identify new therapeutic compounds. Elements 
discussed on this chapter, such as hPSCs and their derivatives, combined with MEA elec-
trophysiology will streamline this process and be the standard toxicological assays in the 
future.
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Abstract

Since the guiding principles of Replace, Reduce, and Refine were published, wider
context-of-use for alternatives to animal testing have emerged. Induced pluripotent stem
cell-derived human glutamatergic-enriched cortical neurons can be leveraged as 2- and 3-
dimensional platforms to enable candidate drug screening. Uniquely so, 2-dimensional
models are useful considering that they exhibit spontaneous firing, while, 3-dimensional
models show spontaneous synchronized calcium transient oscillations. Here, the limita-
tions of selected induced acute seizure models as well as the early utilization of fully
differentiated glutamatergic neuron models for interrogation of inducible excitotoxicity
following exposure to neuromodulators will be described. The context of use for candi-
date biomarkers of inducible seizure is also discussed.

Keywords: GlutaNeurons, microelectrode array, fluorometric imaging plate reader

1. Introduction

Animal models are often leveraged to evaluate neuronal function within an intact system [1];
yet, the “gold standard” of ex vivo evaluation of brain pathophysiology is “the brain slice
assay” [2]. Brain slice models lend to reduced numbers of animals for the conduct of neurosci-
ence research. While primary neuronal cell cultures derived from animals have supported
in vitro neuroscience studies for decades, their utility often leave to question possible transla-
tion to humans [3]. Human embryonic stem cell models were envisioned to provide more
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translatable context [4]. However, ethical bias towards stem cell procurement from embryos and
the lack of access to physiologically-relevant adult human brain tissues further encouraged
scientists to focus on the advancement of human induced pluripotent stem cell (iPSC)-derived
neuronal models [5]. Several iPSC-derived neurons have been developed to recapitulate net-
work behavior and signaling cascades on-a-dish reminiscent of phenotypes observed in
humans. Comprising the predominant excitatory network are glutamatergic neurons through-
out the cortex, cerebellum, hippocampus, striatum, thalamus, hypothalamus, and visual/audi-
tory system. Neuronal vesicles contain glutamate andmigrate to the synapse where they release
glutamate into the synaptic gap following Na+/K+ exchange (depolarization). More recently,
iPSC-derived human glutamatergic neurons were generated to support cell-based research
strategies [6]. Hence, researchers continue to learn and integrate these cutting-edge technologies
for early safety assessment. This chapter will spotlight the validation of glutamatergic neurons
as a platform for mechanistic assessment of inducible excitotoxicity in drug discovery.

2. Challenges when leveraging iPSC-derived human glutamatergic
neurons

Themost important tasks in using iPSC-derived human glutamatergic neurons is achieving large-
scale generation of human iPSC-derived neural stem cells/early neural progenitor cells in spite of
several challenges related to the differentiation procedures [7]. Terminal differentiation coupled
with preliminary cell model qualification steps often reveal how different iPSC lines made from a
single donor exhibit similar phenotypic marker expression as well as sensitivity to selected
neurotoxicants. Yet, a limitation of iPSCs, in general, is lot-to-lot variability, including optimiza-
tions of culturing conditions (e.g. medium, supplements), following advanced understanding of
how to optimal use such models to assess compound-related effects in vitro. The iCell®
GlutaNeurons (Cellular Dynamics International, a Fujifilm Company, cat. no. GNC-301-030-001)
were developed to provide a more physiologically relevant in vitro platform for de-risking
potentially translatable compound-induced neuronal toxicity early in the drug discovery process.
Notably, iCell® GlutaNeurons represent post-mitotic and highly pure populations (≥90%) of
human cortical glutamatergic neurons (Figure 1). According to the manufacturer, the iPS cell
lines were generated from human peripheral blood through ectopic expression of reprogramming
factors by episomal transfection. The iPS cell clones were engineered using nuclease-mediated
methodologies to exhibit neomycin resistance under the control of a neuronal-specific promoter.

When considering the impact of epigenetic factors state in neuronal development and differen-
tiation and that neurons derived from iPSCs offer a consistently reliable source of cells from a
single donor, baseline gene expression analysis profiles for novel iPSC-derived human
glutamatergic neurons represents another paramount validation step. Baseline single cell gene
transcription analyses was determined from iCell® GlutaNeurons at DIV7 and DIV21 using a
Biomark HD platform and custom assay reagents purchased from Fluidigm (Figure 2).

In general, a major challenge when leveraging hiPSC-derived GlutaNeurons is the lack of
endogenous mechanisms for detoxification as well as the ability to evaluate the impact of
different routes of administration (e.g., intramuscular and/or intraperitoneal injections) and
the inability to evaluate relevant co-morbidities which are observed in animal models and/or
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humans. Therefore, initial GlutaNeuron assessments rely on paradigm compounds that have
been previously well-characterized in vivo [8]. While they provide a way to model in vitro
glutamate excitotoxicity, iPSC-derived GlutaNeurons do not enable the determine relation-
ships between compound and brain segment-specific toxicological responses [9].

Figure 1. Human iCell® GlutaNeurons at DIV14. Fluorescence immunolabeling for phenotypic marker indicated neurons
(βIII-tubulin stain, green); non-neoplastic neurons (synaptophysin stain, red) and non-neuronal cells (40,6-diamidino-2-
phenylindole, DAPI stain, blue). Branched networks were observed rapidly (after 24 h) and remained viable and adherent
for an extended period in culture.

Figure 2. Targeted single-cell analysis to characterize gene transcription in untreated iCell® GlutaNeurons at DIV7 and
DIV21. We found that most cells were positive for glutamatergic gene transcripts in the absence of differential expression
at the two different time points. Abbreviations: GRIA—glutamate receptor, ionotropic, AMPA; GRIK—glutamate recep-
tor, ionotropic, kainate; GRIN—glutamate receptor, ionotropic, NMDA.
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3. Glutamate excitotoxicity

There are three major classes of ionotropic glutamate receptors (iGluRs) and eight subtypes of
metabotropic glutamate receptors (mGluRs) [10]. The iGluRs are predominantly located in
postsynaptic sites and mediate rapid excitatory transmission, while mGluRs are expressed in
both neurons and glial cells and mediate delayed transmission. The amino acid L-glutamate
functions as an excitatory neurotransmitter that preferentially binds to iGluRs and mGluRs on
postsynaptic neurons which follows depolarization by Na+, K+, and Ca2+, resulting in an action
potential [11]. Conversely, the inhibitory neurotransmitter gamma-aminobutyric acid (GABA)
functions to result in hyperpolarization of postsynaptic neurons [12]. Glutamate is synthesized
in neurons, while excessive glutamate is take up from the synaptic cleft by glial cells (astro-
cytes) via excitatory amino acids transporters EAAT1 and EAAT2 [13, 14]. In astrocytes,
glutamate is converted to glutamine by the enzyme glutamate synthase (GS). The glutamine
is transported back into presynaptic terminals via the “neuronal” excitatory amino acids
transporter EAAT3, where it is transformed by the glutaminase to yield glutamate that returns
to vesicles via vesicular glutamate transporters (vGLUT1 and vGLUT2). This biochemical
process is referred to as “the glutamate-glutamine cycle” [15]. Activation of mGluRs by gluta-
mate leads to intracellular inositol trisphosphate (IP3) turnover, activation of ryanodine recep-
tor channels in the endoplasmic reticulum (ER) membrane, and subsequent release of Ca2+

from the ER into the cytoplasmic space. Increased cytoplasmic Ca2+ can induce mitochondrial
uptake of Ca2+ which, if excessive, may result in the production of reactive oxygen species
(ROS) caused by prostaglandin/leukotriene formation and/or insufficient intracellular antioxi-
dants/free radical scavengers; production of reactive nitrogen species (RNS) and/or production
of apoptogenic factors; activation of calcium dependent phospholipases, endonucleases, and
proteases; untoward mitochondrial alterations (loss of buffering capacity); progressive neuro-
nal excitotoxicity; caspase activation; ATP depletion; and ultimately neuronal apoptosis,
necrosis and/or death [16–18]. Glutamate and structurally related analogs of glutamate can
interact with N-methyl D-aspartic acid receptors (NMDAR) under membrane depolarization
conditions (removal of intrinsic Mg2+ channel block of relative Ca2+-dependent responses),
resulting in large amounts of Ca2+ influx which activates downstream signal transduction
cascade to produce neurotoxic damage. These effects can be abrogated by antagonists. Addi-
tionally, binding of glutamate to a-amino-3-hydroxy-5-methy-4-isoxazole propionic acid
receptors (AMPAR) and/or kainate (KA) receptors (KAR) results in Na+ influx, membrane
depolarization and opening the voltage-dependent Ca2+ channels, signaling excitotoxicity.
Conversely, minimal excitotoxicity may follow mitochondrial depolarization, leading to
autophagy, a neuronal protective mechanism.

4. Kainate-induced rat status epilepticus model

In vitro platforms need to be coupled with in vivo models to establish translational relevance.
For example, kainate acid (kainate or KA)-induced rat status epilepticus model (Figure 3A) is
hallmarked by behavioral status epilepticus for up to 7 h following kainate injection coupled
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Figure 3. Hematoxylin and eosin staining and Fluoro-Jade B immunostaining in male Sprague Dawley rats that received
once daily intraperitoneal (I.P.) injections of either vehicle (saline for injection USP, n = 10) or kainate (8 mg/kg/day, n = 16)
for 7 consecutive days (A). In 9/16 KA-treated rats, mild to marked neuronal degeneration marked by increased Flouro-J
immunolabeling when compared to controls (B), ED1/CD68 immunolabeling, indicating increased microglial activation
(C) and GFAP immunolabeling, indicating increased astrogliosis (D) were identified in the hippocampus CA1-CA3
regions.

Table 1. Summary of brain histopathology finding in male Sprague Dawley rats that received once daily intraperitoneal
injections of kainate (8 mg/kg/day, n = 16) for 7 consecutive days. Brain tissues were unremarkable from the control group
rats that received vehicle (saline for injection USP, n = 10) for 7 consecutive days (data not shown).
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with brain lesions characterized by mild to marked neuronal degeneration (Table 1, Figure 3B),
microglial activation [increase in number] (Figure 3C) and astrogliosis (Figure 3D) in the
hippocampus CA1–CA3 regions.

5. Kainate-induced neuronal toxicity in-a-dish

Kainate-induced experimental seizure in animals replicate features of human temporal lobe
epilepsy (TLE), while neuronal toxicity in-a-dish models [19, 20] are useful because direct
exposure of cells to specific concentrations of compound results in the establishment of EC50
or IC50 concentrations. These cell-based models are usually dispersed in a monolayer bed,
with or without an astrocytic layer beneath it. Generally, 18-day-old fetal neurons are com-
monly used, and even “mature” for several weeks in culture, these neurons are not comparable
to adult neurons in vivo [21]. The excitatory iCell® GlutaNeurons were derived using iPSC
technology. Spontaneous electrical activity, including mean firing rat, was measured via micro-
electrode array (MEA) technology before and after reference compound application.

The human iCell® GlutaNeurons are differentiated from a master bank of stably iPSCs and
provided as cryopreserved single-cell suspensions in 1.5 ml frozen cryovials (containing at
least 5–6 million cells/vial) on dry ice. Upon receipt, the original vials were immediately
transferred to liquid nitrogen tank storage until defrosted for cell culture according to the
User’s Guide provided by the vender. At the time of plating, the cells were thawed for exactly
2 min in a 37�C water bath. Complete BrainPhys medium comprised of the BrainPhys Neuro-
nal Medium, iCell DopaNeurons Medium Supplement, iCell Nervous System Supplement, N-
2 supplement, laminin, and penicillin-streptomycin. The Complete BrainPhys medium is
serum free and has been specially formulated whereby it enables cell viability and function
while limiting the proliferation of progenitor or non-neuronal cells. Cells were gently trans-
ferred to a 50 ml tube and 1 ml of the complete BrainPhys medium was added drop-wise and
swirled gently to minimize osmotic shock while an additional 8 ml of BrainPhys medium was
slowly added. The cell suspension was centrifuged at 400� g at room temperature for 5 min,
carefully aspirate the supernatant, and resuspend the cell pellet in 2-3 ml of the complete
BrainPhys medium after cell counting. The re-suspendered cells (100 μl/well) were seeded at
a density of 4 � 104 cells/well (12.5 � 104 cell/cm2) in a Corning 96-well white clear flat bottom
polystyrene microplate (Corning, New York), or at a density of 8 � 104 cells/well in an Axion
48-well MEA plate (Figure 4).

Cells were maintained at 37�C (5% CO2) in the complete BrainPhys medium as describe below.
The cell culture plate well surfaces were freshly prepared with a base layer of Poly-L-ornithine
solution (0.01%; Sigma Aldrich) and a top coating of Matrigel solution (0.028 mg/ml; Sigma-
Aldrich), which are used to promote cell attachment, viability, and function. Spontaneous
electrical activity was recorded as described previously [23]. In general, homogeneous neuro-
nal populations produce spontaneous action potentials; therefore, mean firing rate (MFR)
reflects the action potentials over time which can be used in part to quantify cell functionality.
Multiple action potentials within a short time period represent neuronal burst. The cells were
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maintained at 37�C in an incubator with 5% CO2 for several days in vitro (DIV) with exchange
of 50% of the medium every 2 days before treatment and subsequent parameter measure-
ments. Per our use, the iCell® GlutaNeurons were maintained in culture for up to 21 days in
culture medium without appreciable loss of viability (data not shown).

We tested glutamate receptor agonists and antagonists iCell® GlutaNeurons at DIV9, using
biochemical/functional assays to assess changes in cell viability, biomarker expression levels
and synaptic activity to systematically evaluate concentration and time dependent glutamate
excitotoxicity. Cells were treated with either vehicle (media or 0.1% DMSO), agonist (gluta-
mate), kainate (positive control agonist) or antagonist (NMDA-R Antagonist, MK801; KA-
R/AMPA-R Antagonist, NBQX; and FAAH Inhibitor, URB597) for up to 24 h, or pre-treated
with glutamate receptor antagonists or FAAH inhibitor for 1 h followed by an agonist for up to
24 h. Changes in cell density were determined subjectively using routine bright field micro-
scopic analysis (Figure 5). Concentration-dependent glutamate and kainate induced reductions

Figure 4. For example, the Axion classic 48-well MEA plates consist of wells with an array of 16 individually embedded,
nanotextured gold microelectrodes with four integrated ground electrodes, yielding a total of 768 channels across the
entire plate [22]. The culture plate temperature can be maintained at 37�C using an integrated heating system and
temperature controller based on the low throughput maestro platform (Axion BioSystems, Inc.). The newer low through-
put, maestro PRO and high throughput, Maestro APEX platforms from Axion BioSystems Inc. (not shown) may also be
leveraged.
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in mean cell viability were assessed and compared at 30 min (acute effect; data not shown) and
24 h (lasting effect; Figure 6). For replicate wells for the same treatments, the mean values
relative to concurrent controls were used to calculate the area under the concentration curve
(AUC) in GraphPad Prism 7.0 software. After test compound treatment using the CellTiter-
Glo® Luminescent Cell Viability Assay kit (Promega Corporation, Madison,). Briefly, the
CellTiter-Glo® reagent added directly to cells culture medium results in cell lysis and genera-
tion of a luminescent signal (by luciferase reaction) proportional to the amount of ATP, which
is directly proportional to the number of viable cells present in culture. In this study, ATP levels
released from viable cells mitochondrial were measured in the 96-well plate format with

Figure 5. Changes in cell density of iCell® GlutaNeurons. Reductions in cell density were observed in GlutaNeuron-
astrocyte co-cultures following exposure to kainate (B) when compared to vehicle (A). Phenotypic changes were apparent
with glutamate only (C). Alone, no MK801- (D) or URB597- (E) related effects were observed. iCell® GlutaNeurons were
imaged in brightfield using an EVOS XL digital inverted microscope.

Figure 6. Mean cell viability of iCell® GlutaNeurons following exposure to glutamate (A, 63% loss) and kainate (B, 22%
loss) for 24 h when compared to controls. MK801 (NMDA antagonist, 10 μM = IC50) partially blocked the glutamate-
induced loss (~20%) of mean cell viability (C). FAAH inhibitor URB597, 50 mM) did not reduce the glutamate-induced
effects (D).

Neurotoxins24

approximately 4 � 104 or 8 � 104 cells/well 24 h after drug treatment using a microplate
luminescence reader. All experiments were performed in triplicate wells for each condition
(vehicle or per test compound concentration) and repeated at least three times. Blockade of KA-
induced effects on mean cell viability by pre-treatment with different concentrations of NBQX
was evident (data not shown).

The Axion BioSystems Maestro MEA technology is a label-free platform that measures electri-
cal activity of iCell® GlutaNeurons when cultured directly on MEA plates. Established algo-
rithms within Axion Integrated Studios (AxIS) v1.9 software can detect and quantify several
parameters to assess changes in neuronal functionality, excitability and connectivity. On DIV10
and DIV16, spontaneous network activity was recorded using Axion Biosystems Maestro 768
channel amplifier and AxIS) v1.9 software. The amplifier recorded from all channels simulta-
neously using a gain of 1200� and a sampling rate of 12.5 kHz/channel. After passing the
signal through a Butterworth band-pass filter (300–5000 Hz) on-line spike detection (thresh-
old = 8� rms noise on each channel) was done with the AxIS adaptive spike detector. All
recordings were conducted at 37�C. Spontaneous network activity was recorded in the absence
of compounds for 4 min (baseline), then compounds were added and a continuous 30 min
(acute effects), or various time points (4 min/time points) up to 24 h (sub-chronic effects) of
activity were recorded. Only wells with 10 or more active electrodes (>5 spikes/min) during the

Figure 7. Kainate (A) and glutamate (B) induced changes in MFR in GlutaNeurons. MEA data showed that MK801
(10 μM) attenuated the glutamate (5 μM)-induced excitation at 4 and 24 h (C). Cells pre-exposed to URB597 reduced
glutamate (5 μM)-induced excitation at 4 and 24 h in GlutaNeurons (D).
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baseline recording period were used in the analysis. Stock solutions of compounds were made
to 100� the desired final concentration in 100 μl media, then 2 μl of stock solution was added
to each well (200 μl media) to reach the final desired concentration. Dedicated wells were used
on each 48 well plate for vehicle controls. At least three replicates of the viability assay and
were performed. At least triplicated wells were measured in each replicate. Following addition
of neat compounds, electric activity was recorded continuously for 30 min to determine the
acute effect on neuronal activity, or at different time points up to 24 h to determine the sub-
chronic effect on neuronal activity. Briefly, neurons synaptic activities (spontaneous or induced
action potentials) recorded in 4 min intervals at �2, 0 (baseline), 0.5, 2, 4 and 24 h post-
treatment, and MFR was used a biomarker to quantify functional changes in GlutaNeurons.
Between 0.5-24 h post treatment, pharmacologically relevant concentrations of kainate
(Figure 7A) and Glutamate (Figure 7B) induced changes in MFR in GlutaNeurons. MEA data
showed that MK801 (10 μM) attenuated the Glutamate (5 μM)-induced excitation at 4 and 24 h
(Figure 7C). Cells pre-exposed to URB597 reduced Glutamate (5 μM)-induced excitation at 4
and 24 h in GlutaNeurons (Figure 7D).

6. iPSC-derived neuronal models to enable early de-risking of inducible
neurotoxicity

Drug development is extremely costly and challenging [24]; moreover, lack of confidence in
translatability often leads to failure during clinical trials. Neurotoxicity caused by candidate

Figure 8. StemoniX’s 2D human MicroBrain® model is comprised of human iPS cells-derived cortical neurons and
astrocytes that are amendable to glutamatergic/GABAergic modulation. This model shows typical identity and functional
markers, including MAP2: Neuronal marker; GFAP: Astrocyte marker; Synapsin I: Neuronal functional (synapse) marker;
Aquaporin4: Astrocyte functional marker and DAPI: Nuclear marker [29–30].

Neurotoxins26

Figure 9. Changes in cell density of StemoniX’s pre-plated, assay ready high throughput 2D human glutamatergic
MicroBrain® platform (DIV33) imaged in bright field using an EVOS XL digital inverted microscope (A). Quantitative
reductions in cell density were observed following 24-h exposure to kainate when compared to vehicle (1% DMSO) using
a CellTiter-Glo® Luminescent Cell Viability Assay kit (B). Calcein-AM (blue line) and Annexin V (red line) assays were
used to detect kainate-induced loss of cell viability and increased apoptosis, respectively (C).

Induced Pluripotent Stem Cell-Derived Human Glutamatergic Neurons as a Platform for Mechanistic Assessment of…
http://dx.doi.org/10.5772/intechopen.77043

27



baseline recording period were used in the analysis. Stock solutions of compounds were made
to 100� the desired final concentration in 100 μl media, then 2 μl of stock solution was added
to each well (200 μl media) to reach the final desired concentration. Dedicated wells were used
on each 48 well plate for vehicle controls. At least three replicates of the viability assay and
were performed. At least triplicated wells were measured in each replicate. Following addition
of neat compounds, electric activity was recorded continuously for 30 min to determine the
acute effect on neuronal activity, or at different time points up to 24 h to determine the sub-
chronic effect on neuronal activity. Briefly, neurons synaptic activities (spontaneous or induced
action potentials) recorded in 4 min intervals at �2, 0 (baseline), 0.5, 2, 4 and 24 h post-
treatment, and MFR was used a biomarker to quantify functional changes in GlutaNeurons.
Between 0.5-24 h post treatment, pharmacologically relevant concentrations of kainate
(Figure 7A) and Glutamate (Figure 7B) induced changes in MFR in GlutaNeurons. MEA data
showed that MK801 (10 μM) attenuated the Glutamate (5 μM)-induced excitation at 4 and 24 h
(Figure 7C). Cells pre-exposed to URB597 reduced Glutamate (5 μM)-induced excitation at 4
and 24 h in GlutaNeurons (Figure 7D).

6. iPSC-derived neuronal models to enable early de-risking of inducible
neurotoxicity

Drug development is extremely costly and challenging [24]; moreover, lack of confidence in
translatability often leads to failure during clinical trials. Neurotoxicity caused by candidate

Figure 8. StemoniX’s 2D human MicroBrain® model is comprised of human iPS cells-derived cortical neurons and
astrocytes that are amendable to glutamatergic/GABAergic modulation. This model shows typical identity and functional
markers, including MAP2: Neuronal marker; GFAP: Astrocyte marker; Synapsin I: Neuronal functional (synapse) marker;
Aquaporin4: Astrocyte functional marker and DAPI: Nuclear marker [29–30].

Neurotoxins26

Figure 9. Changes in cell density of StemoniX’s pre-plated, assay ready high throughput 2D human glutamatergic
MicroBrain® platform (DIV33) imaged in bright field using an EVOS XL digital inverted microscope (A). Quantitative
reductions in cell density were observed following 24-h exposure to kainate when compared to vehicle (1% DMSO) using
a CellTiter-Glo® Luminescent Cell Viability Assay kit (B). Calcein-AM (blue line) and Annexin V (red line) assays were
used to detect kainate-induced loss of cell viability and increased apoptosis, respectively (C).

Induced Pluripotent Stem Cell-Derived Human Glutamatergic Neurons as a Platform for Mechanistic Assessment of…
http://dx.doi.org/10.5772/intechopen.77043

27



drugs can lead to temporary or permanent harm to the central or peripheral nervous system.
In case of glutamate excitotoxicity, excessive stimulation of the neurons occurs due to brain
injury. Therefore, a major goal of the pharmaceutical industry has been to reduce late stage
compound attrition due to neurotoxicity. Pharmaceutical companies, consortia (the Health
and Environmental Sciences Institute) and regulatory authorities continue to establish more
predicative models and biomarkers for early identification of neurotoxicity [25]. It is gener-
ally accepted, that iPSC-derived GlutaNeurons offer advantages over in vivo models: (1)
isolated cells for glutamatergic signal transduction assessment in a dish; (2) low- and/or
high-throughput screening at less cost and time than in vivo study conduct, although the
MEA data interpretations may take several weeks; and (3) mechanistic assessment of neuro-
toxicity in vitro [26, 27]. Considering that candidate drugs may exhibit deleterious excitotoxic
liabilities, iPSC derived GlutaNeurons support screening tools for early de-risking potentially
translatable neurotoxicity. iCell® GlutaNeurons provide a relevant, excitatory neuronal model
that enables researchers to study human neuronal network development and activity through
interrogation and manipulation of relevant pathological pathways, thereby providing a new
and valuable tool for drug discovery.

Figure 10. The StemoniX 3D Human MicroBrain® model contains a balanced population of cortical neurons and
astrocytes which display typical identity and functional markers, including MAP2: Neuronal marker; GFAP: Astrocyte
marker; Synapsin I: Neuronal functional (synapse) marker; Aquaporin4: Astrocyte functional marker and DAPI:
Nuclear marker [30].

Neurotoxins28

Previous studies revealed changes in brain organoid viability, proliferation, differentiation,
and migration [28]. Newer human neural models try to replicate the brain complexity incor-
porating key features of the organ, such as the presence of a functional population of astro-
cytes. The MicroBrain® 2D model from StemoniX, (Figure 8) consists of a physiological
relevant mixture of human iPS cells-derived cortical neurons and astrocytes [29]. Tests using
this system have the potential of better recapitulate the intricate interplay between different
neural cells and physiological response observed in vivo (Figure 9).

Recently, 3D human brain organoids have been used to assess spontaneous and synchronized
neuronal activity and glutamate excitotoxicity. One interesting model is that the MicroBrain 3D
Assay Ready Plates® (StemoniX), which consists of human cortical neurons and astrocytes
spheroids (Figure 10) in 384-well format [29], containing one spheroid per well. These neural
brain organoids are highly homogenous in size at approximately 500 μm and show pheno-
typic markers of mature cellular (e.g., synaptic proteins and glutamate transporters). Quantifi-
able synchronized spontaneous calcium oscillations may be detected from this 3D MicroBrain
platform using a kinetic, high-throughput Fluorometric Imaging Plate Reader (FLIPR®). High
speed confocal imaging confirmed homogenous calcium oscillations at the cellular level,
whereas MEA analysis demonstrated robust synchronous glutamatergic/GABAergic circuitry.
Moreover, synchronized calcium oscillations may be utilized as a biomarker for neuronal
network activity in 3D MicroBrains. Finally, the MicroBrain 3D platforms are offered as pre-
plated cells delivered at room temperature, speeding up the turnover of results, dispensing the
need for long-term culture in the lab before the assay.

7. Recent advances in the development and validation sensitive and
specific biomarkers for drug-induced neurotoxicity using iPSC-derived
neuronal models

As noted above, pharmaceutical companies, the Health and Environmental Sciences Institute
consortia and regulatory authorities have committed resources intended for developing and
validating sensitive and specific biomarkers for early detection of drug-induced neurotoxicity
[25]. Recent studies have shown synchronized calcium oscillations as a useful biomarker for
neuronal network activity in CDI’s 2D GlutaNeurons using the Hamamatsu FDSS7000EX/
μCELL (a camera-based kinetic plate reader) [31] (Figure 11) and Stemonix’s 3D MicroBrains
using FLIPR [30] when cultured in 384-well plates (Figure 12). Synchronous spontaneous
(MicroBrain 3D) or 4-AP-induced (GlutaNeurons) calcium flux are evident in these in vitro
platforms. Taken together, inducible calcium flux in these models appears as a value-added
parameter to enable early discovery compound screening. Additional studies will reveal the
variables between in vivo calcium changes in the brain and those noted using various neuronal
on-a-dish models as well as the translational values for calcium flux to MEA data, when
monitoring for changes in electrophysiological parameters related to neurotoxin exposures.

MicroRNAs (miRNAs) are small non-coding RNAs that regulate post-transcriptional gene
expression in pathologic processes and can be found in plasma, serum and brain tissue, for
example, circulating miRNA concentrations were differentially expressed in epilepsy patients
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compared healthy controls [32]. Notably, significantly decreased expression level changes in
serum hsa-miR-15a-5p showed sensitivity/specificity for diagnosis of epilepsy. To determine
the utility of miRNAs in a rat model of acute experimental seizure, we evaluated miRNA
expression level changes in serum as well as flash frozen cerebrum (cortex) and hippocampus
from male Sprague Dawley rats that received the prototype compound, pentylenetetrazol,
PTZ by single I.P. injection (Figure 13). In this study, single injection of PTZ at 60 mg/kg, I.P.
was a subconvulsive dose, while single injection of PTZ at 80 mg/kg, I.P. induced decreased
activity, straub tail, whole body tremor, heavy breathing, decreased body temperature (cold to
touch), and seizures (irregular clonus of head and fore and hind limbs) by approximately
20 min post dosing. Serum glucose (a conventional seizure biomarker) was increased at the
time of acute convulsive activity. Using the Abcam Fireplex™ Multiplex Rodent Discovery
miRNA Toxicity Panel, significantly upregulated (35) or downregulated (26) miRNA expres-
sion level changes were detected from PTZ-treated rats with seizures versus controls without
seizures; cerebral cortex revealed that miRNAs were significantly upregulated (1) or
downregulated (5) in the PTZ-treated rats versus controls; and hippocampus revealed that
miRNAs were significantly upregulated (8) or downregulated (3) in the PTZ-treated rats
versus controls (data not shown). The miRNA profiles differed between cerebral cortex and
hippocampus. As have been report for epilepsy patients, PTZ-induced acute seizures in rats
were characterized by significantly decreased expression level changes in miR-15a-5p in cere-
bral cortex and serum (Figure 12). Taken together, circulating miR-15a-5p could be a
minimally-invasive biomarker to enable monitoring for epilepsy in human patients [32] and
PTZ-induced rat models of acute seizure. Additionally, retrospective analysis revealed 6 sig-
nificantly upregulated miRNAs (mmu-mir-664-3p, mmu-mir-137-3p, mmu-mir-466i-5p, mmu-
mir-204-5p, mmu-mir-221-3p, mmu-mir-29c-5p) and 3 significantly downregulated miRNAs
(mmu-mir 324 5p, mmu-mir-140-5p, mmu-mir-328-3p) in male SD rats with seizures following
once daily injections of the KA (8 mg/kg/day, i.p.) for 7 consecutive days versus control
(vehicle: saline-treated) rats without seizures (author’s unpublished data). These miRNAs
showed promise as tissue-based exploratory biomarkers in rats with brain injury following
KA-induced experimental seizures. Additionally, early data suggest that selected miRNAs
detected from paraffin-embedded brain tissue slices may also correlate with profiles in hippo-
campal lesions (author’s unpublished data).

Figure 11. Representative detection of 4-aminopyridine (4-AP)-induced synchronization of calcium oscillations in CDI’s
2D GlutaNeurons at DIV28 (post seeding). Interestingly, spontaneous basal synchronized calcium flux activities are not
evident in CDI’s 2D GlutaNeurons. N = 4 replicates. 5-point dose concentration response condition. Each well was
normalized to concurrent control.

Neurotoxins30

Figure 12. Representative heat map of spontaneous basal synchronized calcium flux activity in StemoniX’s 3D Human
MicroBrain® (A) and characterization of synchronous glutamatergic calcium flux (30 min) post glutamate, kainate or
control treatment (B). N = 6 replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (when compared to concurrent
control).
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When compared to those derived from animal models and/or animal-derived cell systems,
miRNAs from iPSC-derived human neuronal models which may have greater potential for
translation to human serum-based biomarkers. Interestingly, profiling of secreted miRNAs as
novel biomarkers of neurodegeneration in CDI’s iPSC-derived human neurons following acute
(24 h) exposure to selected neurotoxicants has been reported [33]. Lessons learned from these
studies included leveraging human iPSC-derived neurons at well-characterized stages of decline
in morphology as indicated by high-content imaging analysis of neurite outgrowth parameters
and cell viability (ATP release assay on replicate plates). Hence, CDI’s human iPSC-derived
neurons were treated at 2 h post-plating with 0.1–100 μM of neurotoxicants (including but not
limited to bisindolylmaleimide I, colchicine, doxorubicin, paclitaxel and rotenone) or acetamin-
ophen (negative control). Acute miRNA expression level changes were determined from condi-
tioned cell culture medium, while adhered cells were analyzed using high-content imaging
analysis. The low compounds concentrations had no/minimal effect on cell viability but with a
significant decrease in neurite outgrowth, while the high compound concentrations induced
significant decreases in both endpoints. No effect on any endpoint was observed with acetamin-
ophen. Where relevant, neurotoxins that induced at least a 2-fold change in miRNA expression
were potentially related to a decrease in neurite outgrowth, with further clustering based on
association to cell viability, yielding: (1) no effect, (2) significantly decreased, or (3) independent
of effect; indicating a relationship of miRNAs to progressive stages of neurodegeneration. While
further investigations are warranted, the miRNAs profiles identified in cell culture medium of
treated CDI’s iPSC derived neurons may have greater translation to human serum-based bio-
markers than those derived from either rodent cell lines and/or animal models of neurodegener-
ative disease(s). The usefulness of monitoring changes in miRNA profiles from 3D iPSC-derived
neuronal models (e.g., Stemonix’s 3D MicroBrains) has not been reported.

8. Summary

In vitro models support risk assessment in drug discovery and development. While, the extrap-
olation of toxicity data from animal models to humans is imperfect due to differences in ana-
tomy and physiology, these traditional models are used because they represent whole-organism

Figure 13. Male Sprague Dawley rats received a single I.P. injection of either vehicle (saline for injection USP, n = 10) or
pentylenetetrazol (PTZ, 80 mg/kg, n = 10). In 10/10 PTZ-treated rats, decreased activity, straub tail, whole body tremor,
heavy breathing, decreased body temperature (cold to touch), and seizures (irregular clonus of head and fore and hind
limbs) were evident by approximately 20 min post dosing. Significant increases in serum glucose concentrations were
detected in the PTZ-treated rats when compared to controls (A). Using the Abcam Fireplex™Multiplex Rodent Discovery
miRNA Toxicity Panel, PTZ-induced acute seizures in rats were characterized by significantly decreased expression level
changes in miR-106b-5p in cerebral cortex (B) and serum (C). *p < 0.05; **p < 0.01; ***p < 0.001 (when compared to
concurrent control).
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biology that is not well replicated by in vitro methods. Increasing pressure to Replace, Reduce,
and Refine the use of animal models in toxicity testing has propelled the use of in vitro systems to
characterize the cellular and molecular mechanisms underlying biological changes associated
with neurotoxicant exposure. The availability of iPSC-derived human GlutaNeuron cell models
(Figure 14) provides relatively easy access to previously unattainable cell types from the human
CNS system, which not only offer a unique source of neuronal cell types for candidate drug
screening, but also provide new platforms to enable addressing the limitations of conventional
animal models and primary cell cultures commonly used for mechanistic assessment of poten-
tially translatable inducible excitotoxicity in drug discovery.
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types of fungicides that are distributed globally in the soil and water through water run-
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1. Introduction

Fungal infestations of agriculturally important crops, like the infamous potato late blight 
(Phytophthora infestans) that caused widespread famine and death in the 1800s in Ireland, 
are estimated to be responsible for at least 13% of crop losses in the world annually. The 
Magnaporthe grisea fungus, an Ascomycota, is considered one of the most damaging in the 
world, infesting rice crops at a devastating annual loss [1]. In addition to agricultural blights, 
rusts, smuts, mildews and other types of fungal infections, fungal infestations are respon-
sible for the Chestnut blight (Cryphonectria parasitica) that caused the near annihilation  
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of the American Chestnut tree and Dutch elm disease, caused by two different fungi carried 
by the elm bark beetle, that is currently decimating American elm trees. In addition to plant 
fungal diseases, pathogenic fungi infect many different animals, from beneficial insects 
to humans. For example, Ascosphaera apis is a fungus that devours honey bee larvae and 
Stonebrood is a fungal infection that affects honey bees, as well as other insects, mammals 
and birds [2]. Further, animals can unwittingly participate in the fungal lifecycle and so 
serve as reservoirs of pathogenic fungi. Many fungal infections in humans are opportunis-
tic, like Candida albicans (yeast infections) and Athlete’s foot (Trichophyton mentagrophytes) 
[1]. Fungal infections are often highly contagious and resist treatment and so are of major 
concern to public health.

Fungicides are thus used both in the home and in agriculture. Dithiocarbamates like maneb, 
mancozeb and thiram were introduced commercially in the mid-twentieth century and many 
remain popular today. Multiple classes of organic fungicides are in current use for their ease 
of preparation, enhanced fungal toxicity, and reduced phytotoxicity. Currently, more than 
80% of the agricultural sites in the US have regular treatment with fungicides [1], the majority 
of them are broad spectrum with multiple modes of action. Because many fungal infestations 
are difficult to eradicate, use of fungicides prophylactically in agriculture is common practice. 
In recent years, the use of fungicides to ward off fungal infections and to increase crop yields 
has soared, spurred in part by the increased production of a variety of fungicides. Fungicides 
are routinely and frequently applied to up to 30% of the US crops of soybean, corn and wheat. 
A recent study revealed that 75% of surface waters tested in the US and 58% of ground water 
contained measurable levels of fungicides known to be toxic to aquatic animals [3].

Understanding the biological effects of fungicides and fungicide mixtures on non-target 
organisms, including humans, is critical. While application levels of most fungicides seem 
to cause little overt toxicity in mammals, much lower doses have been linked to obesity in 
mice [4] and Parkinson’s like symptoms in mammals, including humans [5]. In addition, early 
exposure to a number of fungicides has been linked to epigenetic, transgenerational occur-
rence of obesity in mammals [5]. Because fungicide contamination is found worldwide and 
these chemicals are heavily used, there is an urgent need to examine the effects of fungi-
cides on growth, development and health of organisms that are exposed, including aquatic 
organisms, soil organisms, birds and mammals. This chapter will review current use of sev-
eral fungicides and will argue that the use of the model organism, Caenorhabditis elegans, is 
an important strategy for examining the effects of fungicides on behavior, nervous system, 
growth and development.

2. Uses and variety of fungicides

A large and increasing number of fungicides are used for agriculturally critical crops like soy-
bean, rice, corn and wheat, as well as for orchard fruits and vegetables. Table 1 lists the most 
commonly applied chemical categories of fungicides for commercial agricultural use and 
their major mode for action [6]. Many fungicides are applied topically to either the seed or the 

Neurotoxins38

plants and the ground surrounding and act to repel fungal spores and prevent fungal growth 
and infection. These are considered less toxic to humans, except for workers involved in their 
application. Contact fungicides include the dithiocarbamates and aromatic hydrocarbons [6]. 
These compounds wash off and can enter the water supplies and intercalate into the soil. 
Acute neurotoxicity has been reported for the Mn2+-containing ethylene-bis-dithiocarbamate 
fungicides mancozeb [7] and thiram [8] via selective dopaminergic and gabanergic neuron 
signaling associated with perturbations in mitochondrial respiration. Other fungicides can 
be absorbed into plant tissues, with either limited penetrance (strobilurins, dicarboxyamides) 
or systemic distribution (phosphonates). Vinclozolin is a dicarboximide fungicide that has 
antiandrogen activity in developing male brain [9] and is used primarily to treat diseases 
caused by Botrytis cinerea and Monilinia spp. [10]. In mammalian brain, the preoptic/anterior 
hypothalamic area (POA/AH) is one of the most sexually dimorphic areas as reported previ-
ously for male and female rabbit offspring with sexual dimorphism and endocrine disrup-
tion induced by vinclozolin. A previous report noted that secondary products of vinclozolin 
activity may result in lipid peroxidation as well as oxygen free radical turnover in B. cinerea. 
Further investigations are warranted to reveal whether metabolites of vinclozolin induced 
signaling mechanisms that lead lipid peroxidation and/or oxygen free radicals associated 
with neurotoxicity. Another carbamate fungicide, propamocarb, induced decreased motor 
activity and vacuolization of the choroid plexus in rats and interference with glycolysis and 
formation of fibrillary proteins like neurofilaments through interaction with SH-groups [11]. 
Fungicides are also applied post-harvest to reduce rot during food storage and transport, and 
residues persist after food processing. A few specific examples are discussed below. A com-
prehensive review of all the major types of fungicides is beyond the scope of this review and 
the reader is directed to several recent reviews [6, 12].

Category of fungicide Specific example Major effect

Azole Myclobutanil, fluconazole, flutriafol Inhibit sterol synthesis

Pyrimidines Fenarimol Disrupt sterol synthesis

Strobilurins Azoxystrobin Inhibit mitochondrial respiration

Polyoxins Polyoxin D *

Benzimidazoles Thiophanate-methyl Inhibit cell division

Dicarboxamides Vinclozolin Inhibition of androgen signaling

Carbamates Propamocarb *Non-cholinergic mechanism

Dithiocarbamates Mancozeb, thiram Inhibit mitochondrial respiration

Aromatic hydrocarbons Chloroneb Uncouple oxidative phosphorylation

biofungicides Soilguard Microorganism defense

Carboxamides Boscalid Inhibit succinic acid oxidation

*Unknown mechanism of toxicity.

Table 1. Classes of commonly applied fungicides and major mode of action (adapted from [6]).
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2.1. Azole fungicides

In general, azole fungicides inhibit the formation of the fungal cell wall by interfering with 
a key enzyme involved in ergosterol biosynthesis [13]. There are a large number of differ-
ent azole fungicides, used both agriculturally and in medicine. Despite their widespread 
use, relatively little work has been done to examine the toxicity of these compounds to 
wildlife and humans. One commonly used azole, flutriafol, has been associated with liver 
toxicity, reduced body weight of offspring and possible endocrine disruption of female 
fertility in rats [13, 14]. Another azole, triadimefon, disrupts dopamine neurotransmission 
function in rats, with subsequent effects on the nigrostriatal system that governs behav-
iors like general locomotor activity, as well as stereotyped, repetitive behaviors [15]. One 
recent study demonstrated edema and necrosis of circular and longitudinal muscle lay-
ers in earthworms exposed to tebuconazole for 14 days [16]. Further, epoxiconazole, a 
commonly applied triazole, acts as a male reproductive toxicant in rats [17] and damaged 
spermatogenesis in C. elegans [18]. Pursuing studies using C. elegans is a very useful and 
important avenue of research.

2.2. Strobilurins

This class of fungicide, developed in the 1990s has rapidly become the second most preva-
lent type of fungicide, accounting for a $600 million industry that includes treatment of soy-
bean, wheat and other cereal crops. Compounds like kresoxim-methyl and pyraclostrobin 
are broad-spectrum fungicides that have long-term stability [19] and were recently shown to 
be neurotoxic to cultured mammalian neurons [20]. Pyraclostrobin fed to rodents was also 
associated with stomach ulcerations, reduced weight gain and decreased food consumption 
[21]. In contrast, azoxystrobin did not cause significant toxicological health risks to humans 
from levels measured in the environment [22]. These compounds, while heavily used, have 
not been studied extensively by researchers, so much more work is needed.

2.3. Dithiocarbamates

Dithiocarbamate fungicides have been in use globally since the 1940s and are often consid-
ered to be only mildly toxic, or a moderate irritant, to mammals and human agricultural 
workers [23]. However, numerous reports have linked the exposure to these compounds to 
neurodegenerative damage to dopaminergic systems, including Parkinson’s disease ([5, 24]; 
reviewed in Ref. [25]). Because many of these compounds chelate metal ions, particularly 
divalent cations like manganese, magnesium and zinc, the commercial formulations often 
contain these metal ions [26], which can exert toxic effects independently and in conjunction 
with the organic moieties in the formulations [27]. These compounds, including maneb, man-
cozeb and manate, have been shown to alter ion channel function [28] and inhibit mitochon-
drial function [29], as well as generate ROS (reactive oxygen species) [30]. The subsequent 
sections of this chapter focus on this fungicide as an example of the utility of C. elegans for 
examining fungicide effects on nervous system and behavior.
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3. Use of C. elegans as a model to assess fungicide effects on development, 
lifespan and the nervous system

A number of pesticide and fungicide toxicology studies utilize the earthworm (e.g., Eisenia 
fetida) because of the importance of earthworms in soil health [16]. However, this organism 
lacks the ease of cultivation and powerful genetics of the model organism, C. elegans. The soil 
nematode, C. elegans, is an excellent model organism for neurotoxicology study of fungicides 
[31]. C. elegans is an important mesofaunal soil nematode that consumes bacteria and is pre-
dated by fungi, other nematodes and a host of other soil organisms [32]. C. elegans is a free-
living, non-parasitic nematode that grows from egg to adult in about 3.5 days at 20°C, with 
a lifespan of about 18 days at that temperature. The nematode is transparent, 1 mm in length 
as an adult and is easily grown on agar plates with small patches of Escherichia coli as food. 
Hermaphroditic with the possibility of sexual mating with a low frequency male phenotype, 
the nematodes each produce 300 progeny through self-fertilization and up to 1000 progeny if 
mated with a male. The genome has been fully sequenced and a number of laboratories have 
generated a rich variety of mutants, including strains that express green fluorescent protein 
under different promoters. The GFP strains allow researchers to examine particular cell types 
or tissues using fluorescence microscopy. While a simple organism with only 302 neurons 
and a total of 959 cells, C. elegans nonetheless exhibits numerous behaviors and sensory func-
tions, including associative and non-associative learning. It uses all the major neurotransmit-
ters found in other invertebrates and shares at least 60% genes with mammals. C. elegans can 
self-fertilize or reproduce sexually, making genetic-level studies straightforward. Its short life 
span, transparent body and ease of cultivation have made C. elegans a key model for neuro-
toxicological study [33].

3.1. C. elegans dopamine neurons

Fungicides can have long-term effects on soil organisms, including nematodes [34]. Early 
reports of parkinsonism and other dopaminergic neuron-mediated neurological conditions 
in agricultural workers exposed to these compounds [35–37] generated interest in examin-
ing the unintended mechanisms by which these fungicides exert neurotoxicological effects. 
C. elegans is an ideal organism for experimentally examining the neurotoxicological effects of 
these fungicides on dopamine neurons and the behaviors they govern. C. elegans have four 
pairs of dopaminergic neurons, two pairs of CEP (cephalic sensilla) neurons, one pair of ADE 
(anterior deirids) neurons and one pair of PDE (posterior deirids) neurons [38]. These neu-
rons modulate a variety of behavioral responses including foraging behavior, locomotion 
rate upon entering food, transition from swimming to crawling, egg-laying and defecation 
[39, 40]. The neurons are also large, readily identified in the light microscope and can be 
evaluated for neurodegeneration using established morphological criteria [33].

The CEP neurons reside anterior to the circumpharyngeal nerve ring in the head region of the ani-
mal and have ciliated processes that extend to the mouth/nose tip region (Figure 3A). The neurons 

Use of the Model Organism Caenorhabditis elegans to Elucidate Neurotoxic and Behavioral…
http://dx.doi.org/10.5772/intechopen.70994

41



2.1. Azole fungicides

In general, azole fungicides inhibit the formation of the fungal cell wall by interfering with 
a key enzyme involved in ergosterol biosynthesis [13]. There are a large number of differ-
ent azole fungicides, used both agriculturally and in medicine. Despite their widespread 
use, relatively little work has been done to examine the toxicity of these compounds to 
wildlife and humans. One commonly used azole, flutriafol, has been associated with liver 
toxicity, reduced body weight of offspring and possible endocrine disruption of female 
fertility in rats [13, 14]. Another azole, triadimefon, disrupts dopamine neurotransmission 
function in rats, with subsequent effects on the nigrostriatal system that governs behav-
iors like general locomotor activity, as well as stereotyped, repetitive behaviors [15]. One 
recent study demonstrated edema and necrosis of circular and longitudinal muscle lay-
ers in earthworms exposed to tebuconazole for 14 days [16]. Further, epoxiconazole, a 
commonly applied triazole, acts as a male reproductive toxicant in rats [17] and damaged 
spermatogenesis in C. elegans [18]. Pursuing studies using C. elegans is a very useful and 
important avenue of research.

2.2. Strobilurins

This class of fungicide, developed in the 1990s has rapidly become the second most preva-
lent type of fungicide, accounting for a $600 million industry that includes treatment of soy-
bean, wheat and other cereal crops. Compounds like kresoxim-methyl and pyraclostrobin 
are broad-spectrum fungicides that have long-term stability [19] and were recently shown to 
be neurotoxic to cultured mammalian neurons [20]. Pyraclostrobin fed to rodents was also 
associated with stomach ulcerations, reduced weight gain and decreased food consumption 
[21]. In contrast, azoxystrobin did not cause significant toxicological health risks to humans 
from levels measured in the environment [22]. These compounds, while heavily used, have 
not been studied extensively by researchers, so much more work is needed.

2.3. Dithiocarbamates

Dithiocarbamate fungicides have been in use globally since the 1940s and are often consid-
ered to be only mildly toxic, or a moderate irritant, to mammals and human agricultural 
workers [23]. However, numerous reports have linked the exposure to these compounds to 
neurodegenerative damage to dopaminergic systems, including Parkinson’s disease ([5, 24]; 
reviewed in Ref. [25]). Because many of these compounds chelate metal ions, particularly 
divalent cations like manganese, magnesium and zinc, the commercial formulations often 
contain these metal ions [26], which can exert toxic effects independently and in conjunction 
with the organic moieties in the formulations [27]. These compounds, including maneb, man-
cozeb and manate, have been shown to alter ion channel function [28] and inhibit mitochon-
drial function [29], as well as generate ROS (reactive oxygen species) [30]. The subsequent 
sections of this chapter focus on this fungicide as an example of the utility of C. elegans for 
examining fungicide effects on nervous system and behavior.
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3. Use of C. elegans as a model to assess fungicide effects on development, 
lifespan and the nervous system

A number of pesticide and fungicide toxicology studies utilize the earthworm (e.g., Eisenia 
fetida) because of the importance of earthworms in soil health [16]. However, this organism 
lacks the ease of cultivation and powerful genetics of the model organism, C. elegans. The soil 
nematode, C. elegans, is an excellent model organism for neurotoxicology study of fungicides 
[31]. C. elegans is an important mesofaunal soil nematode that consumes bacteria and is pre-
dated by fungi, other nematodes and a host of other soil organisms [32]. C. elegans is a free-
living, non-parasitic nematode that grows from egg to adult in about 3.5 days at 20°C, with 
a lifespan of about 18 days at that temperature. The nematode is transparent, 1 mm in length 
as an adult and is easily grown on agar plates with small patches of Escherichia coli as food. 
Hermaphroditic with the possibility of sexual mating with a low frequency male phenotype, 
the nematodes each produce 300 progeny through self-fertilization and up to 1000 progeny if 
mated with a male. The genome has been fully sequenced and a number of laboratories have 
generated a rich variety of mutants, including strains that express green fluorescent protein 
under different promoters. The GFP strains allow researchers to examine particular cell types 
or tissues using fluorescence microscopy. While a simple organism with only 302 neurons 
and a total of 959 cells, C. elegans nonetheless exhibits numerous behaviors and sensory func-
tions, including associative and non-associative learning. It uses all the major neurotransmit-
ters found in other invertebrates and shares at least 60% genes with mammals. C. elegans can 
self-fertilize or reproduce sexually, making genetic-level studies straightforward. Its short life 
span, transparent body and ease of cultivation have made C. elegans a key model for neuro-
toxicological study [33].

3.1. C. elegans dopamine neurons

Fungicides can have long-term effects on soil organisms, including nematodes [34]. Early 
reports of parkinsonism and other dopaminergic neuron-mediated neurological conditions 
in agricultural workers exposed to these compounds [35–37] generated interest in examin-
ing the unintended mechanisms by which these fungicides exert neurotoxicological effects. 
C. elegans is an ideal organism for experimentally examining the neurotoxicological effects of 
these fungicides on dopamine neurons and the behaviors they govern. C. elegans have four 
pairs of dopaminergic neurons, two pairs of CEP (cephalic sensilla) neurons, one pair of ADE 
(anterior deirids) neurons and one pair of PDE (posterior deirids) neurons [38]. These neu-
rons modulate a variety of behavioral responses including foraging behavior, locomotion 
rate upon entering food, transition from swimming to crawling, egg-laying and defecation 
[39, 40]. The neurons are also large, readily identified in the light microscope and can be 
evaluated for neurodegeneration using established morphological criteria [33].

The CEP neurons reside anterior to the circumpharyngeal nerve ring in the head region of the ani-
mal and have ciliated processes that extend to the mouth/nose tip region (Figure 3A). The neurons 
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synthesize and release dopamine [41] as well as express acetylcholinesterase, a target of many 
pesticides. These neurons modulate a variety of behavioral responses including foraging behavior 
and locomotion rate upon entering food [39, 40]. They regulate a characteristic feeding behavior 
called basal slowing, wherein the animal detects the presence of bacteria via mechanosensation 
transduced by these neurons and slows its foraging locomotion. CEP neurons modulate feed-
ing/search behavior by altering the overall activity of a 48 neuron circuit [42]. The ADE neurons, 
posterior to CEP neurons but still slightly anterior to the circumpharyngeal nerve ring, serve as 
mechanoreceptors that regulate the animal’s response to nose touch and the presence of bacteria. 
Like the CEP neurons, they regulate the basal slowing response to food, and in addition, respond 
to harsher nose touch with a recoil response. These neurons also seem to participate in responses 
to nematode pheromones that regulate foraging and the recovery from dauer formation [43].

The PDE neurons, found in the posterior half of the nematode, also regulate the basal slowing 
response upon nematode entry to a lawn of bacterial food [39]. These dopaminergic neurons 
have also been found to regulate more complex behaviors and functions like locomotion, 
sensory perception, and learning [39, 44–48]. Because there are straightforward behavioral 
assays of dopaminergic neuron function, and because there are readily available strains of 
nematodes that express GFP in dopaminergic neurons, C. elegans serve as a powerful model 
organism for examining the effects of fungicides on dopaminergic systems.

A number of dithiocarbamate fungicides, including maneb, ziram and Mancozeb, have been 
evaluated using the C. elegans model system. Mancozeb is a commercial formulation of the 
main active ingredients ethylene-bis-dithiocarbamate, zinc, manganese, as well as other 
“inactive” compounds that are not published by the company (Bonide Products, Inc., NY). It 
is used in agricultural and residential garden settings to control a variety of fungal infections 
that infest ornamental plants and vegetables, like blossom end rot and downy mildew [49]. 
Mancozeb is currently approved for use in over 120 countries including the United States. It 
is used on over 70 different crops and protects against more than 400 different fungal infec-
tions [50]. Typically, even though it has limited solubility in water, Mancozeb is applied as a 
mixture with water to plants and the soil around them, where it forms a film on the plants and 
intercalates into the upper layers of soil. According to the application instructions, Mancozeb 
is most typically applied at a final concentration in the range of 0.5–1.5% (v/v). Mancozeb has 
an active half-life of 1–7 days depending on weather conditions. The targeted mechanism of 
action of Mancozeb is the disruption of key metabolic enzymes by altering sulfhydryl groups. 
There is also evidence that the metabolite, ethylenethiourea (ETU) might also have toxic 
effects. The organic moiety of Mancozeb is a potential estrogen disrupting chemical and sus-
pected carcinogen [51]. Further, the manganese and zinc present in the formulation also cause 
toxicity via multiple mechanisms. For example, zinc modulates glutamate neurotransmission 
and interacts with numerous enzyme systems [52] and manganese can exacerbate dopamine 
neuron degeneration [53] possibly via enhanced oxidative stress [54]. Mancozeb was shown 
to be lethal to nematodes at concentrations experienced by agricultural workers [55] and sub-
lethal doses led to degeneration of neurons, including dopamine neurons [55], induction of 
heat shock responses [55] and inhibition of larval growth [56, 57]. In many instances, the 
fungicide is applied repeatedly, so organisms are exposed multiple times and cumulatively 
over long periods of time. It is likely that many people are exposed to low levels of Mancozeb 

Neurotoxins42

remaining on unwashed fruits and vegetables. Farmers, pesticide sprayers and home garden-
ers are exposed to higher levels when they work with the formulations. Thus, while soil and 
aquatic organisms may be most vulnerable to the toxicity of sublethal concentrations of man-
cozeb, human populations are also at risk from exposure to concentrated formulations and 
from the accumulated effects of small doses from ingesting fruits and vegetables that have 
been in contact with the fungicide [25, 58].

We explored locomotory, mechanosensory, and egg-laying behaviors in response to a 24 h 
exposure to Mancozeb to better understand the impacts of sublethal amounts of this widely 
used fungicide on this important soil organism [33] on particular neuronal populations.

4. Materials and methods

4.1. C. elegans strains and maintenance

The following strains were obtained from the C. elegans Genetics Center: wild-type (N2); 
OH7547 ((otIs199)[cat2::GFP + rgef-1(R25B3.3)::dsRed + rol-6(su1006)]). C. elegans was main-
tained on NGM petri plates containing spots of E. coli (OP50) bacteria for food at 20°C [59]. We 
prepared small developmentally-synchronized cultures by transferring 10 gravid worms to 
NGM plates with E. coli and allowing them to lay 30–50 eggs for approximately 2 h. Resulting 
synchronized cultures were exposed to mancozeb as described in the following section.

4.2. Mancozeb (MZ) exposure

Mancozeb treatments were made as volume:volume percent solutions with water, as recom-
mended by the manufacturer. 0.5–1.5% mimic the application dose to garden soils [33] and 
are within the LC50 of nematode sensitivity of 1% [33, 55]. Lower concentrations correspond 
to putative residual concentrations present beyond the garden or application site. The solu-
tions were spread evenly using a sterile glass rod to coat the entire surface of the NGM agar 
plate. In some experiments, the Mancozeb was also combined with the E. coli mixtures, while 
in others the E. coli were spread onto the plate already coated with Mancozeb. We saw no dif-
ferences in experimental outcome among these different exposure conditions. In the experi-
ments reported in this study, the Mancozeb-treated plates were allowed to air-dry overnight 
at 20°C prior to the placement of nematodes. Young adult nematodes, just past the L4 transi-
tion, were exposed to different concentrations of Mancozeb for 1, 3, 6 or 24 h. Some nema-
todes were tested directly after exposure and some were given a comparable recovery time 
on plates lacking Mancozeb. For example, a 24 h exposure to Mancozeb was followed by a 
24 h recovery period on untreated plates prior to behavioral or microscopic assessment. For 
all experiments, at least three separate replicates were performed.

4.3. Behavioral measurements

For each assay, unexposed, age-matched nematodes were measured during the same time 
frame as the Mancozeb-exposed nematodes. More than one investigator conducted the  
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synthesize and release dopamine [41] as well as express acetylcholinesterase, a target of many 
pesticides. These neurons modulate a variety of behavioral responses including foraging behavior 
and locomotion rate upon entering food [39, 40]. They regulate a characteristic feeding behavior 
called basal slowing, wherein the animal detects the presence of bacteria via mechanosensation 
transduced by these neurons and slows its foraging locomotion. CEP neurons modulate feed-
ing/search behavior by altering the overall activity of a 48 neuron circuit [42]. The ADE neurons, 
posterior to CEP neurons but still slightly anterior to the circumpharyngeal nerve ring, serve as 
mechanoreceptors that regulate the animal’s response to nose touch and the presence of bacteria. 
Like the CEP neurons, they regulate the basal slowing response to food, and in addition, respond 
to harsher nose touch with a recoil response. These neurons also seem to participate in responses 
to nematode pheromones that regulate foraging and the recovery from dauer formation [43].

The PDE neurons, found in the posterior half of the nematode, also regulate the basal slowing 
response upon nematode entry to a lawn of bacterial food [39]. These dopaminergic neurons 
have also been found to regulate more complex behaviors and functions like locomotion, 
sensory perception, and learning [39, 44–48]. Because there are straightforward behavioral 
assays of dopaminergic neuron function, and because there are readily available strains of 
nematodes that express GFP in dopaminergic neurons, C. elegans serve as a powerful model 
organism for examining the effects of fungicides on dopaminergic systems.

A number of dithiocarbamate fungicides, including maneb, ziram and Mancozeb, have been 
evaluated using the C. elegans model system. Mancozeb is a commercial formulation of the 
main active ingredients ethylene-bis-dithiocarbamate, zinc, manganese, as well as other 
“inactive” compounds that are not published by the company (Bonide Products, Inc., NY). It 
is used in agricultural and residential garden settings to control a variety of fungal infections 
that infest ornamental plants and vegetables, like blossom end rot and downy mildew [49]. 
Mancozeb is currently approved for use in over 120 countries including the United States. It 
is used on over 70 different crops and protects against more than 400 different fungal infec-
tions [50]. Typically, even though it has limited solubility in water, Mancozeb is applied as a 
mixture with water to plants and the soil around them, where it forms a film on the plants and 
intercalates into the upper layers of soil. According to the application instructions, Mancozeb 
is most typically applied at a final concentration in the range of 0.5–1.5% (v/v). Mancozeb has 
an active half-life of 1–7 days depending on weather conditions. The targeted mechanism of 
action of Mancozeb is the disruption of key metabolic enzymes by altering sulfhydryl groups. 
There is also evidence that the metabolite, ethylenethiourea (ETU) might also have toxic 
effects. The organic moiety of Mancozeb is a potential estrogen disrupting chemical and sus-
pected carcinogen [51]. Further, the manganese and zinc present in the formulation also cause 
toxicity via multiple mechanisms. For example, zinc modulates glutamate neurotransmission 
and interacts with numerous enzyme systems [52] and manganese can exacerbate dopamine 
neuron degeneration [53] possibly via enhanced oxidative stress [54]. Mancozeb was shown 
to be lethal to nematodes at concentrations experienced by agricultural workers [55] and sub-
lethal doses led to degeneration of neurons, including dopamine neurons [55], induction of 
heat shock responses [55] and inhibition of larval growth [56, 57]. In many instances, the 
fungicide is applied repeatedly, so organisms are exposed multiple times and cumulatively 
over long periods of time. It is likely that many people are exposed to low levels of Mancozeb 
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remaining on unwashed fruits and vegetables. Farmers, pesticide sprayers and home garden-
ers are exposed to higher levels when they work with the formulations. Thus, while soil and 
aquatic organisms may be most vulnerable to the toxicity of sublethal concentrations of man-
cozeb, human populations are also at risk from exposure to concentrated formulations and 
from the accumulated effects of small doses from ingesting fruits and vegetables that have 
been in contact with the fungicide [25, 58].

We explored locomotory, mechanosensory, and egg-laying behaviors in response to a 24 h 
exposure to Mancozeb to better understand the impacts of sublethal amounts of this widely 
used fungicide on this important soil organism [33] on particular neuronal populations.

4. Materials and methods

4.1. C. elegans strains and maintenance

The following strains were obtained from the C. elegans Genetics Center: wild-type (N2); 
OH7547 ((otIs199)[cat2::GFP + rgef-1(R25B3.3)::dsRed + rol-6(su1006)]). C. elegans was main-
tained on NGM petri plates containing spots of E. coli (OP50) bacteria for food at 20°C [59]. We 
prepared small developmentally-synchronized cultures by transferring 10 gravid worms to 
NGM plates with E. coli and allowing them to lay 30–50 eggs for approximately 2 h. Resulting 
synchronized cultures were exposed to mancozeb as described in the following section.

4.2. Mancozeb (MZ) exposure

Mancozeb treatments were made as volume:volume percent solutions with water, as recom-
mended by the manufacturer. 0.5–1.5% mimic the application dose to garden soils [33] and 
are within the LC50 of nematode sensitivity of 1% [33, 55]. Lower concentrations correspond 
to putative residual concentrations present beyond the garden or application site. The solu-
tions were spread evenly using a sterile glass rod to coat the entire surface of the NGM agar 
plate. In some experiments, the Mancozeb was also combined with the E. coli mixtures, while 
in others the E. coli were spread onto the plate already coated with Mancozeb. We saw no dif-
ferences in experimental outcome among these different exposure conditions. In the experi-
ments reported in this study, the Mancozeb-treated plates were allowed to air-dry overnight 
at 20°C prior to the placement of nematodes. Young adult nematodes, just past the L4 transi-
tion, were exposed to different concentrations of Mancozeb for 1, 3, 6 or 24 h. Some nema-
todes were tested directly after exposure and some were given a comparable recovery time 
on plates lacking Mancozeb. For example, a 24 h exposure to Mancozeb was followed by a 
24 h recovery period on untreated plates prior to behavioral or microscopic assessment. For 
all experiments, at least three separate replicates were performed.

4.3. Behavioral measurements

For each assay, unexposed, age-matched nematodes were measured during the same time 
frame as the Mancozeb-exposed nematodes. More than one investigator conducted the  
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behavioral measurements to prevent investigator bias. All measurements were obtained at room 
temperature (22°C). Nematodes were visualized with an Olympus SZ-1 dissecting microscope.

4.3.1. Basal slowing behavior

When nematodes enter a patch of E. coli food, they dramatically slow their locomotion, a 
behavior called basal slowing, whose mechanism involves the activation of the dopaminergic 
mechanosensory neurons, CEP, ADE and PDE [39]. After exposure to Mancozeb or control 
conditions, nematodes were transferred individually to plates lacking food for several sec-
onds to allow the adhering Mancozeb to be cleared. Control nematodes also were transferred 
to food-free plates for this brief “clearing” period. Then, nematodes were transferred indi-
vidually to petri plates containing a circular patch of E. coli. They were placed outside of the 
food circle. Basal slowing was measured by counting body bends for 20 s outside of the food 
and then again when the nematode entered the patch of food. Body bends were defined as 
one complete sinusoidal movement of the nematode’s tail. We operationally defined basal 
slowing as the difference in body bends/20 s on the food as compared with off the food, as 
determined by earlier studies [60]. Basal slowing responses were compared with untreated 
animals using a one-way ANOVA followed by Bonferroni tests for multiple comparisons 
using Prism 5.0 statistical software (GraphPad, Inc.) for experiments testing more than one 
concentration of Mancozeb and the Student’s t-test for the reversibility assay, as described in 
specific figure legends.

4.3.2. Tail drag (or paralysis) after swimming

Our earlier work determined that Mancozeb exposure interfered with overall locomotion 
frequency [33]. We further examined locomotion by developing a behavioral measure of 
tail motion. We noticed that, following exposure to liquid-induced swimming behavior, 
the return to crawling behavior was abnormal. In particular, the tail appeared stiffer or 
paralyzed. We measured this change in tail movement as a novel assay of locomotory 
deficit. Individually, worms were removed from the treatment plate and placed on a 2 cm 
petri dish lacking E. coli. The dish was placed on an Olympus SZ-1 dissecting microscope, 
and locomotion was digitized as short video clips using a digital camera (Insight, Inc.). 
2 μl of M9 buffer solution were placed over the worm to induce swimming behavior, and 
left to dry (about 30 s). Directly after the M9 buffer solution had dried, we collected 100 
frames (at 60 frames/s) of worm movement using Spot (2.0) software (Insight, Inc.). The 
worm was then removed from the dish, and a new worm was put in its place. This contin-
ued until all the worms from the Mancozeb-coated petri dish or from control conditions 
were filmed.

The computer program LoggerPro (Vernier, Inc.) tracked the movement of the worms 
from the short video clips. Two different data points marking the head and the tail were 
placed on each worm image for each frame of the video and the X and Y coordinates of the 
points were determined. We calculated the distance each worm traveled between frames 
(distance = sqrt((X2 − X1)2 + (Y2 − Y1)2)). This allowed the speed of the head and the tail to be 
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found for each worm at each time point (speed = d/(t2 − t1)). These values were then aver-
aged for each worm. We focused our statistical analyses on the tail movements. The tail 
speeds were analyzed with ANOVA followed by Bonferroni’s post-hoc tests for multiple 
comparisons to determine significance between different treatments. All statistical analy-
ses were performed using Prism 5.0 software (GraphPad, Inc.). A p-value of less than 0.05 
was considered statistically significant.

4.4. Confocal microscopy

Dopamine neurons were evaluated immediately after a 24 h exposure to Mancozeb or control 
conditions by immobilizing young adult hermaphrodite nematodes of the OH 7547 strain on 
a 2% agarose pad within a drop of buffer containing 2.5 mM NaN3 to paralyze the worms. 
Images were acquired with a Nikon PCM2000 confocal laser-scanning microscope equipped 
with an argon laser. For each neuron analyzed, we collected 18-image z-stacks using a 60× 
immersion oil lens and analyzed the merged images. Confocal images were processed to 
adjust contrast using simple PCI software. In all cases, whole images were processed, rather 
than particular portions of images, to ensure faithful representation of the results.

5. Results and discussion

We discovered that sublethal concentrations of Mancozeb impaired locomotion, both explor-
atory locomotion and the transition from swimming to crawling behavior, a transition that is 
activated by dopamine neurons [33]. With further analysis using our tail drag assay, we docu-
mented a significant tail rigidity or paralysis upon return to crawling behavior (Figure 1A). The 
tail paralysis persisted even after 24 h recovery from the exposure to Mancozeb (Figure 1B). 
In addition, the basal slowing response of fungicide-exposed nematodes was significantly 
impaired (Figure 2). If nematodes were exposed to the fungicide for 24 h and allowed to 
recover for 24 h, the behavior did not recover, suggesting a long-lasting and potentially per-
manent impairment.

The locomotory transition from swimming to crawling, a process governed by dopamine 
neurons, was also permanently impaired [33]. In keeping with these long-term functional 
impairments, the dopaminergic neurons exhibited characteristic indications of neurode-
generation, including blebbing along the neural processes and changes in soma morphol-
ogy (Figure 3) [33]. Other recent studies have also documented neuronal impairments 
in response to maneb and manganese exposure, measured by a loss of GFP fluorescence 
intensity [27, 55].

While dopaminergic neurons were most sensitive to fungicide exposure [33, 56], other neuron 
groups, including serotonergic [33], glutamatergic and GABA neurons [50, 61] exhibited mor-
phological damage. Vulnerability to neurodegenerative effects varies depending on the dose 
of fungicide, duration of exposure and time of life of exposure [25, 33].
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behavioral measurements to prevent investigator bias. All measurements were obtained at room 
temperature (22°C). Nematodes were visualized with an Olympus SZ-1 dissecting microscope.

4.3.1. Basal slowing behavior

When nematodes enter a patch of E. coli food, they dramatically slow their locomotion, a 
behavior called basal slowing, whose mechanism involves the activation of the dopaminergic 
mechanosensory neurons, CEP, ADE and PDE [39]. After exposure to Mancozeb or control 
conditions, nematodes were transferred individually to plates lacking food for several sec-
onds to allow the adhering Mancozeb to be cleared. Control nematodes also were transferred 
to food-free plates for this brief “clearing” period. Then, nematodes were transferred indi-
vidually to petri plates containing a circular patch of E. coli. They were placed outside of the 
food circle. Basal slowing was measured by counting body bends for 20 s outside of the food 
and then again when the nematode entered the patch of food. Body bends were defined as 
one complete sinusoidal movement of the nematode’s tail. We operationally defined basal 
slowing as the difference in body bends/20 s on the food as compared with off the food, as 
determined by earlier studies [60]. Basal slowing responses were compared with untreated 
animals using a one-way ANOVA followed by Bonferroni tests for multiple comparisons 
using Prism 5.0 statistical software (GraphPad, Inc.) for experiments testing more than one 
concentration of Mancozeb and the Student’s t-test for the reversibility assay, as described in 
specific figure legends.

4.3.2. Tail drag (or paralysis) after swimming

Our earlier work determined that Mancozeb exposure interfered with overall locomotion 
frequency [33]. We further examined locomotion by developing a behavioral measure of 
tail motion. We noticed that, following exposure to liquid-induced swimming behavior, 
the return to crawling behavior was abnormal. In particular, the tail appeared stiffer or 
paralyzed. We measured this change in tail movement as a novel assay of locomotory 
deficit. Individually, worms were removed from the treatment plate and placed on a 2 cm 
petri dish lacking E. coli. The dish was placed on an Olympus SZ-1 dissecting microscope, 
and locomotion was digitized as short video clips using a digital camera (Insight, Inc.). 
2 μl of M9 buffer solution were placed over the worm to induce swimming behavior, and 
left to dry (about 30 s). Directly after the M9 buffer solution had dried, we collected 100 
frames (at 60 frames/s) of worm movement using Spot (2.0) software (Insight, Inc.). The 
worm was then removed from the dish, and a new worm was put in its place. This contin-
ued until all the worms from the Mancozeb-coated petri dish or from control conditions 
were filmed.

The computer program LoggerPro (Vernier, Inc.) tracked the movement of the worms 
from the short video clips. Two different data points marking the head and the tail were 
placed on each worm image for each frame of the video and the X and Y coordinates of the 
points were determined. We calculated the distance each worm traveled between frames 
(distance = sqrt((X2 − X1)2 + (Y2 − Y1)2)). This allowed the speed of the head and the tail to be 

Neurotoxins44

found for each worm at each time point (speed = d/(t2 − t1)). These values were then aver-
aged for each worm. We focused our statistical analyses on the tail movements. The tail 
speeds were analyzed with ANOVA followed by Bonferroni’s post-hoc tests for multiple 
comparisons to determine significance between different treatments. All statistical analy-
ses were performed using Prism 5.0 software (GraphPad, Inc.). A p-value of less than 0.05 
was considered statistically significant.

4.4. Confocal microscopy

Dopamine neurons were evaluated immediately after a 24 h exposure to Mancozeb or control 
conditions by immobilizing young adult hermaphrodite nematodes of the OH 7547 strain on 
a 2% agarose pad within a drop of buffer containing 2.5 mM NaN3 to paralyze the worms. 
Images were acquired with a Nikon PCM2000 confocal laser-scanning microscope equipped 
with an argon laser. For each neuron analyzed, we collected 18-image z-stacks using a 60× 
immersion oil lens and analyzed the merged images. Confocal images were processed to 
adjust contrast using simple PCI software. In all cases, whole images were processed, rather 
than particular portions of images, to ensure faithful representation of the results.

5. Results and discussion

We discovered that sublethal concentrations of Mancozeb impaired locomotion, both explor-
atory locomotion and the transition from swimming to crawling behavior, a transition that is 
activated by dopamine neurons [33]. With further analysis using our tail drag assay, we docu-
mented a significant tail rigidity or paralysis upon return to crawling behavior (Figure 1A). The 
tail paralysis persisted even after 24 h recovery from the exposure to Mancozeb (Figure 1B). 
In addition, the basal slowing response of fungicide-exposed nematodes was significantly 
impaired (Figure 2). If nematodes were exposed to the fungicide for 24 h and allowed to 
recover for 24 h, the behavior did not recover, suggesting a long-lasting and potentially per-
manent impairment.

The locomotory transition from swimming to crawling, a process governed by dopamine 
neurons, was also permanently impaired [33]. In keeping with these long-term functional 
impairments, the dopaminergic neurons exhibited characteristic indications of neurode-
generation, including blebbing along the neural processes and changes in soma morphol-
ogy (Figure 3) [33]. Other recent studies have also documented neuronal impairments 
in response to maneb and manganese exposure, measured by a loss of GFP fluorescence 
intensity [27, 55].

While dopaminergic neurons were most sensitive to fungicide exposure [33, 56], other neuron 
groups, including serotonergic [33], glutamatergic and GABA neurons [50, 61] exhibited mor-
phological damage. Vulnerability to neurodegenerative effects varies depending on the dose 
of fungicide, duration of exposure and time of life of exposure [25, 33].
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Figure 1. Long-lasting tail paralysis after exposure to Mancozeb. Tail speed after swimming in droplet of M9 buffer 
(as described more fully in Section 4; n= 12-21….replicates.) individual nematodes per treatment group across at least 
three separate replicates. (A) Immediately following Mancozeb exposure; (B) 24 h after Mancozeb exposure. Black bars 
indicate nematodes exposed to 1.5% Mancozeb for 24 h and assayed immediately thereafter. White bars are nematodes 
moved to untreated plates with food for 24 h after the Mancozeb exposure. Data are presented as the mean ± SEM. 
**p < 0.01 when compared with untreated controls using one-way ANOVA followed by Bonferroni post-hoc test for 
multiple comparisons.
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Figure 2. Basal slowing behavior impairments after 24 h exposure to 1.5% Mancozeb are not reversible after 24 h recovery. 
Day 4 nematodes at the L4/adult transition were exposed to 1.5% Mancozeb for 24 h and then basal slowing behavior was 
measured as the change in body bends upon entry to a bacterial lawn. Black bars indicate worms analyzed immediately 
following exposure to 1.5% Mancozeb. White bars show nematodes treated and then measured immediately following 
exposure (A) or moved to untreated plates with food for a 24 h recovery period prior to measurement (B). Data are 
averages of n = 20 independent worms per treatment across three separate replications. *p < 0.01 when compared with 
time-matched controls using a 2-way ANOVA followed by Bonferroni multiple comparisons tests.
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6. Conclusions

Dithiocarbamate fungicides are widely used globally in large part because they are thought 
to be safe for wildlife and humans [7]. However, there is growing evidence that these com-
pounds, and their breakdown products, harm wildlife and may even lead to Parkinson’s like 
symptoms in humans [62, 63]. Further, a number of reports indicate that these compounds 
in combination with other widely used pesticides like paraquat or several organophosphate 
pesticides [64] are associated with cellular and organismal toxicity.

Mancozeb and maneb, the two most commonly used dithiocarbamate fungicides, have 
adverse effects on a number of non-target organisms, including protozoans [65], soil arthro-
pods [66], birds [67], rodents [68] and fish [69]. The toxic effects include neurotoxicity [7], 
immunotoxicity, reproductive defects and endocrine disruption [67] for both high doses and 
low doses. Even though these compounds have a relatively short half-life, the metabolites and 
the metal ions persist in the environment. In addition, in part because of the short half-life, 
farmers and gardeners tend to apply the pesticides multiple times during a growing season. 
Further, the behavioral damage we documented in C. elegans is permanent and occurs well 

Figure 3. Mancozeb-induced degeneration of dopamine neurons. Late L4/young adult nematodes of the OH7547 
strain, which express GFP in dopamine neurons were exposed to 1.5% Mancozeb as described in Section 4. Individual 
nematodes were picked to 2% agarose pads in a droplet of M9 buffer containing 2.5% NaN3 to paralyze them and viewed 
using confocal microscopy. (A) Untreated nematode. The two pairs of CEP neurons and one of the ADE neurons are 
visible, along with their long processes. (B) Nematode exposed to 1.5% Mancozeb. 60× oil immersion lens.
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within the active life of the pesticides. As a result, exposure to the compounds and their toxic 
byproducts is far greater and far more long-lasting, particularly during growing seasons, 
which correspond to breeding, growing and active periods of many organisms.

These studies have underscored the utility of examining the effects of commonly used fungicides 
like the dithiocarbamates and metal-containing compounds (particularly zinc and manganese) 
on C. elegans behavior, development and neural function. More recently, researchers evaluated 
the effects of triazole fungicides, particularly epoxiconazole, on nematode growth and repro-
duction [18] and determined that spermatogenesis is inhibited by epoxiconazole. These findings 
agree with reports of endocrine-disrupting effects of this family of fungicides in rats and birds 
[17, 70, 71]. The advantages of short life span, comprehensive genetics and ease of study make 
these nematodes an ideal system for continued study of the effects of fungicides, necessary 
agents for agriculture and medicine, on organismal development, health and behavior.
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Recently, a great concern has risen about the increasing prevalence of autism as a neuro-
developmental disorder. Environmental factors as significant contributors to children’s 
health through a wide range of routes are linked to remarkable increases in this disor-
der. It is well known and accepted that young children are more vulnerable to environ-
mental toxins, compared to adults. Modern day lifestyles with more mercury and lead 
exposures, fast food, cell phones, and microwaves place children at higher risk of neu-
rotoxicity. Moreover, a huge number of synthetic chemicals termed as high-production-
volume (HPV) chemicals are found in many products such as medications, cosmetics, 
building materials, plastic, and car fuels. These HPVs highly contribute to brain damage 
in developing infants. Other environmental toxins include thalidomide, valproic acid, 
misoprostol, and many infectious agents among which are pathogenic bacteria or their 
metabolites are found to be neurotoxic and/or linked to incidences of autism. This chap-
ter summarizes the most important routes of exposure to environmental neurotoxins and 
explains how these toxins are related to the remarkable increase in the prevalence of 
autism through different etiological mechanisms such as oxidative stress, neuroinflam-
mation, impaired neurochemistry and glutamate excitotoxicity.
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repetitive behavior. Environmental factors as significant contributors to children’s health 
through a wide range of routes are greatly involved in the remarkable increase of autism 
spectrum disorder (ASD). It is well known and accepted that young children are more vulner-
able to environmental toxins compared to adults because they breathe more air and consume 
more food relative to their body size in order to meet requirements of growth and develop-
ment. Common hand-to-mouth behavior among infants and even young children of course 
increases their risk of exposures to environmental toxins.

In relation to the modern lifestyles—cell phones, microwaves, mercury and lead exposures, 
plastic, fast food—place children at higher risk of neurotoxicity that might lead to brain dam-
age during early development. Moreover, environmental toxins such as misoprostol, val-
proic acid (VPA), and thalidomide have been reported as neurotoxins and linked to ASD. 
Pathogenic bacteria or their metabolites, cytomegalovirus, rubella, toxoplasmosis, and herpes 
simplex have also been characterized as neurotoxins which greatly contribute to autism.

This chapter summarizes the most important routes of exposure to environmental neurotox-
ins and explains how these toxins are related to the remarkable increase in the prevalence of 
autism. Moreover, the role of the stages of development and timing of exposures (prenatal, 
perinatal, and postnatal) will be discussed.

Based on the recorded biomarkers of autism, the role of selected environmental toxins in the 
induction of oxidative stress, neuroinflammation, impaired neurochemistry, and glutamate 
excitotoxicity as etiological mechanisms related to autism will be highlighted and illustrated.

1.1. Heavy metals as neurotoxins

A relationship between rises in environmental levels of Hg and the increase in both rates 
of autism and special education students has been reported [1]. In an attempt to find the 
relationship between elevated mercury levels and oxidative stress as etiological mechanisms 
in autistic individuals, Sajdel-Sulkowska et al. [2] found that mercury concentrations in the 
cerebellar areas of the brain were positively correlated with neurotrophin-3 (NT-3), as an 
oxidative stress marker. Khan et al. reported on NT-3 associated with much higher levels 
in autistic patients but without an association with Hg levels in blood, which was nonsig-
nificantly different between autistic and control subjects [3]. This suggests that the same con-
centration of Hg may promote oxidative stress only in autistic patients but not in control 
subjects. In relation to Hg levels in hair as an indicator of neurotoxicity in autistic patients, the 
“poor excretor theory” asserts that autistic children are more prone to accumulate Hg because 
they are unable to readily excrete it when compared to age- and gender-matched controls [4]. 
However, other studies recorded that the higher the Hg levels in hair, the worse the autism 
symptoms [5]. A direct relationship between elevated blood levels of Hg and the degree of 
autism severity according to scales childhood autism rating scales (CARS), social responsive-
ness scales (SRS), and short sensory profile (SSP) was ascertained [6, 7].

In an attempt to better understand the role of heavy metal neurotoxicity, investigations of air 
pollution, Hg, lead (Pb), and arsenic (As) have been shown to stimulate oxidative stress and 
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inflammation in humans, which may contribute to the pathogenesis of autism [8, 9]. Based 
on multiple studies, Pb, Hg, and As were recorded as neurotoxins related to autism [10–12]. 
Associations between autism prevalence and proximity to industrial facilities were ascer-
tained by Dickerson et al. [13]. Most recently, a disruption of complex neuro-immune signal-
ing as a mechanism necessary for neuronal migration and brain growth was accepted to be a 
possible mechanism to cause Hg-induced brain damage [14].

Gut microbiota, which is known to be remarkably modulated in autistic patients, can be easily 
related to the elevated level of Hg. Gut microbes can modulate Hg via either methylation of 
less toxic inorganic Hg, Hg+2, or demethylation (i.e., detoxification) of methylmercury (MeHg) 
[15–18]. In studying bacterial diversity in relation to the MeHg level, Rothenberg et al. found 
that, among the studied bacterial species Clostridiales, Subdoligranulum, and Akkermansia spp., 
positive correlations for stool MeHg, hair total mercury (THg), and stool inorganic Hg were 
evident, while negative correlations for Streptococcus were determined using Spearman’s 
and/or Pearson’s [19]. These relative effects were related to approximately tenfold higher 
Clostridium difficile levels in the stool from autistic subjects, which may help to support the use 
of probiotics to ameliorate MeHg elevations which may lead to the development of autistic 
features [20]. This is summarized in Figure 1.

In relation to the antioxidant and protective effect of selenium (Se), a recent review was writ-
ten by Bjorklund and Causey on the molecular interactions between Hg and Se which result in 
neurotoxicity. Selected studies revealed associations between autism and Hg and Se concen-
tration changes in hair and/or nails of autistic patients [21]. These studies reported significant 
increases in the levels of Hg and concurrent decreases in the levels of Se in hair and nails and 

Figure 1. Role of fish in the bioaccumulation of mercury (Hg) and role of methylating and demethylating bacteria in the 
control of methyl mercury (MeHg) concentration as environmental neurotoxin related to autism.
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In relation to the antioxidant and protective effect of selenium (Se), a recent review was writ-
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Figure 1. Role of fish in the bioaccumulation of mercury (Hg) and role of methylating and demethylating bacteria in the 
control of methyl mercury (MeHg) concentration as environmental neurotoxin related to autism.
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the association of these changes with the severity of an autistic phenotype [5, 22]. Other studies 
showed significant elevations in Hg in hair [23] and urine [22] of autistic patients without sig-
nificant decrease of Se concentration or Se/Hg ratio. Moreover, some studies reported a lower 
Zn/Cu ratio in blood from autistic subjects as compared to healthy control subjects [24, 25] yet 
strong causal relationships for Hg neurotoxicity.

1.2. Anesthetic drugs as neurotoxins in autism

An early study of the role of anesthesia in relation to neurotoxicity was described by Ikonomidou 
et al. [26]. They observed the effects of N-methyl-D-aspartate (NMDA) antagonist injections in 
rat pups, which led to acute postnatal neuronal apoptosis [26]. Also, they hypothesized that 
anesthetics such as ketamine blocked endogenous glutamate stimulation via NMDA recep-
tors, leading to neuronal apoptosis. Apoptosis of neurons as an invasive marker of neurotox-
icity was repeatedly demonstrated especially in animals that received multiple, high doses 
of ketamine during periods of developmental vulnerability [27, 28]. Upregulation of NMDA 
receptor expression levels in response to ketamine administration may modulate intracel-
lular calcium homeostasis, possibly leading to apoptosis [29, 30]. Additionally, activation of 
gamma-aminobutyric acid (GABA) receptors through the inhalation of isoflurane-induced 
neurotoxicity in hippocampal culture cells was also associated with excessive neuronal influx 
of calcium [31]. Based on observation, it was suggested that anesthesia-induced neuronal tox-
icity may appear secondary to loss of calcium homeostasis within mitochondria as evident 
by mitochondrial dysfunction, accumulation of reactive oxygen species (ROS), and overex-
pression of caspases as pro-apoptotic markers (Figure 2) [32–34]. Although the actual mecha-
nism for ROS accumulation was not identified, administration(s) of either an antioxidant or a 

Figure 2. Neurotoxic effect of ketamine through loss of calcium homeostasis leading to neuronal death.
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mitochondrial protectant prevented anesthesia-induced neuronal apoptosis and downstream 
cognitive impairment in developing rat brains [33, 35].

1.3. Antiepileptic drugs (AEDs) as neurotoxins in autism

The use of antiepileptic drugs (AEDs) by pregnant mothers was found to be involved in major 
congenital abnormalities seen in neurodevelopmental disorders among which is autism [36]. 
Animal studies demonstrated that exposure to AEDs may result in neurotoxicity; for example, 
VPA, phenytoin, and phenobarbital, cause impaired neurodevelopment after prenatal expo-
sure [37]. Despite the therapeutic effects of VPA, it is also associated with neurotoxicity [38] 
as evidenced in in vitro models. VPA neurotoxicity is usually related to the increased of ROS 
production, as a critical contributor to brain damage and dysfunction [38–40]. Mitochondrial 
dysfunction has been proposed as one of the most common deleterious effects of VPA neu-
rotoxicity [41]. In relation to autism, VPA is most commonly related to the etiopathology 
and development of most of phenotypic features of autism. Many cases, population database 
studies, prospective studies, and retrospective studies, ascertained increased incidences of 
ASD and cognitive deficits in VPA-exposed children with a reported risk of 6–8% [42–45].

Chaudhary and Parvez observed a significant decrease in acetylcholinesterase (AChE) activ-
ity [46]. The inhibition of AChE activity by VPA in the cerebellum and cerebral cortex results 
in the accumulation of ACh at cholinergic synapses, leading to ACh receptor stimulation, 
decreased cellular metabolism, induction of cell membrane alterations, and disturbances in 
neuronal activities [47]. VPA-inhibited Na+/K+-ATPase is an enzyme controlling the active 
transport of CNS sodium and potassium ions in a dose-dependent manner [48]. The marked 
inhibition of Na+/K+-ATPase activity may compromise neurotransmission, leading to partial 
membrane depolarization and excessive Ca2+ entry inside neurons which may in turn induce 
glutamate excitotoxicity. This can be ascertained through the recent work of Kim et al. in 
which agmatine was used to treat VPA-induced animal models of neurotoxicity, whereto, 
the amelioration of glutamate excitability improves sociability and decreases the repetitive 
behavior appeared as two important autistic features [49]. In a recent study by Videman et al., 
carbamazepine, oxcarbazepine, and VPA were associated with impaired early language abili-
ties at the age of 7 months. In contrast, face perception or social attention may be less affected 
by the neurotoxic effects of the studied AEDs [50]. Previously, the association between prena-
tal exposure to AEDs and the increased risk of cognitive impairment and ASD was detected 
at ages of 2 to 6 years.

1.4. Clostridium neurotoxins and autism

It is well accepted that healthy gut microbiota provides an effective barrier against coloniza-
tion by opportunistic bacteria [51, 52]. This protective microbiota is severely disrupted with 
abuse of broad-spectrum antibiotics frequently administered during early childhood [53]. C. 
difficile produces two exotoxins: toxin A and toxin B. Acting together, these toxins damage 
intestinal mucosa and cells and result in watery diarrhea, which is the primary clinical symp-
tom of C. difficile infection [54]. In addition to C. difficile, Clostridium tetani is another oppor-
tunistic pathogen that can lay dormant in spore form for long periods of time. Both species 
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produce cytotoxins known to cause cellular damage. Additionally, both C. tetani and C. difficile 
produce phenolic metabolites [55]. Some toxigenic strains of C. tetani produce an extremely 
potent neurotoxin. Clostridia toxins can enter the circulation and accumulate at nerve ter-
minals through binding to host-independent receptors [56, 57]. Following endocytosis of the 
neurotoxin-receptor complex, acidification of the presynaptic vesicle triggers a conformational 
change in the N-terminal translocation domain. Acidification is mediated by the vesicular 
ATPase proton pump, whose function is to ensure the reuptake of neurotransmitters into the 
synaptic vesicle. This might provide a plausible mechanism for the abnormal reuptake of glu-
tamate in autistic patients. Several studies have assessed the fecal flora of autistic and control 
individuals, reporting an overgrowth of pathogenic bacterial species in autistic patients when 
compared to controls. Among these species is Clostridium species, including C. difficile [58–60]. 
In addition, Parracho et al. found a higher incidence of the Clostridium histolyticum group in the 
fecal flora of 58 ASD children compared to 10 healthy children [61].

Clayton hypothesized that impaired gut microbiota can be linked to autism through the 
abnormal gut bacterial metabolism of phenylalanine and tyrosine resulting in the pro-
duction of P-cresol, with C. difficile as one of the most notable p-cresol producers [62]. 
Overgrowth of C. difficile can be linked to the etiology of autism through the inhibitory 
effect of p-cresol on dopamine β-hydroxylase as a rate-limiting enzyme of dopamine 
metabolism [63]. Moreover, C. difficile-induced production of p-cresol can inhibit sulfonation as 
a detoxification mechanism of special importance when considering neonatal inactive glucuronida-
tion as an alternative detoxification reaction for xenobiotic excretion [64, 65]. Based on this 
information, p-cresol may be linked to autism through impaired gut microbiota and the 
overgrowth of C. difficile [66]. Figure 3 summarizes the role of C. difficile overgrowth in the 
etiology of autism. Hsiao et al. reported that bacterial toxin-induced metabolic changes 
can trigger autistic behavior. Maternal immune-activated (MIA) females produce offspring 

Figure 3. Role of C.difficile overgrowth in the etiology of autism through the inhibition of dopamine-beta hydroxylase by 
p-cresol as bacterial metabolite of tyrosine and phenylalanine.
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with impaired communicative and social behavior representative as autistic features [67]. 
Moreover, MIA offspring displayed altered gut microbiota and leaky gut. Treatment of 
mice with Bacteroides fragilis was effective in restoring normal gut permeability and reduces 
anxiety-like behavioral deficits in this autism model [67]. Most recently, Yang and Chiu 
reported that through the soluble NSF attachment protein receptor (SNARE) complex, clos-
tridial neurotoxins block neurotransmission to or from neurons. In addition, the gut micro-
biota produces molecules that act on enteric neurons to reduce gastrointestinal motility and 
metabolites that stimulate the “gut-brain axis” to alter neural circuits and brain function 
and behavior [68]. Aljarallah reported that water extract of myrrh plant demonstrates high 
antimicrobial effect against C. difficile strains, which could support its use as a natural prod-
uct for the amelioration of C. difficile in autistic patients [69].

1.5. Pesticides as neurotoxins in autism

By using retrospective epidemiological studies, environmental factors such as pesticides have 
been linked to autism. Experimental research in mouse cortical neuron-enriched cultures 
exposed to hundreds of chemicals commonly found in the environment and on food showed 
how such chemicals greatly affect brain development. Pearson et al. have been found that 
rotenone, a pesticide associated with Parkinson’s disease risk, and certain fungicides, includ-
ing pyraclostrobin, trifloxystrobin, famoxadone, and fenamidone, produce transcriptional 
changes in vitro that are similar to those seen in brain samples from humans with autism 
[70]. These chemicals stimulate ROS production and disrupt microtubules in neurons, effects 
that can be reduced by pretreating with a microtubule stabilizer and an antioxidant such as 
sulforaphane. In this study, 283 autistic children showed neuronal tube defects with poten-
tial relationships between maternal residential proximity and agricultural use of neurotoxic 
pesticides [71].

Organophosphates (OPs) are the most generally utilized pesticides in agriculture, as well 
as bug sprays in residential, commercial, and industrial settings. Fetus may be exposed to 
OPs via the placenta or infants through breast milk, food, and inhalation. These small chil-
dren appear particularly vulnerable to OPs and oxidative stress compared to adults, because 
of their lower activity levels of the enzyme paraoxonase, involved in OP inactivation and 
lipid peroxide degradation [72]. This enzyme was found to be significantly lower in autistic 
patients compared to healthy controls [73]. Prenatal exposure to OPs has been connected to 
neurodevelopmental disorder, which appears to be maintained during childhood, including 
deficits in cognitive abilities, working memory, and perceptual reasoning [74–76]. Attention 
deficits, receptive language, social cognition problems, reward, and behavioral dysfunc-
tion have been correlated with lower intelligence quotient (IQ) scores in humans prenatally 
exposed to chlorpyrifos [76]. Prenatal OP exposure has also been linked to increase autism 
risk [77]. Acetylcholinesterase (AChE) has been shown to be inhibited with OPs, determin-
ing excessive cholinergic transmission; however, OP’s main neurotoxic actions are seemingly 
exerted by their axon metabolites [78].

There is a growing body of evidence that links the exposure to organochlorines (OCs) and 
autism. Despite their neurotoxic liabilities, OCs are frequently used in agriculture. The 
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 association between autism and pesticide exposure during the third trimester has been 
observed from mothers living near agricultural areas where pesticides were used [79]. Shelton 
et al. found that increased exposure to insect repellent can lead to autism [80]. Eskenazi et al. 
and Rauh et al. reported that autistic children had higher OP metabolites during early to mid-
pregnancy [77, 81]. Case-control studies reported that exposure to imidacloprid, insecticide, 
through the consistent use of flea/tick pet treatment throughout pregnancy period was associ-
ated with ASD [79, 82]. Rauh et al. reported that children exposed to OP insecticides showed 
psychomotor and mental development delays, attention, hyperactivity disorders, and perva-
sive developmental issues by 3 years of age [81].

Robert and English (2012) described ASD and applications of OCs in proximity to maternal 
residence before, during, and after pregnancy. Bayesian model as a flexible step function was 
formulated to measure the time that is needed by pesticide to affect fetus or children for 
mother who lived near agricultural area [83]. The association between autism and OCs was 
high, and the time of this association was extending from approximately 4 months prior to 
fertilization to 8 months into pregnancy. Roberts et al. have suggested that the risk of ASD is 
increased by 6.1-fold in children with maternal exposure to OCPs during the first trimester 
of pregnancy, a key period of gestation and neurodevelopmental processes in neonates [84]. 
Here, 465 children were enrolled in retrospective study to assess pesticide type, exposure 
time, and residential distance from pesticide application. This study reported an association 
between prenatal exposure to dicofol and endosulfan pesticide during the 8 weeks imme-
diately following the time of cranial neural tube, and increased risk of autism in children of 
mothers who lived within fields that had the highest quartile of estimated pesticide exposure 
compared with children whose mothers lived more than far from exposure, and therefore had 
the lowest exposure levels [84].

Chlorinated biphenyl (CB) is used as dispersant in pesticide [85]. Because is a CB are pollutant 
with potentially persistent immunological and neurological effects [86, 87]. It has also been 
reported that CB can increase the production of ROS and cytotoxicity [88]. The neurological 
and immunological abnormalities as well as oxidative stress due to CB exposure have also 
been observed in autistic children [89–91]. Figure 4 presents structures for selected insecti-
cides linked to neurotoxicity and autism.

1.6. Endocrine-disrupting chemicals

Endocrine-disrupting chemicals (EDCs) such as polychlorinated biphenyl (PCB), polybromi-
nated diphenyl ethers, bisphenol A (BPA), dioxins, and phthalate have strong associations 
with neurological disorders [92]. These EDCs are able to interfere with hormone functions 
because they may alter hormone-dependent processes and/or disrupt endocrine gland func-
tion. Certain EDCs are able to alter synaptic function and neural networks [93]. The EDCs are 
also termed neural-disrupting chemicals since they may increase the prevalence of neurode-
velopmental disorders including autism. Prospective epidemiological studies are warranted 
to better understand EDC-related effects in humans [94]. Braun et al. found that midpreg-
nancy BPA concentrations were associated with an increase in impaired neurodevelopment 
in early childhood [95]. In a study with 137 children, mothers with high phthalate metabo-
lites in urine during the third trimester gave birth to infants that were more susceptible to 
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autism [96]. Larsson et al. have found a correlation between EDC and autism [97]. High serum 
phthalate concentrations have been recorded in autistic children [98]. Experimental animals 
show changes in development, synaptic organization, neurotransmitter synthesis and release, 
and brain structural organization due to exposure to EDC [99]. Cock et al. described links 
between brominated flame retardants, perfluorinated compounds, and ASD, yet additional 
weights of evidence are needed [100].

Several EDCs are known to disturb sex steroid and affect thyroid hormone (TH) levels 
which in turn are known to affect synaptogenesis, neuronal differentiation, migration, and 
myelination [101]. They play critical roles in brain development and potentially also for 
development of the connectome. TH receptor mutation in mice showed reduced density of 
GABAergic in the hippocampus, which was accompanied by more depressive and anxious 
behavior [102]. It is demonstrated that BPA inhibits the GABAAR-mediated response and 
that BPA affects development of GABAergic and dopaminergic systems [103]. Some stud-
ies indicate EDCs as a cause for neurodevelopmental disorders through GABAergic system 
changes [104, 105].

1.7. Radio frequency energy (RFE) of cell phone as neurotoxin in autism

During pregnancy, the possibility of fetal damage is increased as mothers are exposed to RFE 
[106]. Notably, the fetus may not be fully protected by amniotic fluid. It is well known that 
the pelvic structure permits deep penetration of the RFE to be absorbed within the developing 
fetus. Based on this, many investigations proposed that the dramatic increase in the incidence 
of autism since 1980 can be related to the neurotoxicity of cell phone radiation [107–109].

Based on our understanding on the etiological mechanisms in autism, such as oxidative stress, 
neuroinflammation, and glutamate excitotoxicity, the remarkable increase in the prevalence 
of autism about tenfolds since 1980 can be related to this dramatic increase which reach 
1:45 on 2015 [110]. It is well documented that exposure to radio frequency radiation (RFR) 
can be accompanied by oxidative stress in human and animal models of autism [111, 112]. 
Unfortunately, these effects of cellular phone use can occur even at low and legal intensity 
which are now common environmental risk factors for infants, young children, adults, preg-
nant women, and fetuses. Cell phone radiations enhance free radical formation through the 
Fenton reaction as catalytic process through which iron converts hydrogen peroxides, a prod-
uct of oxidative respiration in the mitochondria, into hydroxyl free radical, which is very 
potent and can induce damage of macromolecules, such as membrane phospholipids, DNA, 
and protein. Radio frequency radiation at very low intensities can also impair mitochondrial 
metabolism and modulate glutathione, glutamate, and GABA, which are substances related 
to the pathophysiology of autism [90, 113–116].

Fragopoulou et al. reported that through proteomic analysis of brain regulatory proteins from 
mice following prolonged exposure to electromotive force (EMF) led to either downregula-
tion or overexpression of 143 proteins [117]. These altered proteins include neural function-
related proteins, alpha-synuclein, glia maturation factor beta, cytoskeletal proteins, heat 
shock proteins, apolipoprotein E, as well as proteins of brain metabolism such as aspartate 
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aminotransferase and glutamate dehydrogenase. These authors pointed out that oxidative 
stress was consistent with some changes in proteomic markers. Alteration in blood and brain 
glutathione status and deficiencies of reduced glutathione are increasingly associated with 
autism. Fortunately, certain studies demonstrating that supplementation with antioxidants 
such as vitamins C and E reduced oxidative impacts on rat endometrium from due to vita-
mins E and C reduced adverse impacts on rat endometrium due to exposure to 900 MHz 
EMR [118]. Ilhan et al. proved that Ginkgo biloba has also prevented mobile phone-induced 
increases in lipid peroxides and nitric oxide levels in brain tissue as well as decreases in brain 
superoxide dismutase and glutathione peroxidase activities and increases in brain xanthine 
oxidase and adenosine deaminase activities, together with the relief of the histopathologi-
cal cell injury [119]. Figure 5 demonstrates the role of cell phone radiation in the etiology of 
autism through oxidative stress as a major etiological mechanism.
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Abstract

Botulinum neurotoxin (BoNT) is a major therapeutic agent licensed in neurological indi-
cations such as dystonia and spasticity. In recent years, its use has steadily increased 
in other neurological areas and new therapeutic areas and also in the aesthetic setting. 
Paradoxically, BoNT is also the causative agent of the disease botulism and a potential 
bioterrorism toxin. The BoNT family of toxins comprised more than 40 individual mem-
bers, classified into 7 serotypes and are produced by Gram-positive obligate anaerobic 
bacteria. BoNTs are enzymatic multi-modular proteins with a complex multistep mecha-
nism of action. Their target site is at peripheral neurons, particularly the neuromuscular 
junction, at which they inhibit acetylcholine neurotransmission. Despite intense activ-
ity in the BoNT field, today there are still gaps in knowledge both in clinical practice 
and in basic research. The discovery of the structure-function of BoNT and its domains 
has allowed rational design of new features using molecular engineering. The diversity 
of BoNT molecules, both natural and engineered, is an invaluable pool from which to 
design future new therapeutics with unique pharmacological properties for current and 
novel indications.

Keywords: botulinum neurotoxin, therapeutic agent, botulism, recombinant protein, 
targeted secretion inhibitor

1. Introduction

There are currently four botulinum neurotoxin (BoNT) clinical products available in the 
Western hemisphere: abobotulinumtoxinA (Dysport®, Ipsen, Paris, France), incobotulinum-
toxinA (Xeomin®, Merz Pharmaceuticals GmbH, Frankfurt, Germany), onabotulinum-
toxinA (Botox®, Allergan, Irvine, CA, USA) and rimabotulinumtoxinB (Myobloc®, Solstice 
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Neurosciences, Louisville, KY, USA) [1]. Several other products are available for use in other 
countries, in particular in the Asian markets, and new formulations and products are under-
development [2]. By 2022, it is expected that the market size for botulinum products will reach 
$6.6 billion, driven by the expansion of their therapeutic uses and also the appetite for non-
invasive aesthetic applications [3].

Around 200 years ago (between 1817 and 1822), a German medical officer, Justinus Kerner, 
published a series of papers to provide the first accurate and complete description of the 
symptoms of food-borne botulism, which led to the discovery of BoNT as the causative agent 
and the prediction by Kerner of its potential clinical utility [4]. This fascinating class of pro-
teins present a modular molecular architecture with distinct binding, translocation and enzy-
matic domains. The different structural and functional domains can be regarded as ‘building 
blocks’ and have facilitated a number of engineering approaches aimed, amongst other pur-
poses, at extending the therapeutic applications of BoNTs to other cell types beyond their 
natural target of the neuromuscular junction [5].

The aim of this chapter is to (1) provide an overview of the current clinical uses and a histori-
cal perspective of botulinum neurotoxin discovery, the disease it causes and the threats and 
opportunities that it poses and (2) present the current understanding of the structure-function 
of the toxin and its application in the development of new therapeutics.

2. Clinical uses

BoNT products are neuromuscular blocking agents which exert their effect through inhibi-
tion of acetylcholine release. BoNTs are amongst the most tissue-selective drugs known 
in clinical pharmacology and are characterised by high potency, high specificity and long 
duration of action of around 3–6 months following a single injection [6]. These character-
istics have made BoNTs highly successful and effective therapeutic agents for the man-
agement of several chronic and debilitating diseases of neuronal hyperactivity. Although 
initially thought to inhibit acetylcholine release only at the neuromuscular junction, BoNTs 
are recognised to also inhibit release of neurotransmitters from autonomic nerve terminals, 
for example, in glands (e.g. in hyperhidrosis), and nociceptive neurons in pain states [6, 7].

Currently, there are four formulations of BoNTs approved by the US Food and Drug 
Administration (FDA) for several clinical applications (see Table 1). Cervical dystonia, also 
known as spasmodic torticollis (disorder characterised by involuntary contractions of neck 
and upper shoulder muscles resulting in abnormal postures and/or movement of the neck, 
shoulder and head and that may be associated with neck pain), is the only condition for 
which all four formulations are approved. Other neurological conditions include spasticity 
(disorder characterised by tight or stiff muscles and an inability to control those muscles), 
with approved formulations both for adult and paediatric populations, migraine and blepha-
rospasm (dystonia that can cause disabling eye closure). Other non-neurological therapeutic 
FDA-approved uses are strabismus (eye misalignment), overactive bladder, urinary inconti-
nence and hyperhidrosis (excessive sweating).
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and the prediction by Kerner of its potential clinical utility [4]. This fascinating class of pro-
teins present a modular molecular architecture with distinct binding, translocation and enzy-
matic domains. The different structural and functional domains can be regarded as ‘building 
blocks’ and have facilitated a number of engineering approaches aimed, amongst other pur-
poses, at extending the therapeutic applications of BoNTs to other cell types beyond their 
natural target of the neuromuscular junction [5].

The aim of this chapter is to (1) provide an overview of the current clinical uses and a histori-
cal perspective of botulinum neurotoxin discovery, the disease it causes and the threats and 
opportunities that it poses and (2) present the current understanding of the structure-function 
of the toxin and its application in the development of new therapeutics.

2. Clinical uses

BoNT products are neuromuscular blocking agents which exert their effect through inhibi-
tion of acetylcholine release. BoNTs are amongst the most tissue-selective drugs known 
in clinical pharmacology and are characterised by high potency, high specificity and long 
duration of action of around 3–6 months following a single injection [6]. These character-
istics have made BoNTs highly successful and effective therapeutic agents for the man-
agement of several chronic and debilitating diseases of neuronal hyperactivity. Although 
initially thought to inhibit acetylcholine release only at the neuromuscular junction, BoNTs 
are recognised to also inhibit release of neurotransmitters from autonomic nerve terminals, 
for example, in glands (e.g. in hyperhidrosis), and nociceptive neurons in pain states [6, 7].

Currently, there are four formulations of BoNTs approved by the US Food and Drug 
Administration (FDA) for several clinical applications (see Table 1). Cervical dystonia, also 
known as spasmodic torticollis (disorder characterised by involuntary contractions of neck 
and upper shoulder muscles resulting in abnormal postures and/or movement of the neck, 
shoulder and head and that may be associated with neck pain), is the only condition for 
which all four formulations are approved. Other neurological conditions include spasticity 
(disorder characterised by tight or stiff muscles and an inability to control those muscles), 
with approved formulations both for adult and paediatric populations, migraine and blepha-
rospasm (dystonia that can cause disabling eye closure). Other non-neurological therapeutic 
FDA-approved uses are strabismus (eye misalignment), overactive bladder, urinary inconti-
nence and hyperhidrosis (excessive sweating).
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Historically, BoNT products have been considered as a single pharmacological class [8]. 
However, the existing BoNT products vary in the identity and amount of toxin present, their 
formulations, the manufacturing processes and the potency methods used to determine the 
strength of the products [9, 10]. As a result, the different products are not considered to be 
interchangeable, and their respective clinical efficacy and safety are unique to each specific 
product [11].

In 2016, the American Academy of Neurology (AAN) published updated guidelines for the 
clinical use of BoNT [12]. The 2016 AAN recommendations for BoNT use, based on evidence 
from clinical trials, do not fully match the FDA-approved indications or AAN’s previous 
guidelines from 2008, which is a reflection of the expanding uses of BoNTs [8]. Multiple clini-
cal trials are being conducted to investigate the efficacy and safety of BoNTs for various clini-
cal conditions and, in addition, pilot studies are being conducted to test the efficacy of BoNTs 
for new indications [9, 13, 14]. A summary of not approved new indications for which botuli-
num toxins are under investigation is presented in Table 2.

The use of BoNTs has been extended to aesthetic applications for the reduction of facial lines. 
According to recent statistics, BoNT injections are now the most popular of all cosmetic pro-
cedures worldwide, both surgical and non-surgical [15], and, in the US, more than 6.6 million 
injections were performed in 2014 alone for aesthetic reasons [16]. There are currently three 
BoNT products approved by the FDA for use in glabellar lines (wrinkles that appear between 

Achalasia Dysphonia Neuromyotonia Rhinorrhoea and/or rhinitis

Alopecia Endometriosis Nystagmus Sialorrhea

Anal fissure Esophageal spasm Obesity Spasmodic dysphonia

Anismus Exotropia, esotropia, 
entropion

Orbital atrophy Stiff person syndrome

Atrial flutter Eyelid-opening apraxia Oscillopsia Stuttering

Autonomic dysreflexia Facial flushing Osteoarthritis Synkinesis

Benign prostatic 
hyperplasia

Fecal incontinence Some forms of pain Temporomandibular joint 
syndrome

Bruxism Frey’s syndrome Palatal myoclonus Tennis elbow

Carpal tunnel syndrome Gastroparesis Paratonia Tension headache

Cleft lip repair Gustatory sweating Peyronie’s syndrome Tetanus

Club foot Hemifacial spasm Piriformis syndrome Tremor

Constipation Hyperlacrimation Plantar fasciitis Trigeminal neuralgia

Cystitis Lateral epicondylalgia Protective ptosis Vaginismus

Depression Myofascial pain Psoriasis Ventricular arrhythmias

Diabetic polyneuropathy Myokymia Restless leg syndrome Vocal tics

Table 2. Not approved new indications for which botulinum toxins are under investigation [9, 13, 14].
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the eyebrows): abobotulinumtoxinA (Dysport®, Ipsen as the marketing authorisation holder 
with Galderma as distributor in the aesthetic indication), incobotulinumtoxinA (Xeomin®/
Bocouture®, Merz) and onabotulinumtoxinA (Botox®/Vistabel®, Allergan) (see Table 1). The 
facial aesthetic uses of BoNTs are extensive, mainly not approved and under investigation, 
and patient satisfaction with treatment is very high, with significant improvement in patient-
reported outcomes. Rhytides (skin wrinkles) regions for treatment include forehead, brow, 
region between the eyebrows, around the eyes (crow’s feet) and nose (bunny lines), smile 
(gummy smile), upper lip, corners of the mouth, jaw, chin and neck area [16, 17].

Despite intense use of BoNTs in clinical practice, approval and labelling guidance does not 
exist to address key questions such as where BoNTs fit amongst various treatment options 
for a given condition, recommendations of one product over another for a given indication or 
clinical differences in potency and duration of action (see Refs. [8, 18]).

3. Disease and bioterrorism threat

Botulism is a rare but potentially fatal disease caused by BoNT intoxication. Botulism is char-
acterised by a descending flaccid paralysis with symptoms of cranial nerve dysfunction such 
as diplopia (double vision), dysphagia (difficulty in swallowing), pupillary dilation and pto-
sis (drooping eyelids), progressing to respiratory failure and, in rare occasions if not provided 
with suitable intensive care and life support, ultimately death. Fever and altered mental status 
are absent. The diagnosis of botulism is largely clinical and is confirmed by laboratory tests, 
sometimes including the detection of BoNTs in contaminated materials, food or bodily waste 
[19]. Botulism in humans is classified according to the route of entry of the toxin: food-borne 
botulism occurs after the ingestion of BoNT-contaminated food that contains the preformed 
toxin; infant botulism is the result of bacteria colonising the immature gastrointestinal tract of 
infants which then produce and release the toxin in situ; wound botulism results from spore 
contamination into the tissue and is mostly associated with injection drug abuse; and iatro-
genic botulism can occur as a result of excessive BoNT use either for therapeutic or cosmetic 
use [20]. Inhalation botulism is also a possibility, if the toxin were to enter through the respira-
tory tract. However, inhalation botulism is rare and does not occur naturally [21].

A stable number of cases of botulism have been reported in Europe (i.e. European Economic 
Area, comprised of 31 countries) in recent years. During the period 2007–2014, an average of 
115 cases per year of confirmed botulism occurred, and 5% of those were fatal [22]. A very 
similar numbers in the US were reported by the Centres for Disease Control and Prevention 
(CDC) for the same period (2007–2014), with an average of 143 confirmed cases per year, with 
2% of those being fatal. According to the CDC, the most numerous cases were of infant botu-
lism, but wound and food-borne botulisms were also presented yearly, plus a minor percent-
age of cases of unknown aetiology [23].

There is currently no approved pharmacological treatment for BoNT intoxication in humans, 
and recent efforts have focussed on the development of (1) vaccines from partially purified tox-
ins, (2) use of specific antitoxin antibodies and (3) small molecule inhibitors [20, 24]. Once an 
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2% of those being fatal. According to the CDC, the most numerous cases were of infant botu-
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age of cases of unknown aetiology [23].

There is currently no approved pharmacological treatment for BoNT intoxication in humans, 
and recent efforts have focussed on the development of (1) vaccines from partially purified tox-
ins, (2) use of specific antitoxin antibodies and (3) small molecule inhibitors [20, 24]. Once an 
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outbreak occurs, medical treatment includes treatment with the botulin heptavalent antitoxin 
and consideration of admission to an intensive care unit with mechanical ventilation until recov-
ery. Botulism is not contagious, and standard precautions are sufficient for infection control [19].

Botulism also occurs in animals and begins with the growth of the BoNT-producing bacteria in 
decaying carcasses followed by the release of the toxin into the environment. Both toxin and bac-
teria can spread via transmission of BoNT-insensitive animals such as maggots and other inverte-
brates that are consumed by healthy BoNT-sensitive animals, which eventually die and allow the 
growth of the bacteria and the subsequent production of the toxin to self-amplify the cycle [20].

Partly due to the fact that no effective treatment is available for BoNT intoxication in humans 
and the perceived ease in which it could be used in a bioterror attack, BoNT is classified as a 
potential bioterrorism weapon by the US CDC. BoNT belongs to the category A, the highest 
level of concern regarding public health and need of preparedness. Only five other agents 
are classified as category A agents, those being anthrax (Bacillus anthracis), bubonic plague 
(Yersinia pestis), smallpox (Variola major), tularemia (Francisella tularensis) and arenaviruses 
causing viral hemorrhagic fevers [19]. A contentious paper from 2005 regarding ease of BoNT 
intoxication through cow’s milk destined for human consumption calculated if would take 
only 4 g of BoNT, e.g. roughly equivalent to 1 teaspoon of granulated sugar, to poison over 
400,000 people [25]. The publication of that research opened a public safety debate within the 
scientific community regarding BoNT dual-use research [26], which was reopened when the 
allegedly new BoNT/H type was originally reported [27]. However, it should be noted that 
BoNTs are much more toxic (in the range of 100–1000 times) when injected than when admin-
istered orally; and delivery by aerosols is considered inefficient [20].

4. Historical overview of BoNT discovery

BoNT/A is the most potent toxin known to man, with a reported estimated human lethal 
dose of 1.3–2.1 ng/kg intravenously or intramuscularly and 10–13 ng/kg when inhaled [4]. 
Not surprisingly, its effects have been known throughout history long before the molecular 
identity of the toxin was elucidated. Botulism-like symptoms were known by ancient Greeks 
and Egyptians, and the Byzantine emperor Leo IV (886–911 AD) banned ‘blood sausage’ as it 
caused a fatal illness. It was not until around a thousand years later that following a number 
of sausage poisoning outbreaks in Germany the first accurate and complete description of the 
symptoms of food-borne botulism was described between 1817 and 1822 by J. Kerner. The 
extracted causative agent was named ‘sausage poison’ and was believed to be a ‘fatty acid’. 
Later, a German physician named Muller referred to the sausage poisoning as botulism from 
the Latin name for sausage, ‘botulus’ [4, 28].

The first isolation of the bacteria responsible for producing the toxic agent causing botulism 
was performed by the Belgian professor Emile Pierre van Ermengem and was termed Bacillus 
botulinus. Its name was changed to Clostridium botulinum when the aerobic Bacillus genus was 
separated from the anaerobic Clostridium genus [29]. To date, six different BoNT-producing  
bacterial groups are known; all have been taxonomically classified as clostridia. These  clostridia 

Neurotoxins80

produce seven different serotypes of botulinum toxin, termed BoNT/A to BoNT/G. BoNT/A, 
BoNT/B and BoNT/F were discovered following incidences of food-borne botulism, reminis-
cent of the original ‘sausage poisoning’, whereas BoNT/C, BoNT/D and BoNT/E were discov-
ered following incidences of botulism in animals [27] (see Figure 1). BoNT/G, discovered in 
1970, was reported in a sample extracted from soil, and to date there has not been reported 
cases of botulism caused by BoNT/G in the wild affecting either humans or animals [30]. A 
possible eighth type, initially termed BoNT/H was reported in 2013, but later reclassified as a 
BoNT/FA hybrid [31].

Despite Kerner suggesting the potential of BoNT as a therapeutic agent in conditions of mus-
cular hypercontraction and glandular hypersecretion, it was not until around 150 years later 

Figure 1. Timeline of the discovery of the seven botulinum toxin types. For context, also depicted are the dates of the first 
accurate description of botulism and the first use of botulinum toxins as therapeutic agent. A proposed eighth type was 
initially reported in 2013, now classified as an F/A hybrid toxin. For details see Refs. [2, 27, 28].
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outbreak occurs, medical treatment includes treatment with the botulin heptavalent antitoxin 
and consideration of admission to an intensive care unit with mechanical ventilation until recov-
ery. Botulism is not contagious, and standard precautions are sufficient for infection control [19].

Botulism also occurs in animals and begins with the growth of the BoNT-producing bacteria in 
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identity of the toxin was elucidated. Botulism-like symptoms were known by ancient Greeks 
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The first isolation of the bacteria responsible for producing the toxic agent causing botulism 
was performed by the Belgian professor Emile Pierre van Ermengem and was termed Bacillus 
botulinus. Its name was changed to Clostridium botulinum when the aerobic Bacillus genus was 
separated from the anaerobic Clostridium genus [29]. To date, six different BoNT-producing  
bacterial groups are known; all have been taxonomically classified as clostridia. These  clostridia 

Neurotoxins80

produce seven different serotypes of botulinum toxin, termed BoNT/A to BoNT/G. BoNT/A, 
BoNT/B and BoNT/F were discovered following incidences of food-borne botulism, reminis-
cent of the original ‘sausage poisoning’, whereas BoNT/C, BoNT/D and BoNT/E were discov-
ered following incidences of botulism in animals [27] (see Figure 1). BoNT/G, discovered in 
1970, was reported in a sample extracted from soil, and to date there has not been reported 
cases of botulism caused by BoNT/G in the wild affecting either humans or animals [30]. A 
possible eighth type, initially termed BoNT/H was reported in 2013, but later reclassified as a 
BoNT/FA hybrid [31].

Despite Kerner suggesting the potential of BoNT as a therapeutic agent in conditions of mus-
cular hypercontraction and glandular hypersecretion, it was not until around 150 years later 

Figure 1. Timeline of the discovery of the seven botulinum toxin types. For context, also depicted are the dates of the first 
accurate description of botulism and the first use of botulinum toxins as therapeutic agent. A proposed eighth type was 
initially reported in 2013, now classified as an F/A hybrid toxin. For details see Refs. [2, 27, 28].
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that the first clinical application was made. In 1981, Dr. Alan B. Scott at what was formerly 
known as the Smith-Kettlewell Institute of Visual Science, San Francisco, California, USA, 
used BoNT/A for the treatment of strabismus as an alternative to surgical intervention. The 
original name of the drug was Oculinum®, and its rights were later acquired by Allergan Inc., 
which changed the name of the drug to Botox®.

5. The producing bacteria: types of toxin and nontoxin proteins

Upon the first description of the botulism symptoms (see above), the initial hypothesis was 
that botulism was caused by a toxin produced by a single bacterial organism, as is the case 
for the closely related toxin tetanus toxin and its producing bacteria Clostridium tetani [32]. 
However, it soon became apparent that different types of toxin and different producing bac-
teria existed for BoNT [29].

In 1910–1919, serological methods were introduced for categorisation of the toxin-producing 
bacteria and for the toxins themselves, that are still in use today [33]. Biochemical and molecu-
lar techniques have complemented those initial classifications and have confirmed the pres-
ence of multiple species of BoNT-producing clostridia and multiple species of BoNT proteins. 
BoNT-producing bacteria are Gram-positive, anaerobic, spore-forming and rod-shaped organ-
isms and are commonly found in any soil or water environment. The seven distinct serotypes 
differ by 37–70% in amino acid sequence [34]. Early observations pointed to a level of intratypic 
serological diversity that led to variants within serotypes to be called sub(sero)types and a pro-
posal that new subtypes would differ by 2.6% at the protein sequence level. However, this rule 
is not consistently applied today throughout all the subtypes [35]. It is considered that 41 indi-
vidual toxins exist and the various toxin subtypes are given a letter designation for the toxin 
serotype followed by a sequential number in order of discovery, e.g. BoNT/A1 and BoNT/E11. 
Only 4 serotypes currently present subserotypes, namely BoNT/A (8 subtypes), BoNT/B (8 sub-
types), BoNT/E (12 subtypes) and BoNT/F (7 subtypes) (see Figure 2). Interestingly, BoNT/C 
and BoNT/D occur naturally as well as hybrid toxins, termed BoNT/CD and BoNT/DC. A third 
naturally occurring hybrid, BoNT/FA, was initially proposed as the new serotype BoNT/H fol-
lowing its discovery in 2013 but later reclassified as a hybrid toxin [36].

Current classification of BoNT-producing clostridia is according to group designation based 
on metabolic biochemical criteria (see Table 3). The metabolic groups represent distinct spe-
cies of Clostridium botulinum (Groups I to III) and Clostridium argentinense (Group IV), and these 
species include non-toxigenic as well as neurotoxigenic members. In addition, Clostridium 
baratii and Clostridium butyricum are also known to produce BoNTs (Groups V and VI). To 
add to the confusion, some Clostridium botulinum strains do not produce BoNT, in particu-
lar if subcultured repeatedly in the laboratory; and some additional toxins are produced by 
the neurotoxigenic Clostridium botulinum, such as C2 toxin, C3 exoenzyme and botulinolysin. 
However, no alternative nomenclature for this group of organisms has been accepted [32].

Clostridial strains in different groups can produce the same toxin (e.g. Groups I, II and V pro-
duce BoNT/F), and bivalent toxin combinations within the same strain have been identified. 
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When more than one toxin is produced by a single strain, such as Ba or Bf, the capital letter desig-
nates the toxin produced in greater amounts. If a gene is present but not expressed, it is denoted 
between brackets, for example, A(B); and if a gene is present but truncated, it will have an apos-
trophe to indicate this fact, such as A(B′). This diversity in BoNT-producing bacterial strains 
is the result of toxin gene associations with transposases such as insertion sequence elements, 
recombinases, the acquisition of plasmids or infection by phage [37], within and between the 

Figure 2. Phylogenetic tree depicting the relationship of the 41 known botulinum neurotoxins. Individual FASTA files 
were accessed through the NCBI portal (NIH, USA), and the protein alignment and phylogram were constructed using 
the online software Clustal Omega (EMBL-EBI, Germany).
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lar if subcultured repeatedly in the laboratory; and some additional toxins are produced by 
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groups and species. Groups IV–VI have the toxin genes located in the chromosome, considered 
less mobile, whereas Group III has the toxin genes in highly mobile elements such as plasmids 
and bacteriophages. Groups I and II have a mixture of chromosome and plasmid localisation 
[38]. A recent genetic study of C. botulinum strains causing human botulism in France showed 
that the genetic diversity of the BoNT-producing organism appeared as a result of multiple and 
independent genetic rearrangements and not from a single evolutionary lineage [39].

All seven BoNT serotype toxins are released from the producing bacteria as large protein 
complexes with a number of neurotoxin-associated proteins (NAPs) to become highly potent 
oral toxins, often ingested in contaminated foods [38, 40]. The NAPs are encoded together 
with the bont gene in one of two different gene clusters, the hemagglutinin (HA) cluster or 
the orfX cluster. Both clusters encode the nontoxic non-hemagglutinin (NTNHA) protein, 
which assembles with BoNT to form the smaller of the progenitor toxin complexes. BoNT/A, 
BoNT/B, BoNT/C and BoNT/D complexes contain HA, whereas BoNT/E and BoNT/F com-
plexes do not contain HA. The components of the BoNT complex vary with neurotoxin sero-
types and the Clostridium strain producing them. BoNTs are produced in three progenitor 
forms: M (medium), L (large) and LL (extralarge) complex. The M form consists of the neuro-
toxin (of 150 KDa) with NTNHA and has a total weight of ~ 300 KDa. The L and LL complexes 
consist of several HA proteins besides the BoNT and NTNHA, and its molecular weight is ~ 
500 KDa for the L form and ~ 900 KDa for the LL form. The function of the proteins encoded 
in the orfX genes remains unknown [41]. NAPs are known to protect BoNTs against the pro-
teases of the gastrointestinal tract and the acidic conditions of the stomach and to facilitate the 
intestinal trans-epithelial delivery to the toxin into the lymphoid and general circulation [38]. 
The role of NAPs in the producing bacteria is not known. Recently, it has been proposed that 
the primary role of NAPs and in particular that of NTNHA is to protect BoNTs from damage 
in the decaying biological material where the toxin is mostly produced in the wild [20].

Clostridial bacteria Group BoNT 
serotype(s) 
produced

Mixture of serotype(s) 
produced by a single 
strain

Nontoxinogenic bacteria 
belonging to the same group

Clostridium botulinum I A, B, F A(B), A(B′), Ab, Af, Ba, 
Bf, Bf/a

Clostridium sporogenes

Clostridium botulinum II B, E, F – Clostridium taeniosporum

Clostridium botulinum III C, D,
CD hybrids
DC hybrids

– Clostridium novyi

Clostridium 
argentinense

IV G – Clostridium argentinense
Clostridium subterminale
Clostridium hastiforme

Clostridium baratii V F – Clostridium baratii

Clostridium butyricum VI E – Clostridium butyricum

Table 3. BoNT-producing clostridial species, see Refs. [20, 29, 38].
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Until recently, BoNTs were believed to be produced exclusively by clostridia organisms. In 
2015, the first homologue of BoNTs was described within the genome of the rice fermenta-
tion bacteria Weissella oryzae SG25 [42]. Bioinformatic analysis of the genomic sequences of 
W. oryzae SG25 revealed one gene with a very similar structure to BoNTs, whereas a second 
gene showed partial similarity with the BoNT-associated NTNH proteins [42]. Recombinant 
expression of the BoNT-like protein revealed that it shares similarities with BoNT/B regarding 
its targeting profile and it is also expected to block neurotransmitter release. The new BoNT-
like protein showed no serological cross-reactivity with the seven known BoNT serotypes, 
and it was dubbed BoNT/Wo by the authors [43].

6. Structure-function of BoNT toxins

BoNTs are zinc metalloproteases consisting of three major domains. Produced as a single poly-
peptide of 150 KDa, BoNTs require activation by cleavage of the polypeptide post-translationally 
resulting in the so termed heavy chain, of ~ 100 KDa, and a light chain (LC), of ~ 50 KDa, held 
together by a disulphide bridge between the two chains [44]. Functionally, the light chain hosts 
the metalloprotease domain, and the heavy chain comprises both the binding domain (HC) and 
the translocation domain (HN). The producing bacteria in Groups I, III and IV (see Table 3) are 
proteolytic strains and will release the cleaved active product, whereas the products of the other 
producing bacteria are believed to be activated by proteases of the intoxicated organism [38].

The neuromuscular junction is the natural target of BoNTs, and intoxication follows an intri-
cate multistep mechanism [20, 45], in which the toxin-associated proteins of the progenitor 
toxin complex play a crucial role. For an overview of the routes of entry and mechanism of 
action of the toxin, see Figure 3.

Unintentional BoNT entry into the organism occurs mainly through ingestion of contaminated 
foods leading to food-borne botulism (see above) or through wounds [20]. Alternatively, and in 
particular in cases of infant botulism, the producing bacteria can colonise the immature gastro-
intestinal tract and produce the exotoxin in situ. The progenitor complex allows BoNTs to effec-
tively cross the intestinal trans-epithelial barrier and reach the lymphoid and general blood 
circulation. Under neutral and alkaline environments, such as in the bloodstream, the complex 
dissociates and the naked toxin is able to target neuromuscular junctions [46]. In clinical appli-
cations, the toxin is delivered locally to the site of action. BoNT entering the body undergoes a 
relatively short distribution phase which sees the toxin selectively targeting peripheral nerve 
endings, and an elimination phase that comprises both (1) an interneuronal metabolism fol-
lowing cellular entry and (2) systemic metabolism and elimination which are assumed to be 
through the liver [47].

Upon reaching the neuromuscular junction, BoNTs are able to specifically target nerve terminals 
using their Hc-binding domain and internalise through endocytosis. Once in the acidic envi-
ronment of the endosome, the BoNT HN domain translocates the LC domain into the cytosol, 
allowing the Zn+2 metalloprotease enzyme to cleave target soluble N-ethylmaleimide-sensitive 
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groups and species. Groups IV–VI have the toxin genes located in the chromosome, considered 
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independent genetic rearrangements and not from a single evolutionary lineage [39].
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with the bont gene in one of two different gene clusters, the hemagglutinin (HA) cluster or 
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BoNT/B, BoNT/C and BoNT/D complexes contain HA, whereas BoNT/E and BoNT/F com-
plexes do not contain HA. The components of the BoNT complex vary with neurotoxin sero-
types and the Clostridium strain producing them. BoNTs are produced in three progenitor 
forms: M (medium), L (large) and LL (extralarge) complex. The M form consists of the neuro-
toxin (of 150 KDa) with NTNHA and has a total weight of ~ 300 KDa. The L and LL complexes 
consist of several HA proteins besides the BoNT and NTNHA, and its molecular weight is ~ 
500 KDa for the L form and ~ 900 KDa for the LL form. The function of the proteins encoded 
in the orfX genes remains unknown [41]. NAPs are known to protect BoNTs against the pro-
teases of the gastrointestinal tract and the acidic conditions of the stomach and to facilitate the 
intestinal trans-epithelial delivery to the toxin into the lymphoid and general circulation [38]. 
The role of NAPs in the producing bacteria is not known. Recently, it has been proposed that 
the primary role of NAPs and in particular that of NTNHA is to protect BoNTs from damage 
in the decaying biological material where the toxin is mostly produced in the wild [20].
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factor attachment protein receptor (SNARE) proteins. SNARE proteins constitute an essential 
part of the machinery for neurotransmitter release in eukaryotic cells, and once their function is 
compromised by BoNTs, release of acetylcholine in the neuromuscular junction is prevented [19].

Although all serotypes, and even the most recently described BoNT-like protein BoNT/Wo 
[43], share a multidomain structure, crystallographic data has revealed that the molecular 
arrangement in the 3D space varies. BoNT/A and BoNT/B present an ‘open butterfly’ struc-
ture, whereas BoNT/E has a ‘closed butterfly’ organisation when viewed taking the HN trans-
location domain as a sagittal axis [48, 49]. In Figure 4, three different representations illustrate 
the organisation of BoNT/A and BoNT/E. This differential 3D topology has been credited to 
confer particular characteristics to BoNT serotypes, such as a faster way of entry for BoNT/E 
compared to BoNT/A [50].

6.1. Binding domain

BoNTs belong to the family of AB exotoxins, consisting of an ‘A’ toxic domain and a ‘B’ 
binding domain. AB toxins such as cholera toxin, lethal factor from Escherichia coli and Shiga 
toxin use gangliosides as their cellular receptors; whereas anthrax toxin and ricin have pro-
tein receptors identified as their targets [51].

Figure 3. Mode of action of botulinum toxins; for details in each step, see Refs. [20, 45].
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In the case of BoNTs, a dual receptor theory was postulated [52]. This dual-binding anchorage is 
credited for the high affinity and specificity by which BoNTs target neurons. All serotypes share 
a similar binding site for the interaction with the oligosaccharide portion of a polysialoganglio-
side. For BoNT/A, BoNT/B, BoNT/E, BoNT/F and BoNT/G, the conserved ganglioside-binding 
site SXWY has been reported, whereas BoNT/C, BoNT/D and BoNT/DC have analogous sites for 
ganglioside binding at a similar position [53]. A second, non-conserved binding site that binds a 
protein receptor has been identified in several BoNTs [54]. BoNT/A, BoNT/E and BoNT/F bind 
the family of synaptic vesicle protein SV2, whereas BoNT/B, BoNT/D and BoNT/G recognise a 
short peptide sequence in the luminal domain of the family of synaptic vesicle protein synapto-
tagmin. A protein receptor has not yet been identified for BoNT/C, which uses a dual ganglio-
side mechanism [55]. A second protein receptor has been identified for BoNT/A, namely, FGFR3 
[56]. Crystal structures of the HC domains in complex with their receptors, where available, have 
contributed a major advance in the understanding of BoNT-cell interactions.

Recently, glycan motifs in both gangliosides [53] and protein receptors [57, 58] have emerged 
as key players in the targeting of BoNTs to the neuronal membranes, albeit glycosylation is 
not required for binding for all BoNTs [38].

Figure 4. Structural and functional domains of (A) BoNT/A (PDB 3BTA) and (B) BoNT/E (PDB 3FFZ). Hc = binding 
domain, HN = translocation domain, LC = light chain protease domain. Upper panels: ribbon diagram of the respective 
crystal structures. Middle panels: diagram depicting the three-dimensional organisation of the domains within 
the structure. Lower panels: simplified two-dimensional block diagram in which the HN and LC can be seen being 
connected by a conserved disulphide bridge. Structural image created from crystallographic using the MOE software 
(Molecular Operating Environment 2013.08; Chemical Computing Group Inc., Montreal, Canada).
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the organisation of BoNT/A and BoNT/E. This differential 3D topology has been credited to 
confer particular characteristics to BoNT serotypes, such as a faster way of entry for BoNT/E 
compared to BoNT/A [50].

6.1. Binding domain

BoNTs belong to the family of AB exotoxins, consisting of an ‘A’ toxic domain and a ‘B’ 
binding domain. AB toxins such as cholera toxin, lethal factor from Escherichia coli and Shiga 
toxin use gangliosides as their cellular receptors; whereas anthrax toxin and ricin have pro-
tein receptors identified as their targets [51].

Figure 3. Mode of action of botulinum toxins; for details in each step, see Refs. [20, 45].
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In the case of BoNTs, a dual receptor theory was postulated [52]. This dual-binding anchorage is 
credited for the high affinity and specificity by which BoNTs target neurons. All serotypes share 
a similar binding site for the interaction with the oligosaccharide portion of a polysialoganglio-
side. For BoNT/A, BoNT/B, BoNT/E, BoNT/F and BoNT/G, the conserved ganglioside-binding 
site SXWY has been reported, whereas BoNT/C, BoNT/D and BoNT/DC have analogous sites for 
ganglioside binding at a similar position [53]. A second, non-conserved binding site that binds a 
protein receptor has been identified in several BoNTs [54]. BoNT/A, BoNT/E and BoNT/F bind 
the family of synaptic vesicle protein SV2, whereas BoNT/B, BoNT/D and BoNT/G recognise a 
short peptide sequence in the luminal domain of the family of synaptic vesicle protein synapto-
tagmin. A protein receptor has not yet been identified for BoNT/C, which uses a dual ganglio-
side mechanism [55]. A second protein receptor has been identified for BoNT/A, namely, FGFR3 
[56]. Crystal structures of the HC domains in complex with their receptors, where available, have 
contributed a major advance in the understanding of BoNT-cell interactions.

Recently, glycan motifs in both gangliosides [53] and protein receptors [57, 58] have emerged 
as key players in the targeting of BoNTs to the neuronal membranes, albeit glycosylation is 
not required for binding for all BoNTs [38].

Figure 4. Structural and functional domains of (A) BoNT/A (PDB 3BTA) and (B) BoNT/E (PDB 3FFZ). Hc = binding 
domain, HN = translocation domain, LC = light chain protease domain. Upper panels: ribbon diagram of the respective 
crystal structures. Middle panels: diagram depicting the three-dimensional organisation of the domains within 
the structure. Lower panels: simplified two-dimensional block diagram in which the HN and LC can be seen being 
connected by a conserved disulphide bridge. Structural image created from crystallographic using the MOE software 
(Molecular Operating Environment 2013.08; Chemical Computing Group Inc., Montreal, Canada).
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6.2. Translocation domain

Neuronal internalisation triggers the translocation of the LC domain to the cytosol, separating 
it from the HN and HC domains and thus allowing it to cleave the cytosolic target SNARE pro-
teins. In neurons in vitro, internalisation of BoNT/A and translocation of the LC into the cytosol 
occur rapidly, with estimates either side of ~ 60 minutes [59]. Following entry into the synaptic 
vesicle, the proton pumping action of the v-ATPase present on the synaptic vesicle membrane, 
responsible for the loading of neurotransmitters into the vesicle, will acidify the organelle and 
produce the necessary environment for the LC to translocate. Treatments that inhibit internali-
sation, synaptic vesicle recycling, or acidification also inhibit BoNT action [60].

Of the various steps of the cellular mechanism of intoxication, membrane translocation for 
the LC is least understood at the molecular level, and several models have been suggested 
[48]. The first model proposes that upon acidification of the lumen of the synaptic vesicle, 
HN penetrates the membrane and forms an ion channel assisting a partially unfolded LC 
to pass through it. This model has been revised and a new proposed mechanism includes 
binding of the toxin domains to the luminal membrane of the synaptic vesicle, and following 
acidification both HN and a partly unfolded LC will destabilise and penetrate the membrane. 
LC will move to the cytosolic side, refold and be released upon reduction of the disulphide 
bond. At the same time, segments of the HN insert in the membrane and assemble an ion 
channel. The main difference between these models is that in the first model, channel forma-
tion by HN is an early event and translocates LC, whereas in the second model, the channel 
formed by HN occurs as a consequence of the LC translocation. In both models, the reduction 
of the disulphide bond is essential to free the LC at the end of the translocation step, and the 
enzyme thioredoxin and its regenerating enzyme thioredoxin reductase have been identified 
as the cellular system responsible for the reduction of the disulphide bridge [61]. Following 
translocation, another key protein recently identified is Hsp 90, which may act as a chaperone 
assisting the refolding of the LC once in the cytosol [62].

Different models have been proposed for the mechanism by which BoNT domains approach 
the membrane, which may have physiological consequences. BoNT/E is thought to owe its 
rapid translocation to its ‘closed butterfly’ three-dimensional structure in which the Hc and 
LC are in close proximity [50], whereas BoNT/A and BoNT/B, which in principle share the 
‘open butterfly’ configuration, would approach the membrane differently [63].

6.3. Protease domain

The LC domain is a metalloprotease that cleaves SNARE proteins within the nerve terminal 
cytosol, resulting in the inhibition of the acetylcholine release which causes a reversible neu-
roparalysis [44].

SNARE proteins are membrane-associated proteins and comprise a large family of proteins 
that are responsible for the binding and fusion of vesicles to membranes. In humans, there 
are 38 different types of SNARE proteins [64]. SNARE proteins that mediate the exocytosis of 
neurotransmitter vesicles with the plasma membrane of neurons are the target substrates of 
BoNTs [65]. In addition to inhibiting neurotransmitter release, SNARE cleavage by BoNT also 
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affects trafficking of proteins, for example, TRPV1 and TRPA1 receptors to the neuronal sur-
face [66]. BoNT/A, BoNT/C and BoNT/E target SNAP-25, whereas BoNT/B, BoNT/D, BoNT/F 
and BoNT/G target VAMP1, VAMP2 and VAMP3 proteins. BoNT/C is unique amongst BoNTs 
in targeting two different SNARE types, as it targets syntaxin 1 and syntaxin 2 besides also 
targeting SNAP-25. Hydrolysis of the SNARE proteins occurs at a unique cleavage site spe-
cific to each BoNT [35].

No additional target substrates have been reported for BoNTs beyond SNARE proteins. This 
may be due to the extensive interaction that BoNTs make with the target proteins, including 
the cleavage site, which may be responsible for the exclusive specificities to SNARE isoforms 
in a species-specific manner [48].

The length of BoNT-induced intoxication may depend on (1) how long the cleaved SNARE 
proteins remain in the cytosol and the ability of the cleaved SNARE proteins to maintain 
the block to exocytosis, (2) how long the BoNT protease remains in place to cleave newly 
synthesised SNARE proteins, (3) the rate at which the neuron is able to replenish uncleaved 
SNARE proteins relative to ongoing cleavage, and (4) the ability of the presynaptic terminal 
to remodel in order to overcome the temporary paralysis. There is preclinical evidence for all 
these hypotheses [67]. The ubiquitination pathway has been proposed as a main mechanism 
responsible for degradation of the LC in the cytosol, thus terminating BoNT activity [68].

6.4. Three domains and four functions

Despite intense activity in recent years towards understanding the basic mechanism of action 
(MOA) of BoNTs, currently known structure-activity relationships of the four BoNT func-
tions (binding, internalisation, translocation and SNARE cleavage at the nerve terminals of 
the neuromuscular junction) within three domains (Hc, HN, and LC) are not fully under-
stood. Current gaps in basic understanding include molecular details of the specificity of the 
binding of each BoNT to neurons, entry into the nerve terminal and translocation of the LC, 
the correlation between SNARE cleavage and neuroparalysis and the length of BoNT-induced 
neuroparalysis. For example, it is known that the length of paralysis varies with BoNT type, 
dose, animal species and type of nerve terminal (from 3 to 4 months for skeletal nerve termi-
nals to 12–15 months for autonomic cholinergic nerve terminals) [54, 69]. Furthermore, there 
are emerging functions that do not fall within the canonical intoxication pathway.

Regarding discrete functions of BoNT domains, there is increasing evidence that, in addition 
to their individual functions, each domain influences the other to work in concert to achieve 
BoNT intoxication. For example, the binding domain is not necessary for cell entry or LC 
translocation, but it determines the pH threshold for HN channel formation during the trans-
location step [70].

Entry of BoNTs has also been reported independent of synaptic vesicle recycling [71]; and 
retrograde transport within non-acidifying organelles, a characteristic of the related teta-
nus toxin, has been described for BoNT/A and BoNT/E [72]. Effects of BoNT in the central 
nervous system, such as in pain states, have also been reported, indicating actions beyond 
the neuromuscular junction that would involve retrograde transport of the toxin [73].
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channel. The main difference between these models is that in the first model, channel forma-
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formed by HN occurs as a consequence of the LC translocation. In both models, the reduction 
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as the cellular system responsible for the reduction of the disulphide bridge [61]. Following 
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the membrane, which may have physiological consequences. BoNT/E is thought to owe its 
rapid translocation to its ‘closed butterfly’ three-dimensional structure in which the Hc and 
LC are in close proximity [50], whereas BoNT/A and BoNT/B, which in principle share the 
‘open butterfly’ configuration, would approach the membrane differently [63].
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The LC domain is a metalloprotease that cleaves SNARE proteins within the nerve terminal 
cytosol, resulting in the inhibition of the acetylcholine release which causes a reversible neu-
roparalysis [44].

SNARE proteins are membrane-associated proteins and comprise a large family of proteins 
that are responsible for the binding and fusion of vesicles to membranes. In humans, there 
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No additional target substrates have been reported for BoNTs beyond SNARE proteins. This 
may be due to the extensive interaction that BoNTs make with the target proteins, including 
the cleavage site, which may be responsible for the exclusive specificities to SNARE isoforms 
in a species-specific manner [48].
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proteins remain in the cytosol and the ability of the cleaved SNARE proteins to maintain 
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(MOA) of BoNTs, currently known structure-activity relationships of the four BoNT func-
tions (binding, internalisation, translocation and SNARE cleavage at the nerve terminals of 
the neuromuscular junction) within three domains (Hc, HN, and LC) are not fully under-
stood. Current gaps in basic understanding include molecular details of the specificity of the 
binding of each BoNT to neurons, entry into the nerve terminal and translocation of the LC, 
the correlation between SNARE cleavage and neuroparalysis and the length of BoNT-induced 
neuroparalysis. For example, it is known that the length of paralysis varies with BoNT type, 
dose, animal species and type of nerve terminal (from 3 to 4 months for skeletal nerve termi-
nals to 12–15 months for autonomic cholinergic nerve terminals) [54, 69]. Furthermore, there 
are emerging functions that do not fall within the canonical intoxication pathway.

Regarding discrete functions of BoNT domains, there is increasing evidence that, in addition 
to their individual functions, each domain influences the other to work in concert to achieve 
BoNT intoxication. For example, the binding domain is not necessary for cell entry or LC 
translocation, but it determines the pH threshold for HN channel formation during the trans-
location step [70].

Entry of BoNTs has also been reported independent of synaptic vesicle recycling [71]; and 
retrograde transport within non-acidifying organelles, a characteristic of the related teta-
nus toxin, has been described for BoNT/A and BoNT/E [72]. Effects of BoNT in the central 
nervous system, such as in pain states, have also been reported, indicating actions beyond 
the neuromuscular junction that would involve retrograde transport of the toxin [73].
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Furthermore, BoNTs, and in particular BoNT/A, are known to exert further actions unrelated 
to the cleavage of SNAP-25, at doses/concentrations that prevent SNAP-25-mediated neu-
rotransmitter release. These activities include (1) increasing the proteosomal degradation of 
the protein RhoB in arachidonic-mediated neuroexocytosis, (2) induction of neuritogenesis, (3) 
reduction of cellular proliferation and (4) effects on gene expression, both in in vivo and in vitro 
settings [74]. The significance of these findings is not yet fully understood, but opens exciting 
opportunities to expand the use of BoNTs beyond their classical SNARE-cleaving MOA.

7. New therapeutics

7.1. Improvements on current products

The four FDA-approved formulations in the market for BoNT products are manufactured 
starting with the fermentation of the respective C. botulinum [1]. As a result, the manufac-
turing processes come with their own challenges, namely, (1) the anaerobic requirements 
mean that oxygen must be excluded from the first stages of the production system as the C. 
botulinum are obligate anaerobes, (2) the production of the toxin progresses from the first 
stages of growth, so health and safety measures are paramount throughout the manufac-
turing process, (3) sporulation of the bacteria can occur at low levels during the growth 
stages, but particularly when the bacterial life cycle ends and the bacteria die, and (4) the 
nutritional growth requirements of C. botulinum are not known in detail, which results in 
complex growth media adding extra degrees of complexity [75]. Recombinant production 
of BoNTs in non-obligate anaerobes and non-sporulating organisms, already widely used 
in the research setting (e.g. Ref. [76]), will simplify the manufacturing process enormously, 
as well as facilitate molecular engineering approaches that are state of the art in the protein 
field.

One aspect that is still contentious about the current BoNT drug products is the presence/
absence of the ancillary non-toxic associated proteins (NAPs). In particular, it is not clear what 
role these proteins, which are critical to protect the toxin during entry through the gastroin-
testinal tract, are playing when the toxin is injected, as is the case for the current therapeutic 
and aesthetic uses. AbobotulinumtoxinA (Dysport®) and onabotulinumtoxinA (Botox®) pres-
ent a complex of BoNT plus non-toxic associated proteins (NAPs), whereas incobotulinum-
toxinA (Xeomin®) does not have NAPs present in its formulation [11]. RimabotulinumtoxinB 
(Myobloc®) is also a neurotoxin complex in which the BoNT is associated with hemagglutinin 
and non-hemagglutinin proteins [1].

Regarding distant spread, the FDA prompted an inclusion of a black box warning for all FDA-
approved BoNT products, as follows: ‘The effect of all botulinum toxin products may spread 
from the area of injection to produce symptoms consistent with botulinum toxin effects. These 
symptoms have reported hours to weeks after injection. Swallowing and breathing difficul-
ties can be life-threatening and there have been reports of death’ [1]. Ancillary proteins are 
not likely to play a role in distant spread since studies show that there were no differences in 
product diffusion when the same dose was injected with the same technique [15].
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Triggering of immune responses by BoNT use, and possibly triggering non-responsiveness 
to treatment, is a controversial topic since, despite dissociation from the toxin NAPs, HA 
and NTNHA proteins form part of the protein load of the injection [77]. Following meta-
analysis of clinical incidence of neutralising antibody immunogenicity is often revealed as a 
very minor issue with low, single-digit percent occurrence with the current main products 
[78]. Differences have been seen with an older product (which exhibited higher incidence of 
neutralising antibodies), dosing frequency and cumulative dose [79].

New products, produced using different manufacturing processes and with different final 
formulations, may help address the above issues and indeed as well for the existing natu-
ral products, which have not changed formulation or manufacturing process significantly in 
the last 20 years [75]. Alternative new products include Nabota® (Daewoong Pharmaceutical 
Co., Korea), which consists of BoNT/A obtained following a special purification process, and 
RT002 (Revance Therapeutics Inc., USA), which is an injectable formulation of BoNT/A con-
taining a polycationic excipient developed to limit diffusion of the toxin into adjacent tissues 
and to be longer acting than the current BoNT products, amongst others [2, 9]. The use of 
hydrogels and liposomes, for example, in treatments for bladder or gastric disorders, has also 
been reported as novel BoNT formulations being investigated [80]. Liquid formulations for 
BoNT/A products, already in the market for BoNT/B, are actively being pursued, and their 
use would preclude the need of reconstitution of the products [75].

7.2. Molecular engineering of BoNTs

Given the natural diversity of BoNTs, with 7 serotypes and over 40 individual subtype proteins, 
it is surprising that the leading marketed products are restricted to only two serotypes, BoNT/A 
and BoNT/B. So far, anecdotal use of BoNT/C and BoNT/F was reported few years ago [81]. 
The current landscape of new therapeutics include, for example, the potential use of the short-
acting BoNT/E1 as reported in WO2014068317 [82], the use of a BoNT/B toxin with increased 
binding affinity for its human cognate receptor synaptotagmin II as reported in WO2013180799 
[83] as well as BoNT/A3 (WO2013049139 [84]). In particular, serotype BoNT/A2 has been exten-
sively studied in Japan as an alternative BoNT/A with differentiated biology [85, 86].

Molecular engineering approaches facilitate the harnessing of inherent characteristics present 
in the already diverse natural BoNTs [87] but also allowing the introduction of new proper-
ties. When considering engineering approaches, all three BoNT domains offer exciting oppor-
tunities; for a recent review, see Ref. [5]. Firstly, engineering of the Hc domain could facilitate 
(1) alternative receptor targets to modify specificity, (2) allow immune epitope modification 
and (3) add/modify receptor-binding motifs and related structural regions to modify affinity. 
Secondly, engineering the HN domain could modulate cargo capacity and pH dependency 
of translocation of cargo. Finally, LC engineering could provide (1) substrate specificity, (2) 
desired intracellular localisation, (3) modification of immune epitopes and (4) modification/
manipulation of self-proteolysis and degradative pathways.

An example of such engineering approaches is targeted secretion inhibitors (TSI), in which 
the Hc domain of BoNT is substituted by an alternative cellular targeting domain (e.g. see 
WO2006059093 [88]), which will be discussed in the next section.
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7.3. Example of new therapeutics: targeted secretion inhibitors

Natural BoNT toxins target neuronal terminals, and their duration of action is often measured 
in months. These characteristics have made them very successful therapeutic and aesthetic 
agents (see Section 1 above), but it also limits their use to their specific target cells. Given that 
SNARE proteins underpin a universal mechanism of secretion in eukaryotic cells, an engi-
neering approach that would lead to cleaved SNARE proteins in a wide range of (hypersecret-
ing) cells would provide novel and exciting therapeutic opportunities. In TSI, the Hc-binding 
domain of BoNTs is substituted by an alternative cell-binding moiety, and the resulting pro-
teins are not neurotoxins but a new class of biopharmaceuticals [89].

The basis for the TSI platform development is a functional fragment from BoNTs comprising 
the LC and HN domain, termed LHN. LHN proteins are proteolytically cleaved during activa-
tion, and the two domains remain connected by a disulphide bridge, as is the case in the paren-
tal BoNTs. LHN/A, LHN/B, LHN/C and LHN/D are amenable to recombinant expression in 
E. coli and have all been described as functionally active, resembling the respective parental 
toxin [90, 91]. Examples of TSI include those where the targeting domain is comprised of wheat 
germ agglutinin, nerve growth factor, an epidermal growth factor receptor (EGFR) targeting 
ligand or a growth hormone-releasing hormone receptor (GHRHR) targeting ligand. These 
TSI have shown that it is possible to achieve internalisation of the active BoNT LC contained 
in their structure into non-neuronal cells otherwise resistant to the parental BoNT [92–94].

The structures of LHN/D and a GHRHR-targeted TSI/D, SXN101959, are shown in Figure 5. 
When compared with BoNT structures depicted in Figure 3, it is seen that the BoNT Hc 
domain is absent in the LHN structure and, in the case of the TSI a new targeting moiety 
takes the place of Hc. Often, the new targeting moiety is considerably smaller than the 
original Hc domain of the parental BoNT. That poses its own challenges regarding ligand 
accessibility, and so linkers and spacers are frequently used. Furthermore, in the case of this 
GHRHR ligand, a free N-terminus of the peptide is required for optimal activation of the 
GHRHR receptor [95], which has prompted the position of the ligand to be at the N-terminal 
end of HN when compared to the Hc (located at the C-terminal of HN in the natural struc-
ture). Functionally, this TSI has been shown to exert a powerful and reversible inhibitory 
action on the endocrine growth hormone and insulin-like growth factor-I axis [96].

Little is known about TSI intracellular trafficking, and it is generally assumed that the BoNT 
four-step MOA (binding, internalisation, translocation and SNARE cleavage) will apply. A 
study using a GHRHR-targeted TSI/D reported an intracellular, punctate, immune-staining 
pattern indicative of the presence of the TSI in endosomes [97]. In a recent paper, internalisa-
tion of an EGFR-targeted TSI/A and BoNT/A was assessed in the same cellular system [98]. The 
EGFR-targeted TSI/A partially internalised in an intracellular compartment consistent with 
endosomes, whereas BoNT/A did so in a different compartment consistent with synaptic vesicle  
recycling. Both proteins were able to cleave the cytosolic SNARE protein target SNAP-25.  
The study confirmed that BoNT domains are a versatile tool to extend the pharmacological 
effect of BoNTs beyond the natural target of the neuromuscular junction.

Neurotoxins92

In addition to the delivery of SNARE cleaving activity into non-neuronal cells, TSI can also 
be used to provide alternative targeting to neurons with improved neuronal selectivity. 
One such example is neuronal targeting via the nociceptin receptor, which reached Phase II 
clinical trials for post-herpetic neuralgia and overactive bladder (WO2006059093) [88, 99].

8. Conclusions

BoNTs are key therapeutic agents with a seemingly ever-increasing list of new applications. 
The fascinating modular molecular architecture and natural diversity of BoNTs is the base for 
future therapeutics, being developed using recombinant technologies, new formulations and 
engineered new pharmacological properties.

Figure 5. Structural and functional domains of LHN/D and a GHRHR-targeted TSI/D. (A) Crystallographic data of 
LHN/D (PDB 5BQN). (B) Crystallographic data for the GHRH-targeted TSI/D (PDB 5BQM) in which the targeting 
domain has been added using molecular modelling for illustration purposes. The ribbon to the right of the LC and 
HN domains corresponds to the GHRHR ligand plus the spacer, as illustrated in (C). (C) Simplified block diagrams 
of the structures presented in (A) and (B), respectively. The HN and LC domains in both structures can be seen being 
connected by a conserved disulphide bridge. Structural images created using the MOE software (Molecular Operating 
Environment 2013.08; Chemical Computing Group Inc., Montreal, Canada).
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Abstract

Botulinum toxins are widely used worldwide for the treatment of medical and esthetic 
disorders. They are considered the gold standard for the treatment of muscular spasticity 
and facial dynamic wrinkles. Moreover, they are a valid alternative in the treatment of 
pain and hyperhidrosis. Several adverse events to their applications have been described, 
being the most frequent hematomas, migraines, palpebral ptosis, ectropion, or lack of 
response. Resistance to botulinum toxins in the medical field has been described, at higher 
dosages and short intervals. Nevertheless, resistance to botulinum toxin in esthetics has 
been considered traditionally anecdotic. Recent evidence suggests that resistance to botu-
linum toxins in esthetics may have higher prevalence than expected. A full analysis of the 
argument is given with up dated information regarding botulinum toxin resistance in 
medical and esthetic arenas; including elements for suspicion and diagnosis, valid alter-
natives for effective prevention, education and treatment of this misdiagnosed condition.

Keywords: resistance, neutralizing antibodies, botulinum toxin, proteins

1. Introduction

When botulinum toxin (BTX) was first introduced to esthetics, it was after an observation 
related to its side effects in the context of blepharospasms treatments [1]. This fact, as with 
many other drugs permitted the study, development and use of this tool into another area of 
medicine, such as cosmetic surgery.

The exponential growth of the technique, due to the medical community and patient’s inter-
ests, increased the knowledge surrounding this molecule, and the safety concerns that called 
attention at the beginning of the century due to the use of a toxin in esthetics. Moreover, it 
permitted the study of the adverse events related to the applications [2, 3]. Among the for-
mer the most common include; hematomas, migraines, palpebral ptosis, ectropion, or lack of 
response. A complete list is shown in Table 1.
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mer the most common include; hematomas, migraines, palpebral ptosis, ectropion, or lack of 
response. A complete list is shown in Table 1.
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Any physician with some experience in the esthetic field understands the importance of 
patient satisfaction. Whenever we get a patient complaint after a BTX treatment, such as in 
cases of none or partial response, we face an immediate judge regarding trust, loyalty and 
professionalism. For these reasons, it is of prime importance to educate or patients concerning 
the possible causes of their complaint.

The causes of lack of response include: drug potency, toxin type, injection technique, unex-
pressive patients, cold chain alteration, toxin condition, dilution, insufficient dose, unreal 
expectations and resistance [4]. The causes are summarized in Table 2.

With the introduction to the market to new BTX type A, we have found empirically, that 
even though each toxin claims to have unique and non-interchangeable units, there are toxins 
that are more powerful than others in clinical response and lasting effect. This has called the 
attention to the drug potency parameter, especially when patients are switched from toxins 
between different treatments [5].

Clostridium botulinum bacteria produces seven serologically distinct types of botulinum 
neurotoxin (designated as types A, B, C1, D, E, F, and G). All subtypes of toxin act by pre-
venting the release of acetylcholine at the neuromuscular junction. The most potent and used 
toxin type is A. It is clear that when changing the type, very rare condition, we can expect a 
lesser response to the latter.

BT treatments adverse events

Pain

Hematoma, bruising, inflammation

Headaches

Palpebral ptosis

Pseudo ptosis

Drug interaction

Diplopia

Asymmetries

Ectropion

Allergies

Unsatisfied patient

Muscular atrophy

Dysphagia

Resistance

Table 1. Botulinum toxin (BT) treatment adverse events.
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Technical errors during the procedure such as intra dermal toxin injections or placement dis-
tant to the target muscle can manifest as lack or partial response in affected areas. Adequate 
touch ups should guarantee patient overall satisfaction.

Unexpressive patients are not good candidates for BTX treatments, because they seldom 
have problems with dynamic wrinkles, and therefore are difficult in perceiving post proce-
dure improvements with the technique.

The cold chain can be a major concern for BTX that are thermo-sensitive. Viability of this 
type of BTX at room temperature is around 240 h. According to Allegan, during BTX produc-
tion, a total of 120 h are consumed at room temperature for production, while the remaining 
120 h enables logistics (shipping and delivery to destination). Whenever the cold chain is not 
respected, it is highly probable that part of the vial content is damaged, therefore affecting the 
performance of it.

To guarantee indemnity storage should be done frozen (−5 to 8°C) until used and after recon-
stitution refrigerated at 2–8°C. The use of non-thermo-sensitive BTX could be advisable if 
Cold chain rupture is an issue.

Toxin condition can be altered whenever one of the following is verified: reconstitution >6w 
(according to Dr. Doris Hexsel’s publications), alcohol contact with toxin during disinfection, 
application of ice packs after treatment (favors vasoconstriction and lesser absorption), freezing 
the toxin after reconstitution (thermic shock damages toxin), or energic shake of the vial after 
reconstitution. Gentle handling and attention to this details should allow to prevent this event.

Dilution has been traditionally considered as a personal preference of the physician. 
Nevertheless, recent communications by this author have questioned this and open debate 
regarding the possibility of augmenting the potency of the drug by reducing the amount of 
solvent in the reconstitution, or better said, by concentrating the toxin. The effects obtained 

BT lack of response

Drug potency

Toxin type

Injection technique

Unexpressive patients

Cold chain

Toxin condition

Dilution

Insufficient dose

Un real expectations

Resistance

Table 2. Possible causes of lack of action of botulinum toxin (BT).
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through this are lesser side effects (such as migration) and prompt, more important and long 
lasting clinical benefits. The author recommends 0.5 ml as reconstitution for 125 Speywood 
Units (Azzalure-Galderma) or 50 Botox units (Vistabex-Allergan) or 1 ml for 100 Botox U 
(Botox-Allergan) or 2 ml for 300 Speywood Units (Dysport-Ipsen).

Doses are gender and individual specific. Most of the textbooks available regarding esthetic 
applications of BTX present recipes or treatment forms with practical advices about dose and 
target muscles. Nevertheless, all of this represent general recommendations to orient the clini-
cian to target the specific dose for the specific patient. In this way, a correct clinical response 
is obtained without over or under treatment of the areas involved.

Patient with unreal expectations are poor candidates for BTX treatments. A correct clinical 
history, physical exam and discussion of the procedure with photographs, of previous treat-
ments, will help to rule out them and avoid complications.

2. Resistance to chemodenervation definition

This condition is defined as the absence of benefic response and muscular atrophy after BTX 
treatment, due to an antibody response (of neutralizing antibodies) to the protein content 
within the product that neutralizes the effect.

The antibodies anti-BTX can be:

i. Neutralizing

ii. Non-neutralizing: they do not influence directly on the therapeutic effect, but augment 
foreign protein charge, increasing potentially the formation of neutralizing antibodies.

All above rank the protein content within a BTX vial as a potential trigger to develop resis-
tance. Although there are areas within the progenitor toxin complex (PTC) that have been 
identified as more prone to develop neutralizing antibodies, potentially all proteins could 
develop an immune response that may interfere action and develop resistance. The proteins 
within a vial are classified in two groups:

• Structural proteins: they are present within the toxin complex and include peripheral pro-
teins (hemagglutinin and nonhemagglutinin proteins) and core proteins of the neurotoxin 
itself. The diagram of the toxin is shown in Figure 1.

• The role of these peripheral proteins also known as Nontoxic neurotoxin associated pro-
teins (NAPS) is related to the oral ingestion of the toxin. Non-toxic-nonhemagglutinin 
proteins (NTNHA) protect the progenitor toxin complex against digestive proteases and 
gastro intestinal acidic ambient, whereas hemagglutinin proteins (HA) enhance intestinal 
absorption of it [6].

The neurotoxin molecule is a 150 kDa protein structure made up of a 100 kDa heavy chain 
and 50 kDa light chain held together by a disulfide bond and associated with a zinc atom. The 
heavy chain has the C-terminus on it and is responsible for the high affinity docking on the 
presynaptic nerve membrane, being it rapid and irreversible. The light chain is responsible 
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Figure 1. Diagram of progenitor toxin complex evidencing structural proteins (NTNHA, HA and neurotoxin).

Product Toxin 
type

Lab Formulation Units/vial Excipients Storage

Azzalure A Galderma Lyophilisate 125 Speywood 125 μg SA
2.5 mg Lactose

2–8°C

Dysport A Ipsen Lyophilisate 300 Speywood 125 μg SA
2.5 mg Lactose

2–8°C

Vistabex A Allergan Vaccum dried 
powder

50 Allergan 500 μg SA
0.9 mg NaCl

2–8°C

Botox A Allergan Vaccum dried 
powder

100 Allergan 500 μg SA
0.9 mg NaCl

2–8°C

Bocouture A Merz Lyophilisate 50 Merz 1000 μg SA
Cane sugar 5 mg

RT

Xeomin A Merz Lyophilisate 100 Merz 1000 μg SA
25 mg Sucrose

RT

CBTX-A* A Lanzho Institute of 
Biological Products

Lyophilisate 100 20 mg gelatin
25 mg dextran
25 mg SUCROSE

−5/−20°C

Myobloc/
Neurobloc

B Solstice Liquid 5000, 10,000, 
or 20,000

500 μg/ml SA
10 nM Na succinate
100 nM Na chloride, Na 
octanoate, pH = 5.6

2–8°C

*CBTX-A, Chinese BoNT/A complex; SA, serum albumin, RT, room temperature.

Table 3. Principal characteristics of most common BTX products available.
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for the intracellular cleavage of proteins required for transmission of acetylcholine across the 
neuromuscular junction. Regions of the light chain have been recognized by human anti-
toxin antibodies from cervical dystonia patient’s immunoresistant to toxin treatment [7–11]. 
The antigenic structure of the active toxin recognized by human antibodies relies predomi-
nantly on three peptides within the light chain named L11, L14 and L18. These three antigenic 
regions reside in close proximity to the belt of the heavy chain. The regions L11 and L18 are 
accessible in both the free light chain and the holotoxin forms, while L14 appears to be less 
accessible in the holotoxin. Antibodies against these regions could prevent delivery of the 
L-chain into the neurons by inhibition of the translocation.

• Excipients proteins: they are present in most commercial products available in the market 
in the form of serum albumin, the only exception being the Chinese BTX-A, that uses gela-
tin as protein stabilizer. This plasmatic transport protein is regularly used in hemodynamic 
treatments as a volume stabilizer. Moreover, it is present in diary and eggs and is suscep-
tible of allergenic response. Nevertheless, most of the allergic reactions or intolerances are 
due to lacto globulin and not serum albumin. The role of this protein in the vials serves 
especially as protein stabilizer to prevent the adsorption of the toxin to glass and plastic 
surfaces and probably to maintain the toxin in the target area after being injected. In this 
case, according to the author theory, would be the principal responsible of limiting micro 
diffusion. On the other hand, macro diffusion, associated with the most feared complica-
tion such as palpebral ptosis, depends on the solvent quantity (or dilution) for the vial 
preparation [12].

The other excipients are not important regarding resistance to BTX. Details of the principal 
characteristics of the most common BTX products available in the market is given in Table 3. 
Excipients within the vials respect a very strict proportion, and when altered could affect 
lasting effect.

3. BTX resistance risk factors

The principal aspects recognized are:

• Higher doses: this characteristic exposes medical patients to a major risk in comparison to 
esthetic applications, and wrongly induced physicians to believe that resistance was not 
possible in the esthetic field [13–15]. As recently demonstrated in the author’s publication, 
resistance in esthetics is not only possible, but more frequent than expected.

• Short treatment intervals: according to this feature, treatments should only be done every 
6 months if possible and touch ups should be limited within the first week and only once.

• Individual predisposition: some patients are more susceptible than others in resistance de-
velopment. As with many autoimmune disorders, females seem more prone to be affected, 
although males usually are treated with higher doses of BTX. A correct clinical history may 
identify allergic or autoimmune disorders, which could put the patient at increased risk of 
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resistance and could constitute a relative contraindication for the treatment. The exact phe-
notype of this patients have not been fully understood or identified yet, and genetic tests 
could give some information about it in the future.

4. Diagnosis

BTX resistance is based in 2 pillars: clinical suspicion and laboratory tests.

The former is of vital importance as you can only diagnose what you have been trained to 
see or suspect. Patients present generally upset, after 2 or more BTX treatments in which 
they refer that the treatment did not gave the expected result, did not work or the inten-
sity or duration of the clinical response was less than expected or experimented in previous 
treatments.

The common physician action here is to raise the dose previously used or to change the com-
mercial preparation employed (always staying in BTX-A), increasing both patient anxiety and 
resistance.

Laboratory test can be clinical, in vivo or in vitro [16].

Clinical tests are intramuscular measurements of compound potential action and are indirect 
and not specific.

In vivo tests are considered the gold standard for the diagnosis, since they represent the only 
FDA approved. The most popular is the bioassay or mouse lethality test. They give quantita-
tive results about the presence of Antibodies in the patient’s serum. The test consist in the 
injection of the suspected patient serum intravenously or intra peritoneal in mouse together 
with the inoculation of BTX-A. Toxicity or death of the animals is measured and is expected if 
no or low titers antibodies are present within the patient serum.

It has medium sensibility and specificity, takes 2–4 days, and is rather expensive (140 Euros). 
Moreover, is complicated (not available in many regions), and has obvious animal rights issues.

The test is available in Hannover Germany in Toxogen Lab (www.toxogen.de). The sample 
of patient blood (14 ml) or serum (5 ml) not frozen nor heparinized should be sent in a cold 
plastic container through express mail. The test form is presented in Figure 2.

In vitro tests include the mouse diaphragm assay (MDA), enzyme-linked immunosorbent 
assays (ELISA) or the immunoprecipitation assay (IPA). They are not specific and measure 
only one part of the reaction.

A new in vitro test known as Neuronal Cell-based Botulinum Neurotoxin Assay, based on 
histological preparations of mouse neural cord is available. It guarantees less animal’s death 
and sufferance (72 tests/animal) and is highly sensitive, specific and safe. For these reasons, it 
may be the test of the future [17].

A summary of diagnostic tests is given in Table 4.
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Figure 2. Resistance test form.
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5. Prevention

The prophylaxis for resistance development includes: adequate treatment intervals, person-
alized treatments, minimal effective dose, periodical tests execution, patient education, vast 
therapeutic arsenal, treatment onset >30 years (esthetic) and to avoid patients with strong 
allergic or autoimmune phenotype.

As previously mention, treatment intervals should be 6 months, with the minimum possible 
interval around 3 months, and touch should be done within the first week after the treatment 
and only once.

The treatments should be personalized, escaping from traditional formulas, using the mini-
mal effective dose for the target area and avoiding treating areas with little or no mobility or 
wrinkles (example: procerus muscle in some patients). It is important to keep track on the 
individual treatment schema and lasting of the clinical effect, as the duration can be the first 
indicator that there is some resistance development.

In case of suspicion, serologic test should be promptly indicated.

Patients should be informed about this condition and about the other therapeutic alternatives, 
like bioplasties or laser, which can be combined to avoid the neurotoxin abuse, or “neurotoxin 
dependent syndrome”. In this way we will obtain natural results and maintain facial mobility 
without wrinkles. The idea is to make patients to consider both; skin quality and facial wrinkles.

Some congress communications in Latin America, have shown the use of BTX in 16 years old 
patients for wrinkles prevention. In this case, although it may be effective, it would expose the 
patient to a very long way on toxin treatments, and potential resistance [18]. For this reason, 

Type Name Characteristics

Clinical Compound Action Potential Intramuscular measurements (Frontalis, Extensor Digitorum 
Brevis, SCM)
Indirect
↓Sp

In vivo Mouse Lethality Test Gold Std, quantitative, FDA approved
Medium Se/Sp, complicated
Expensive
2–4 days
Animal rights

In vitro MDA
ELISA
IPA

↓Sp
Single phase measurements

Neuronal Cell-based Botulinum 
Neurotoxin Assay

Histologic sample of rat neural cord
<N° (72 test/animal) & animal suffering
↑Se/Sp
Safer, future

SCM, sternocleidomastoid muscle; ↑, high; ↓, low; Se, sensitivity; Sp, specificity; MDA, mouse diaphragm assay; ELISA, 
enzyme-linked immunosorbent assays; IPA, immunoprecipitation assay.

Table 4. Diagnostic test for BTX-A resistance.
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dependent syndrome”. In this way we will obtain natural results and maintain facial mobility 
without wrinkles. The idea is to make patients to consider both; skin quality and facial wrinkles.

Some congress communications in Latin America, have shown the use of BTX in 16 years old 
patients for wrinkles prevention. In this case, although it may be effective, it would expose the 
patient to a very long way on toxin treatments, and potential resistance [18]. For this reason, 

Type Name Characteristics

Clinical Compound Action Potential Intramuscular measurements (Frontalis, Extensor Digitorum 
Brevis, SCM)
Indirect
↓Sp

In vivo Mouse Lethality Test Gold Std, quantitative, FDA approved
Medium Se/Sp, complicated
Expensive
2–4 days
Animal rights

In vitro MDA
ELISA
IPA

↓Sp
Single phase measurements

Neuronal Cell-based Botulinum 
Neurotoxin Assay

Histologic sample of rat neural cord
<N° (72 test/animal) & animal suffering
↑Se/Sp
Safer, future

SCM, sternocleidomastoid muscle; ↑, high; ↓, low; Se, sensitivity; Sp, specificity; MDA, mouse diaphragm assay; ELISA, 
enzyme-linked immunosorbent assays; IPA, immunoprecipitation assay.

Table 4. Diagnostic test for BTX-A resistance.
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in this group wrinkles prevention is advised through a correct cosmetic skin care, sun protec-
tion and nutrition. We recommend cosmetic BTX treatments not to be started before the 3rd 
decade of life.

Finally, within the clinical history attention should focus on the autoimmune and aller-
gic phenotypes. Although it is not quite clear, both groups would have an important ten-
dency to develop resistance and should be considered a partial contraindication for BTX 
applications.

Each case should be discussed and cost benefit decision should be taken with an informed 
patient.

6. Treatment

Treatment alternatives include botulinum toxin type B (BTX-B), medical electronic and infil-
trative devices, peelings and cosmetic skin care. A special mention should be given to psycho-
logical support for the patient with BTX resistance.

BTX-B, also known as Myobloc (US) or Neurobloc (EC) (Solstice Laboratories) is a toxin of 
diverse type and although it has a quicker onset than BTX-A is not as potent and the effects 
will last less. Even though antibody titers tend to diminish in time, new treatments with 
BTX-A are not suggested. Other important fact to mention is that the drug is intended in 
Europe for Cervical Dystonia, and not for esthetic use, so it is very difficult to obtain the prod-
uct in a private practice setting.

Medical electronic devices embrace non-ablative or ablative procedures. Non-ablative meth-
odologies include infrared, radiofrequency and localized ultrasounds, only to name a few. 
Ablative procedures include lasers, like CO2 or erbium.

All above improve collagen synthesis and skin reorganization and may increase dermic thick-
ness reducing visible wrinkles.

Infiltrative devices group bioplasties (to improve skin hydration or metabolism), or needling 
through derma rollers or dermic pens.

Peelings may enhance skin renewal and tone. They may be superficial, intermediate or deep.

Cosmetic skin care should always be present in our esthetic practice; it will enhance and 
maintain our results and is considered to be the single most important measure in skin anti-
aging. The regimen should consider adequate detergent, day and night time topical prepara-
tions and should be adjusted according to the skin type and patients’ habits.

Finally, it is important to consider the physiological implications of the patient BTX resistant. 
For many of them, it is considered a major loss, especially if they were used to regular treat-
ments and had experimented its benefits for a long time. It is suggested to listen to the patient 
fears and to provide alternative options, to avoid helpless or abandon feelings. Psychological 
support with specialist is advised if during controls, patients is perceived extremely anxious, 
hesitated or depressed.
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7. Conclusion

Botulinum toxin is one of the best therapeutic weapons available for the treatment of facial 
dynamic wrinkles and we must, if possible, prevent, suspect, diagnose and treat the presence 
of resistance, to perpetuate a safe and efficient use of the product for our patients in the future.
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Abstract

A meta-analysis showed that children with higher fluoride exposure have lower IQs than 
similar children with lower exposures. Circulating levels of fluoride in blood and urine in 
children have also been linked quantitatively to significantly lower IQ. Other human and 
animal studies indicate that fluoride is a developmental neurotoxicant and that it operates 
in utero. Economic impacts of IQ loss have been quantified. The objective was to use data 
from the meta-analysis and other studies to estimate a daily dose of fluoride that would 
protect all children from lowered IQ, and to estimate economic impacts. We used two 
methods: traditional lowest-observed-adverse-effect (LOAEL)/no-observed-adverse-effect 
level (NOAEL); and benchmark dose (BMD). We used 3 mg/L in drinking water as an 
“adverse effect concentration,” with reported fluoride intakes from food, in the LOAEL/
NOAEL method. We used the available dose–response data for the BMD analysis. Arsenic, 
iodine, and lead levels were controlled for in studies we used. BMD analysis shows the 
possible safe dose to protect against a five-point IQ loss is between 0.0014 and 0.050 mg/
day. The LOAEL/NOAEL safe dose range estimate is 0.0042–0.16 mg/day. The economic 
impact for IQ loss among US children is loss of tens of billions of dollars.

Keywords: fluoride, developmental neurotoxicity, reference dose, economic impact, 
risk analysis

1. Introduction

This chapter reports on the work we did in translating extant information on the develop-
mental neurotoxicity of fluoride into a range of reference doses, which are doses that may, 
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within an order of magnitude, be experienced by children throughout their lifetimes without 
adverse effect on their neural development. This work has, in slightly different format, form 
and content been published in the journal Fluoride, Vol. 49(4 Pt 1):379–400, December 2016.

Interest in the developmental neurotoxicity of fluoride has grown significantly since the 2006 
report of the National Research Council Committee (NRC) on Fluoride in Drinking Water [1] 
that recommended the U.S. Environmental Protection Agency (USEPA) set a new drinking 
water standard.

A large body of evidence—over 300 animal and human studies—indicates that the fluo-
ride ion is neurotoxic. This includes over 40 studies published in China, Iran, India, and 
Mexico [2] that found an association between lowered intelligence quotient (IQ) and expo-
sure to fluoride [3]. A meta-analysis by Choi et al. [4] found that in 26 out of 27 studies, 
children in the high-exposed community had a lowered mean IQ compared to children in 
a low-exposed community. However, a recent study, by Broadbent et al. [5] did not find a 
difference in IQ between children living in an artificially fluoridated community or a non-
fluoridated community in New Zealand. In this chapter, we explain the substantial limita-
tions of this latter paper.

We used data from Choi et al. [4] and a set of the best IQ studies from China by Xiang et al. 
[6–10], which accounted for many important confounding variables, to estimate a reference 
dose for fluoride using two standard risk analysis techniques used by the USEPA, to protect 
all children in the USA from lowered IQ. Based on our calculations, the protective daily dose 
should be no higher than 0.05 mg/day for children aged 8–13. We based our risk analysis pri-
marily on information from China, because scientists in that nation have been by far the most 
active in generating information on fluoride and children’s IQ. We are unaware of any similar 
studies having been done in the USA.

The study by Broadbent et al. [5] found no statistically significant difference in intelligence 
between groups of children in fluoridated or non-fluoridated communities in New Zealand. 
A key limitation of this study is that the difference in fluoride intake between the fluoridated 
and non-fluoridated communities was small, thereby diminishing the power of the study to 
detect an effect of fluoride on IQ. Menkes et al. [11] addressed this issue and others in a com-
prehensive commentary on Broadbent et al. [5]. They concluded that the study, “…appears to 
have overstated available evidence.”

Prominent examples of the growing body of literature indicating that fluoride is a develop-
mental neurotoxicant in humans include studies by Malin and Till [12], Wang et al. [13], Zhang 
et al. [14], the meta-analysis by Choi et al. [4], and the set of studies by Xiang et al. [6–10].

Malin and Till [12] reported an association between prevalence of artificial water fluoridation 
and prevalence of attention deficit-hyperactivity disorder (ADHD) in the USA. They deter-
mined ADHD and water fluoridation prevalence, state by state, from children’s health sur-
veys conducted by the Centers for Disease Control (CDC) and water fluoridation data also 
from CDC sources. They showed that, after correcting for household income, the incidence 
of ADHD in the years 2003, 2007, and 2011, measured at the state level, increased as the per-
centage of each state’s population drinking fluoridated water increased, as measured in 1992. 
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The authors discussed their statistical analytical methods that were able to predict that a 1% 
increase of water fluoridation incidence over that of 1992 was associated with about 67,000 
extra diagnoses of ADHD in 2003, about 97,000 extra diagnoses in 2007, and about 131,000 in 
2011. They discussed the limitations of their work, and offered plausible mechanisms by 
which artificial water fluoridation might cause or contribute to ADHD.

Peckham et al. [15] found depressed thyroid function in areas of England as a function of 
fluoride levels in drinking water, offering a possible secondary mechanism by which fluo-
ride levels may affect neurological development. They found odds ratios of 1.37 and 1.62 
for hypothyroidism in areas where water fluoride levels were >0.3 to ≤0.7 and >0.7 mg/L, 
respectively. It has been reported that the severity of maternal hypothyroidism is inversely 
correlated with the IQ of the offspring (Klein et al. [16] in NRC [1]). When iodine intakes are 
deficient, doses of fluoride of 0.01–0.03 mg/kg/day (equivalent to 0.5–1.5 mg/day for a 50 kg 
woman) altered thyroid-stimulating hormone (TSH), triiodothyronine (T3), and thyroxine 
(T4) hormone levels ([1], pp. 262–263). This further indicates that those with iodine deficiency 
are a sensitive subgroup that USEPA must consider, given the fluoride exposures from all 
sources for women 13–49 years of age, with drinking water at 1 mg/L of 0.033–0.042 mg/kg/
day ([1], Table 2-12.) According to the World Health Organization, WHO [17, 18] median 
urinary iodine levels <150 μg/L are considered insufficient, and Caldwell et al. [19] reported 
that 56.9% of pregnant women surveyed in the USA during 2005–2008 had a median urinary 
iodine concentration < 150 μg/L.

The Zhang et al. study [14] also found a statistically significant elevation of TSH among the 
children exposed to the “high” water fluoride level (mean 1.40 mg/L; range 1.23–1.58 mg/L) 
compared to controls (mean 0.63 mg/L; range 0.58–0.68 mg/L).

Wang et al. [13] showed a statistically significant negative relationship between urinary fluo-
ride levels and IQ among children. They examined both fluoride and arsenic as covariates, 
and showed through determination of urinary fluoride and arsenic levels that fluoride was 
most likely the source of the effect. They reported a statistically significant IQ difference of 4.3 
IQ points between high (n = 106, 5.1 ± 2.0 mg/L) and control (n = 110, 1.5 ± 1.6 mg/L) urinary 
fluoride groups.

Zhang et al. [14] found a significant negative relationship between both urinary and serum 
fluoride levels and IQ in children. Further, they showed that a subset of the study cohort with 
the val/val(158) allele of the catechol-O-methyltransferase (COMT) gene was more suscep-
tible to fluoride reduction of IQ than were the rest of the cohort, who had the two alternate 
genotype alleles (met/met and val/met) of that gene. This gene codes for the major enzyme 
involved in the metabolic degradation of dopamine, which is recognized as having an impor-
tant role in cognition. The two median and inter-quartile ranges of fluoride levels in drinking 
water were: high 1.46 (range 1.23–1.57); and control 0.60 (range 0.58–0.68) mg/L. Differences 
between high exposure and control exposure groups for water fluoride, serum fluoride, and 
urine fluoride level were statistically significant. Both serum fluoride and urine fluoride were 
significantly related to water fluoride levels, and both were also significantly related to lower 
IQ. For urinary fluoride levels the IQ point difference from controls was: 2.42 per mg/L (95% 
C.I. −4.59 to 0.24, p < 0.05).
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studies having been done in the USA.

The study by Broadbent et al. [5] found no statistically significant difference in intelligence 
between groups of children in fluoridated or non-fluoridated communities in New Zealand. 
A key limitation of this study is that the difference in fluoride intake between the fluoridated 
and non-fluoridated communities was small, thereby diminishing the power of the study to 
detect an effect of fluoride on IQ. Menkes et al. [11] addressed this issue and others in a com-
prehensive commentary on Broadbent et al. [5]. They concluded that the study, “…appears to 
have overstated available evidence.”

Prominent examples of the growing body of literature indicating that fluoride is a develop-
mental neurotoxicant in humans include studies by Malin and Till [12], Wang et al. [13], Zhang 
et al. [14], the meta-analysis by Choi et al. [4], and the set of studies by Xiang et al. [6–10].

Malin and Till [12] reported an association between prevalence of artificial water fluoridation 
and prevalence of attention deficit-hyperactivity disorder (ADHD) in the USA. They deter-
mined ADHD and water fluoridation prevalence, state by state, from children’s health sur-
veys conducted by the Centers for Disease Control (CDC) and water fluoridation data also 
from CDC sources. They showed that, after correcting for household income, the incidence 
of ADHD in the years 2003, 2007, and 2011, measured at the state level, increased as the per-
centage of each state’s population drinking fluoridated water increased, as measured in 1992. 
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The authors discussed their statistical analytical methods that were able to predict that a 1% 
increase of water fluoridation incidence over that of 1992 was associated with about 67,000 
extra diagnoses of ADHD in 2003, about 97,000 extra diagnoses in 2007, and about 131,000 in 
2011. They discussed the limitations of their work, and offered plausible mechanisms by 
which artificial water fluoridation might cause or contribute to ADHD.

Peckham et al. [15] found depressed thyroid function in areas of England as a function of 
fluoride levels in drinking water, offering a possible secondary mechanism by which fluo-
ride levels may affect neurological development. They found odds ratios of 1.37 and 1.62 
for hypothyroidism in areas where water fluoride levels were >0.3 to ≤0.7 and >0.7 mg/L, 
respectively. It has been reported that the severity of maternal hypothyroidism is inversely 
correlated with the IQ of the offspring (Klein et al. [16] in NRC [1]). When iodine intakes are 
deficient, doses of fluoride of 0.01–0.03 mg/kg/day (equivalent to 0.5–1.5 mg/day for a 50 kg 
woman) altered thyroid-stimulating hormone (TSH), triiodothyronine (T3), and thyroxine 
(T4) hormone levels ([1], pp. 262–263). This further indicates that those with iodine deficiency 
are a sensitive subgroup that USEPA must consider, given the fluoride exposures from all 
sources for women 13–49 years of age, with drinking water at 1 mg/L of 0.033–0.042 mg/kg/
day ([1], Table 2-12.) According to the World Health Organization, WHO [17, 18] median 
urinary iodine levels <150 μg/L are considered insufficient, and Caldwell et al. [19] reported 
that 56.9% of pregnant women surveyed in the USA during 2005–2008 had a median urinary 
iodine concentration < 150 μg/L.

The Zhang et al. study [14] also found a statistically significant elevation of TSH among the 
children exposed to the “high” water fluoride level (mean 1.40 mg/L; range 1.23–1.58 mg/L) 
compared to controls (mean 0.63 mg/L; range 0.58–0.68 mg/L).

Wang et al. [13] showed a statistically significant negative relationship between urinary fluo-
ride levels and IQ among children. They examined both fluoride and arsenic as covariates, 
and showed through determination of urinary fluoride and arsenic levels that fluoride was 
most likely the source of the effect. They reported a statistically significant IQ difference of 4.3 
IQ points between high (n = 106, 5.1 ± 2.0 mg/L) and control (n = 110, 1.5 ± 1.6 mg/L) urinary 
fluoride groups.

Zhang et al. [14] found a significant negative relationship between both urinary and serum 
fluoride levels and IQ in children. Further, they showed that a subset of the study cohort with 
the val/val(158) allele of the catechol-O-methyltransferase (COMT) gene was more suscep-
tible to fluoride reduction of IQ than were the rest of the cohort, who had the two alternate 
genotype alleles (met/met and val/met) of that gene. This gene codes for the major enzyme 
involved in the metabolic degradation of dopamine, which is recognized as having an impor-
tant role in cognition. The two median and inter-quartile ranges of fluoride levels in drinking 
water were: high 1.46 (range 1.23–1.57); and control 0.60 (range 0.58–0.68) mg/L. Differences 
between high exposure and control exposure groups for water fluoride, serum fluoride, and 
urine fluoride level were statistically significant. Both serum fluoride and urine fluoride were 
significantly related to water fluoride levels, and both were also significantly related to lower 
IQ. For urinary fluoride levels the IQ point difference from controls was: 2.42 per mg/L (95% 
C.I. −4.59 to 0.24, p < 0.05).
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The Choi et al. study [4] identified 39 studies that investigated fluoride exposure levels and 
neurodevelopmental outcomes in children. Only 27 of these met selection criteria for their 
meta-analysis. Choi et al. concluded that, “Children who lived in areas with high-fluoride 
exposure had lower IQ scores than those who lived in low-exposure or control areas,” and 
presented reasons why the conclusion is valid: remarkable consistency; relatively large effect; 
studies were independent of each other by different researchers and in widely differing areas; 
and although confounders such as co-exposures to iodine, lead, and arsenic were not con-
sidered in some of the studies, they were considered in others. Ten studies from Ref. [4] had 
mean high-fluoride drinking water levels of less than 3 mg/L, which is lower than the current 
health-based drinking water standard in the USA [20], discussed below. The average IQ loss 
among these eight studies was 7.4 points. As described below, the quality of the Choi study 
and its findings prompted us to examine ways to use and build on it and the Xiang et al. series 
to try estimating where a safe dose, if any, lay.

One of the studies included in Ref. [4] meta-analysis was by Xiang et al. [6]. The Xiang research 
group, alone among those cited by Choi et al. [4], published a set of studies referred to above, 
from which total fluoride doses could be estimated, permitting a dose-response analysis. This 
was the key to being able to use the benchmark dose method in our analysis, described below, 
while recognizing the limitations imposed by the relatively small number of children stud-
ied. This set of studies by Xiang et al. also included data on co-exposures to lead, arsenic, 
and iodine, [6, 8, 9] respectively, as well as other potential confounding factors which were 
accounted for, and we used this set in our work for these reasons.

The studies by Xiang et al. were conducted on 512 children in high-fluoride Wamiao village 
(n = 222) and low-fluoride Xinhuai village (n = 290). The studies investigated fluoride expo-
sures, rates and severity of dental fluorosis, impacts on thyroid function and performance 
on IQ tests on all the children. Xiang and coworkers found a statistically significant nega-
tive relationship between urinary [6], serum [7], and drinking water [6] fluoride levels and 
IQ. In the latter study, in which the dose-response relationship was observed, confounding 
factors of family income, parental education levels, and urine iodine levels were taken into 
account. The results also showed a dose-response relationship between the percent of chil-
dren with IQ less than 80 and fluoride levels in drinking water in the high-fluoride village. 
We combined exposure data from Ref. [6] with additional data from Ref. [10], in which water 
intake rates and fluoride intakes from food for the two villages were provided, to derive total 
fluoride exposures for the two village cohorts. We used these exposures shown in Table 1 to 
produce Figure 1.

Measurements by Xiang et al. [8] of blood-lead levels, and co-exposure to arsenic [9] in the two 
villages indicated that the decrement in IQ seen in the high-fluoride children was unlikely to 
have been due to lead or arsenic. The high-fluoride village had lower mean arsenic levels than 
the low-fluoride village. Table 2 gives details on the arsenic, lead and iodine measurements 
in the two villages.

While studies by Xiang et al. [6, 7], Wang et al. [13], Ding et al. [21] and Zhang et al. [14], link 
lower IQs in children to individualized metrics of fluoride exposure (i.e., urine and serum 
fluoride), it is not possible at this time to translate directly the dose–responses seen in these 
studies into safe daily doses. We describe below the techniques we used for that purpose.
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The United States Environmental Protection Agency (USEPA) is in the process [22–24], of 
developing a new Maximum Contaminant Level Goal (MCLG) for fluoride as recommended 
by the NRC Committee on Fluoride in Drinking Water [1]. The MCLG is a non-enforceable 
health-based drinking water goal, and serves as a basis for the development of the enforceable 

Group No. of samples* Water F concentration* (mg/L) Water F dose† (mg/day) Total F dose† 
(mg/day)

IQ

F 290 0.36 ± 0.15 0.45 ± 0.19 0.87 ± 0.19 100.41 ± 13.21

A 9 0.75 ± 0.14 0.93 ± 0.17 1.54 ± 0.17 99.56 ± 14.13

B 42 1.53 ± 0.27 1.90 ± 0.34 2.51 ± 0.33 95.21 ± 12.22‡

C 111 2.46 ± 0.30 3.05 ± 0.37 3.66 ± 0.37 92.19 ± 12.98§

D 52 3.28 ± 0.25 4.07 ± 0.31 4.68 ± 0.31 89.88 ± 11.98§

E 8 4.16 ± 0.22 5.16 ± 0.27 5.77 ± 0.27 78.38 ± 12.68§

*The number of samples in the groups and the water F concentrations are from Xiang et al. [6].
†The water and food fluoride doses are from Xiang et al. [10].
Total fluoride dose (mg F/day): for group F from the low-fluoride village of Xinhuai = water fluoride dose +0.42 mg/day 
from food; for groups A–E from the high-fluoride village of Wamiao = water fluoride dose +0.61 mg/day from food. The 
SDs for the mean food fluoride intakes were not reported by group. Compared to group F: ‡p < 0.05; §p < 0.01.
Values are mean ± SD.

Table 1. Water fluoride (F) concentrations (mg F/L) and doses (mg F/day), total fluoride doses from both water and food 
(mg F/day), and IQs, in the low-fluoride village of Xinhuai (F) and the high-fluoride village of Wamiao (A–E).

Figure 1. IQ measurements versus water fluoride levels in Wamiao and Xinhuai [6]. The IQ (mean±standard deviation, 
IQ points) and water fluoride (F) concentrations (mean±SD, mg F/L) in low-F Xinhuai village (F) and high-F Wamiao 
village (A–E). The letter designations F and A–E correspond to the groups listed in Table 1. The values for the IQ and 
drinking water F concentration are from  Table 8 in Xiang et al. [6]. The dotted curves are the 95% confidence intervals 
for the best fit linear regression line.
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The Choi et al. study [4] identified 39 studies that investigated fluoride exposure levels and 
neurodevelopmental outcomes in children. Only 27 of these met selection criteria for their 
meta-analysis. Choi et al. concluded that, “Children who lived in areas with high-fluoride 
exposure had lower IQ scores than those who lived in low-exposure or control areas,” and 
presented reasons why the conclusion is valid: remarkable consistency; relatively large effect; 
studies were independent of each other by different researchers and in widely differing areas; 
and although confounders such as co-exposures to iodine, lead, and arsenic were not con-
sidered in some of the studies, they were considered in others. Ten studies from Ref. [4] had 
mean high-fluoride drinking water levels of less than 3 mg/L, which is lower than the current 
health-based drinking water standard in the USA [20], discussed below. The average IQ loss 
among these eight studies was 7.4 points. As described below, the quality of the Choi study 
and its findings prompted us to examine ways to use and build on it and the Xiang et al. series 
to try estimating where a safe dose, if any, lay.

One of the studies included in Ref. [4] meta-analysis was by Xiang et al. [6]. The Xiang research 
group, alone among those cited by Choi et al. [4], published a set of studies referred to above, 
from which total fluoride doses could be estimated, permitting a dose-response analysis. This 
was the key to being able to use the benchmark dose method in our analysis, described below, 
while recognizing the limitations imposed by the relatively small number of children stud-
ied. This set of studies by Xiang et al. also included data on co-exposures to lead, arsenic, 
and iodine, [6, 8, 9] respectively, as well as other potential confounding factors which were 
accounted for, and we used this set in our work for these reasons.

The studies by Xiang et al. were conducted on 512 children in high-fluoride Wamiao village 
(n = 222) and low-fluoride Xinhuai village (n = 290). The studies investigated fluoride expo-
sures, rates and severity of dental fluorosis, impacts on thyroid function and performance 
on IQ tests on all the children. Xiang and coworkers found a statistically significant nega-
tive relationship between urinary [6], serum [7], and drinking water [6] fluoride levels and 
IQ. In the latter study, in which the dose-response relationship was observed, confounding 
factors of family income, parental education levels, and urine iodine levels were taken into 
account. The results also showed a dose-response relationship between the percent of chil-
dren with IQ less than 80 and fluoride levels in drinking water in the high-fluoride village. 
We combined exposure data from Ref. [6] with additional data from Ref. [10], in which water 
intake rates and fluoride intakes from food for the two villages were provided, to derive total 
fluoride exposures for the two village cohorts. We used these exposures shown in Table 1 to 
produce Figure 1.

Measurements by Xiang et al. [8] of blood-lead levels, and co-exposure to arsenic [9] in the two 
villages indicated that the decrement in IQ seen in the high-fluoride children was unlikely to 
have been due to lead or arsenic. The high-fluoride village had lower mean arsenic levels than 
the low-fluoride village. Table 2 gives details on the arsenic, lead and iodine measurements 
in the two villages.

While studies by Xiang et al. [6, 7], Wang et al. [13], Ding et al. [21] and Zhang et al. [14], link 
lower IQs in children to individualized metrics of fluoride exposure (i.e., urine and serum 
fluoride), it is not possible at this time to translate directly the dose–responses seen in these 
studies into safe daily doses. We describe below the techniques we used for that purpose.
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The United States Environmental Protection Agency (USEPA) is in the process [22–24], of 
developing a new Maximum Contaminant Level Goal (MCLG) for fluoride as recommended 
by the NRC Committee on Fluoride in Drinking Water [1]. The MCLG is a non-enforceable 
health-based drinking water goal, and serves as a basis for the development of the enforceable 

Group No. of samples* Water F concentration* (mg/L) Water F dose† (mg/day) Total F dose† 
(mg/day)
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F 290 0.36 ± 0.15 0.45 ± 0.19 0.87 ± 0.19 100.41 ± 13.21

A 9 0.75 ± 0.14 0.93 ± 0.17 1.54 ± 0.17 99.56 ± 14.13

B 42 1.53 ± 0.27 1.90 ± 0.34 2.51 ± 0.33 95.21 ± 12.22‡

C 111 2.46 ± 0.30 3.05 ± 0.37 3.66 ± 0.37 92.19 ± 12.98§

D 52 3.28 ± 0.25 4.07 ± 0.31 4.68 ± 0.31 89.88 ± 11.98§

E 8 4.16 ± 0.22 5.16 ± 0.27 5.77 ± 0.27 78.38 ± 12.68§

*The number of samples in the groups and the water F concentrations are from Xiang et al. [6].
†The water and food fluoride doses are from Xiang et al. [10].
Total fluoride dose (mg F/day): for group F from the low-fluoride village of Xinhuai = water fluoride dose +0.42 mg/day 
from food; for groups A–E from the high-fluoride village of Wamiao = water fluoride dose +0.61 mg/day from food. The 
SDs for the mean food fluoride intakes were not reported by group. Compared to group F: ‡p < 0.05; §p < 0.01.
Values are mean ± SD.

Table 1. Water fluoride (F) concentrations (mg F/L) and doses (mg F/day), total fluoride doses from both water and food 
(mg F/day), and IQs, in the low-fluoride village of Xinhuai (F) and the high-fluoride village of Wamiao (A–E).

Figure 1. IQ measurements versus water fluoride levels in Wamiao and Xinhuai [6]. The IQ (mean±standard deviation, 
IQ points) and water fluoride (F) concentrations (mean±SD, mg F/L) in low-F Xinhuai village (F) and high-F Wamiao 
village (A–E). The letter designations F and A–E correspond to the groups listed in Table 1. The values for the IQ and 
drinking water F concentration are from  Table 8 in Xiang et al. [6]. The dotted curves are the 95% confidence intervals 
for the best fit linear regression line.
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federal standard Maximum Contaminant Level (MCL). The current MCLG is 4 mg/L, which 
was established to protect against crippling skeletal fluorosis [20]. In order to establish a new 
MCLG, USEPA must anticipate the adverse effect of fluoride that occurs at the lowest daily 
dose and then set the MCLG at a level to protect against that effect for everyone, including 
sensitive subpopulations, with an adequate margin of safety [25].

2. Objective

Our objectives were to address the Broadbent study [5], to estimate a daily dose of fluoride 
with an adequate margin of safety that would be consistent with the mandate facing USEPA 
in setting a new MCLG that might prevent reduced IQ in children, including sensitive sub-
populations, and to estimate the economic impact of IQ loss among US children.

3. Method

3.1. General

We used two data sets and two risk analysis methods in our risk work. The first data set 
included the group of 10 studies in [4] that found IQ decrements among children drinking 
water with 3 mg/L or less fluoride, along with rates of water and food fluoride intakes from [10]. 
These were used to estimate a lowest observed adverse effect level (LOAEL) for IQ loss. The 
second data set included IQ measurements corresponding to specific drinking water fluoride 
levels from [6] along with the water and fluoride in food intake rates cited above, which permit-
ted estimation of daily fluoride doses.

Element Parameter High-fluoride village of Wamiao Low-fluoride village of Xinhuai p

Arsenic* (μg/L) n 17 20

Mean ± SD 0.24 ± 0.26 16.40 ± 19.11 0.001

Range 0–0.50 0–48.50

Iodine† (μg/L) n 46 40

Mean ± SD 280.7 ± 87.2 301.0 ± 92.9 >0.3

Range 131.3–497.1 148.5–460.9

Lead‡ (μg/L) n 71 67

Mean ± SD 22.0 ± 13.7 23.6 ± 14.2 >0.48

Range 1.36–55.0 1.36–61.1

*The arsenic levels in the drinking water are from Xiang et al. [9].
†The urinary iodine levels are from Xiang et al. [6].
‡The blood-lead levels are from Xiang et al. [8].

Table 2. Levels of the drinking water arsenic (μg/L), the urinary iodine (μg/L), and the blood lead (μg/L) in the children in 
the high-fluoride village of Wamiao and the low-fluoride village of Xinhuai (n = sample size, values are mean ± standard 
deviation (SD), and range).
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The two risk analysis methods were the lowest-observed-adverse-effect level /no-observed-
adverse-effect level (LOAEL)/(NOAEL) and the benchmark dose (BMD) methods, both of 
which are used by USEPA and both of which include uncertainty factors (UFs) as described 
below. These risk analysis methods depend upon first estimating from available data either 
the highest dose that does not result in an observed adverse effect, NOAEL, or in the case 
of the BMD method, a dose that would result in a specified level of adverse effect. The UFs 
aim to provide an adequate margin of safety to protect against the adverse effect. They are 
applied to estimate the NOAEL (in the LOAEL/NOAEL method) and to account for, e.g. 
inter-individual variability, in utero toxicity, severity of the effect, inter alia (see below). As 
used by USEPA, generally no more than three UFs are applied in any analysis, and they are 
set at 1, 3, or 10, representing, respectively, no need for adjustment, one-half, or one order 
of magnitude. The daily dose estimated by these methods is known as the Reference Dose 
(RfD), which is a dose—within one order of magnitude—that can be experienced through-
out life without adverse effect. It is normally expressed as mg/kg of body weight per day, 
mg/kg/day.

We chose instead to express RfD values in units of mg/day for the following reasons. Our 
analysis was based on data from studies that measured daily intakes of fluoride, reported 
in mg/day, by children generally aged 8–13 years, most of whom were Chinese. Given 
published evidence for in utero toxicity, discussed below, it is not possible to know at what 
developmental stage(s) the observed adverse effect was manifested in these children. 
This makes estimating an RfD in mg/kg/day problematic. Given these considerations, we 
elected to express RfD values in mg/day that may protect over the entire period from 
conception through adolescence. Furthermore, we were able to make direct comparison 
of our results with the estimated daily intakes of US children in mg/day that are presented 
in Table 7-1 by USEPA [24]. An estimate of an RfD expressed as mg/kg/day is given in 
Table 3 below.

3.2. LOAEL/NOAEL method

To avoid over estimating risk, we considered a 3.0 mg/L drinking water fluoride level from 
Ref. [4] as a Lowest Observed Adverse Effect Concentration, even though at least three other 
lower concentrations (0.88 mg/L [26]; 1.53 mg/L [6]; and 1.40 mg/L [14]; the latter two with 
p < 0.05 and p < 0.01, respectively, from controls) have been associated with loss of IQ. We con-
sidered the combined water (1.24 L/day) and food intake rates from [10] (0.50 mg/day, mean 
of high-fluoride and low-fluoride villages), to be the LOAEL. We used these values because all 
the work of Xiang et al. was with the same cohort of 512 children, aged 8–13 years, and most 
of the studies reported by Choi et al. [4] were on children of the same or similar age range 
and in the same country. (2 of the 10 Choi et al. [4] studies with high-fluoride levels of less 
than 3 mg/L were from Iran.) We applied three UFs to the LOAEL: one each to estimate the 
NOAEL, UF 3; to account for inter-individual variability, UF 10; and in utero toxicity, UF 3. We 
chose these UF values because the well-documented effect of neurotoxicity of fluoride does 
not seem to require higher uncertainty adjustments for LOAEL to NOAEL and for in utero 
toxicity. However, the relatively small number of individuals, primarily Chinese children, on 
whom we base our work, does merit an uncertainty adjustment of a full order of magnitude 
for inter-individual variability.
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federal standard Maximum Contaminant Level (MCL). The current MCLG is 4 mg/L, which 
was established to protect against crippling skeletal fluorosis [20]. In order to establish a new 
MCLG, USEPA must anticipate the adverse effect of fluoride that occurs at the lowest daily 
dose and then set the MCLG at a level to protect against that effect for everyone, including 
sensitive subpopulations, with an adequate margin of safety [25].

2. Objective

Our objectives were to address the Broadbent study [5], to estimate a daily dose of fluoride 
with an adequate margin of safety that would be consistent with the mandate facing USEPA 
in setting a new MCLG that might prevent reduced IQ in children, including sensitive sub-
populations, and to estimate the economic impact of IQ loss among US children.

3. Method

3.1. General

We used two data sets and two risk analysis methods in our risk work. The first data set 
included the group of 10 studies in [4] that found IQ decrements among children drinking 
water with 3 mg/L or less fluoride, along with rates of water and food fluoride intakes from [10]. 
These were used to estimate a lowest observed adverse effect level (LOAEL) for IQ loss. The 
second data set included IQ measurements corresponding to specific drinking water fluoride 
levels from [6] along with the water and fluoride in food intake rates cited above, which permit-
ted estimation of daily fluoride doses.

Element Parameter High-fluoride village of Wamiao Low-fluoride village of Xinhuai p

Arsenic* (μg/L) n 17 20

Mean ± SD 0.24 ± 0.26 16.40 ± 19.11 0.001

Range 0–0.50 0–48.50

Iodine† (μg/L) n 46 40

Mean ± SD 280.7 ± 87.2 301.0 ± 92.9 >0.3

Range 131.3–497.1 148.5–460.9

Lead‡ (μg/L) n 71 67

Mean ± SD 22.0 ± 13.7 23.6 ± 14.2 >0.48

Range 1.36–55.0 1.36–61.1

*The arsenic levels in the drinking water are from Xiang et al. [9].
†The urinary iodine levels are from Xiang et al. [6].
‡The blood-lead levels are from Xiang et al. [8].

Table 2. Levels of the drinking water arsenic (μg/L), the urinary iodine (μg/L), and the blood lead (μg/L) in the children in 
the high-fluoride village of Wamiao and the low-fluoride village of Xinhuai (n = sample size, values are mean ± standard 
deviation (SD), and range).
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out life without adverse effect. It is normally expressed as mg/kg of body weight per day, 
mg/kg/day.

We chose instead to express RfD values in units of mg/day for the following reasons. Our 
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in mg/day, by children generally aged 8–13 years, most of whom were Chinese. Given 
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Ref. [4] as a Lowest Observed Adverse Effect Concentration, even though at least three other 
lower concentrations (0.88 mg/L [26]; 1.53 mg/L [6]; and 1.40 mg/L [14]; the latter two with 
p < 0.05 and p < 0.01, respectively, from controls) have been associated with loss of IQ. We con-
sidered the combined water (1.24 L/day) and food intake rates from [10] (0.50 mg/day, mean 
of high-fluoride and low-fluoride villages), to be the LOAEL. We used these values because all 
the work of Xiang et al. was with the same cohort of 512 children, aged 8–13 years, and most 
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3.3. Benchmark dose method

This method uses a computer program to fit the dose-response data and to determine a dose 
that results in a specified adverse effect level, known as the Benchmark Response (BMR) or 
the point of departure (POD). The program also yields the lower 95th confidence limit on the 
BMD referred to as the BMDL. From this BMDL a NOAEL can be estimated by applying an 
UF as described above. We used total daily fluoride dose data shown in Table 2 with USEPA’s 
Benchmark Dose Software [27], setting the BMR at loss of 5 IQ points. Among available BMD 
models, the linear model showed the best fit with the dose-response data (see Figure 2).

We applied UF’s for inter-individual variability, and another to account for probable pre-natal 
toxicity as described above, to the BMDL produced by the program to reach the RfD. For com-
parison we also ran the program using a BMR of 1 standard deviation (SD) from the mean IQ 
of the control village, Xinhuai, and we also used a BMR for loss of 1 IQ point.

3.4. Economic impact estimates

Detailed studies on the economic impact of IQ loss associated with exposures to methyl-
mercury, lead, and endocrine-disrupting chemicals have been published by Trasande et al. 
[28], Attinal and Trasande [29], Bellanger et al. [30], respectively. Based on these studies and 

Figure 2. BMD analysis of IQ and total fluoride dose in Wamiao and Xinhuai [6, 10]. The benchmark dose analysis of IQ 
and the total daily fluoride dose in low-F Xinhuai village (F) and high-F Wamiao village (A–E). The letter designations 
F and A–E correspond to the groups listed in Table 1. The Benchmark Response (BMR) was set at a loss of 5 IQ points. 
IQ = 103.17 - (3.0675 × total fluoride dose). The error bars are the 95% confidence intervals for IQ. BMDL = Benchmark 
dose lower-confidence level; BMD = Benchmark dose. The values for the total daily dose of fluoride are from Xiang 
et al. [6, 10] as noted in the footnote to Table 1. The values for the IQ are from Table 8 in Xiang et al. [6].
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our estimated safe levels of exposure to fluoride, we estimated a range of economic losses 
among US children associated with fluoride exposure. We estimated the economic impact 
of loss of 1 IQ point on the lifetime income of children in the USA, based on an estimated 
loss of 1.93% of lifetime income loss for a male and 3.22% loss for a female associated with 
loss of 1 IQ point [29, 31]. USEPA [31] assigned a value of about $472,000 lifetime income 
for both males and females, while Trasande et al. [28] assigned values of about $1,000,000 
for males and $763,000 for females, both in Year 2000 dollars. Fluoride exposures for US 
children were taken from USEPA [24] Table 7-1. Assuming all the children in the cohorts 
described experience fluoride exposures shown in Table 7-1 (but for which we made a cor-
rection for drinking water exposure to the mean values given in NRC [1], Table B-4, from 
the 90th percentile given in Table 7-1) these data lead to an estimate of the economic impact 
for loss of a single IQ point.

4. Results

Table 3 gives our estimates of fluoride RfDs based on the LOAEL/NOAEL and BMD method-
ologies. The RfDs range from 0.12 to 0.0090 mg/day for BMDLs set at IQ point losses of 1 SD 
(from [6]), and 1, respectively.

The RfD based on LOAEL/NOAEL calculations is 0.047 mg/day. We show in Table 4 results 
of our BMD analysis of plausible high- and low-fluoride exposures among children in the US 
based on the same BMD curve used on the Xiang et al. [6] data (Figure 2).

RfD method LOAEL (mg F/day) RfD (mg F/day)

LOAEL/NOAEL 4.22* 0.047||

BMDL5
† 1.35 0.045**

BMDL1
‡ 0.27 0.0090**

BMDL1SD
§ 3.58 0.12**

*Calculation of LOAEL with a lowest adverse effect concentration in drinking water of 3.0 mg F/L: fluoride from water: 
daily water intake 1.24 L/day concentration of fluoride in water 3 mg F/L = 3.72 mg F/day; F from food: 0.50 mg F/day; 
total F intake from water and food = 4.22 mg F/day.
†BMDL5 for 5 IQ point loss.
‡BMDL1 for 1 IQ point loss.
§BMDL1SD for 13.21 IQ point loss (1 standard deviation from the control mean IQ).
||Uncertainty factor (UF) usage with LOAEL/NOAEL RfD method: LOAEL to NOAEL: UF = 3; inter-individual 
variability: UF = 10; in utero toxicity: UF = 3.
**Uncertainty factor (UF) usage with BMDL RfD method: inter-individual variability: UF = 10; in utero toxicity: UF = 3.

Table 3. Lowest observed adverse effect levels (LOAELs) and reference doses (RfDs) in mg F/day using the lowest 
observed adverse effect level/ no observed adverse effect level (LOAEL/NOAEL) and the benchmark dose level (BMDL) 
methods.
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our estimated safe levels of exposure to fluoride, we estimated a range of economic losses 
among US children associated with fluoride exposure. We estimated the economic impact 
of loss of 1 IQ point on the lifetime income of children in the USA, based on an estimated 
loss of 1.93% of lifetime income loss for a male and 3.22% loss for a female associated with 
loss of 1 IQ point [29, 31]. USEPA [31] assigned a value of about $472,000 lifetime income 
for both males and females, while Trasande et al. [28] assigned values of about $1,000,000 
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children were taken from USEPA [24] Table 7-1. Assuming all the children in the cohorts 
described experience fluoride exposures shown in Table 7-1 (but for which we made a cor-
rection for drinking water exposure to the mean values given in NRC [1], Table B-4, from 
the 90th percentile given in Table 7-1) these data lead to an estimate of the economic impact 
for loss of a single IQ point.

4. Results

Table 3 gives our estimates of fluoride RfDs based on the LOAEL/NOAEL and BMD method-
ologies. The RfDs range from 0.12 to 0.0090 mg/day for BMDLs set at IQ point losses of 1 SD 
(from [6]), and 1, respectively.

The RfD based on LOAEL/NOAEL calculations is 0.047 mg/day. We show in Table 4 results 
of our BMD analysis of plausible high- and low-fluoride exposures among children in the US 
based on the same BMD curve used on the Xiang et al. [6] data (Figure 2).
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Table 3. Lowest observed adverse effect levels (LOAELs) and reference doses (RfDs) in mg F/day using the lowest 
observed adverse effect level/ no observed adverse effect level (LOAEL/NOAEL) and the benchmark dose level (BMDL) 
methods.
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5. Discussion

Table 4 indicates that the effect of fluoride on IQ is quite large, with a predicted mean 5 IQ 
point loss when going from a dose of 0.5 to 2.0 mg/day, which is an exposure range one might 
expect when comparing individuals in the USA with low total intake to those with higher 
total intake. However, when comparing a fluoridated area of the USA to an un-fluoridated 
area it would be hard to discern a mean IQ difference, because of the multiple sources of 
fluoride intake besides drinking water (Table 5). These sources greatly reduce the contrast in 
total fluoride intake between fluoridated and un-fluoridated areas. A very high hurdle is thus 
created to gaining useful information in the USA, as it was in the New Zealand study [5], via 
a large, long-range longitudinal epidemiological study of fluoride and IQ.

Reference number for the values for 
the lifetime economic loss/loss of one 
IQ point

Lifetime economic loss in year 2000 dollars ($) for the loss of one IQ point 
for various groups of children

An existing cohort* A birth 
cohort*

1 male 1 female

n = 74,300,000 n = 4,000,000 n = 1 n = 1

[26]† $896 billion $48.2 
billion

$9110 $15,200

[23]‡ $1650 billion $88.7 
billion

$19,900 $24,600

*The existing and birth cohort sizes are based on values from Ref. [47].
†The lifetime economic loss/loss of one IQ point is based on values from Ref. [31].
‡The lifetime economic loss/loss of one IQ point is based on values from Ref. [23].

Table 5. The lifetime economic loss, in year 2000 dollars ($), for the loss of one IQ point for groups of children consisting 
of an existing cohort (n = 74,300,000), a birth cohort (n = 4,000,000), 1 male, and 1 female.

Parameter Estimated total 
daily F intake in the 
hypothetical low F 
exposure group (mg F/
day)

Estimated total 
daily F intake in the 
hypothetical high F 
exposure group (mg F/
day)

Ratio of the estimated total 
daily F intake in the high F 
exposure group to the estimated 
total daily F intake in the low F 
exposure groups

Difference 
between low and 
high F exposure 
groups

Total F 
intake (mg 
F/day)

0.50 2.0 4.0 1.5 mg F/day

IQ (IQ 
points)

101.63 97.03 4.6 IQ points

Table 4. The estimated total daily fluoride (F) intakes (mg F/day) of hypothetical low and high F exposure groups of US 
children, the ratio of the estimated total daily F intake in the high F exposure group to the estimated total daily F intake 
in the low F exposure group, and estimations of the IQs in these groups using the benchmark dose (BMD) method of 
analysis.
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In any event, as Table 4 indicates, based on the dose-response seen in [6], the implication for 
US children appears to be that children whose fluoride exposures are held to a minimum, e.g. 
0.5 mg/day or less, may have as much as a 4 or 5 point IQ advantage, or more, over children 
whose exposures are greater than 2 mg/day, all other factors affecting IQ being equal.

Table 7-1 from USEPA [24] shows the total fluoride intakes from all sources of exposure by 
age grouping in mg/day. Based on that table and other data from USEPA [24] and NRC [1] 
Table B-4, current average mean fluoride exposures for US children range from about 0.80 to 
about 1.65 mg/day. These doses are 17–35 times higher than our higher estimated RfD. At the 
90th percentile of water intake, the total fluoride doses for US children are 25–60 times higher 
than our higher RfD. These data imply that at present the risk of IQ loss among children in 
the US is high.

While sources of fluoride cited in Table 7-1 USEPA [24] exceed the fluoride levels that we 
estimate would be protective for all children, a natural source of fluoride does not. In gen-
eral, fluoride levels found in human breast milk are approximately 0.004 mg/L, Ekstrand [32], 
which result in daily doses of ca. 0.002–0.004 mg/day USEPA [33]. These doses are well below 
our estimated RfD, including the value we obtained by BMD analysis using a 1 point IQ loss 
BMR. However, it should be noted that high breast milk fluoride levels, mean 0.550 mg F/L, 
have been reported from Koohbanan, Iran, altitude >2000 m, [34] and the possible role of an 
altitude effect in this has been queried [35].

While the breast ordinarily provides protection from the mother’s serum fluoride levels [32], 
the placenta does not. Fluoride readily crosses the placenta and, in general, average cord 
blood concentrations are approximately 60% of maternal serum concentrations of fluoride 
[36]. Evidence that fluoride affects neural development in utero has been shown in a num-
ber of human studies. For example, He [37] found that pre-natal fluoride toxicity occurs in 
humans, manifested in alteration in the density of neurons and in the number of undiffer-
entiated neurons observed in therapeutically aborted fetuses. Yu et al. [38] found reduced 
synthesis of neurotransmitters and a decrease in the density and function of their receptors 
in brains of aborted fetuses in an endemic fluorosis area of China compared to similar fetuses 
in a non-endemic fluorosis area. Dong et al. [39] found differences in amino acid and mono-
amine neurotransmitter content in brains of aborted fetuses from an endemic fluorosis area 
of China compared with those from a non-fluorosis area. Both bone and brain tissues of these 
fetuses showed statistically significantly higher fluoride levels from the fluorosis area than 
from the control area. Du et al. [40] reported in detail on the adverse changes in neuron devel-
opment found in brain tissue from fetuses from endemic fluorosis areas of China (fluoride 
levels 0.28 ± 0.14 μg/g) compared to similar tissues from non-endemic areas (fluoride level 
0.19 ± 0.06 μg/g) (p < 0.05). Mullenix et al. [41] showed that pregnant rats dosed with fluo-
ride at a level that produced serum fluoride levels equivalent to those observed in humans 
who consumed drinking water at the current MCLG concentration of 4 mg/L gave birth to 
pups displaying lifelong neurological impairment. Finally, Choi et al. [42] discussed the fact 
that, “…systemic exposure should not be so high as to impair children’s neurodevelopment 
especially during the highly vulnerable windows of brain development in utero and during 
infancy…” In this regard, the fluoride intake levels that the mothers of the subject children 
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from the Choi et al. studies [4, 42] and Xiang et al. studies [6, 10] experienced may have 
played a part in the reported IQ losses. For this reason, the RfD values we derived may have 
some value for protection of fetuses carried by pregnant women as well as for the children in 
infancy that they subsequently deliver.

We relied on data from the meta-analysis [4] that employed well-documented selection crite-
ria for the subject studies used in the analysis, and that provided “evidence supporting a sta-
tistically significant association between the risk factor” (fluoride exposure) and lowered IQ 
among higher fluoride exposed children. In so doing we conformed to the recommendation 
of Bellinger [43] regarding use of meta-analyses in assessments like ours. The Choi et al. [4] 
meta-analysis found an average decrement of about 7 IQ points in the higher fluoride exposed 
groups, and the ten studies from it on which we based our use of 3 mg/L as the adverse effect 
concentration showed an average decrement of 8 points. Based on our RfD findings, it is 
reasonable to suspect that some children in the USA have experienced IQ loss from pre- and 
post-natal fluoride exposures.

We calculated RfD values for the two extreme drinking water fluoride exposures in publica-
tions cited in Ref. [4]. Wang et al. [13] showed statistically significant IQ loss in children at a 
mean drinking water fluoride level of 8.3 mg/L. Using the same LOAEL/NOAEL methodol-
ogy and the same water and food intake assumptions as above, we derived a RfD of 0.12 mg/
day. Lin et al. [26] showed a statistically significant IQ loss in an area with low-iodine intakes 
with a fluoride water level of 0.88 mg/L, leading to an RfD of 0.018 mg/day. The latter study 
is significant because the Safe Drinking Water Act [25] stipulates that the whole population, 
including sensitive subgroups, must be protected by the MCLG for fluoride. In the 2007–2008 
National Health and Nutritional Examination Survey, Caldwell et al. [19] found that about 
5% of children aged 6–11 years had a urinary iodine concentration of <50 μg/L. Urinary iodine 
levels 20–49 μg/L indicate moderate iodine deficiency and levels <20 μg/L show severe defi-
ciency [44]. Thousands of US children fall into this sensitive subgroup of iodine deficiency. 
Since USEPA [24] apparently intends to protect 99.5% of US children from severe dental fluo-
rosis with a new MCLG, it is not unreasonable to expect that USEPA would take iodine insuf-
ficiency into account as a risk factor for IQ loss from fluoride as well.

In a population of 320 million the population level impact of an average 5 IQ point loss, 
beyond purely dollars of income loss, is a reduction of about 4 million people with IQ >130 
and an increase of almost as many people with IQ < 70 [45].

6. Limitations

In general, our RfD work is based on a limited amount of quantitative data, most of which 
is from Chinese studies, most of which were of ecological design. Unfortunately, we were 
unable to find any data on human intellectual performance as a function of fluoride exposures 
in the USA. Nor were there studies, other than those by the Xiang research groups, which 
provided any useful dose–response information. While there is growing interest in the USA 
in this area of research, there are significant impediments to such work as mentioned above.
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In estimating RfD values we used mean water consumption rates, except as noted, and mean 
IQ measurements that were derived from different testing methods, recognizing the limita-
tions of these uses and those inherent in ecological studies generally. The data we used for the 
food component in estimating total fluoride intakes were also mean values from one study 
that were not accompanied by standard deviations. They were, however, somewhat higher 
than the values for children’s food fluoride exposures in the USA. This indicates that we 
used a conservatively high-fluoride dose to estimate the adverse effect level from those stud-
ies. Inasmuch as the timing effect of fluoride exposure on neurodevelopment is not precisely 
known, these age-variable mean consumption rates may introduce some error. Further, it 
may be that fluoride exposures that the pregnant mother experiences may at least partially 
influence the outcome for the child.

The RfDs we estimated were derived from data on primarily Chinese children of similar age 
and body mass to children in the USA, for whom these safe levels are intended. Finally, use of 
mean measured IQ levels cannot speak to the experience of individual children for a variety 
of reasons, and Choi et al. [4] point out this limitation. While Choi et al. [4, 42] urge caution 
in using their results to determine an exposure limit, we feel we have been cautious, and that 
simply ignoring the available dose-response information amid the substantial body of evi-
dence of developmental neurotoxicity could result in policies that are insufficiently protective 
of public health. Finally, based on available data, which do not provide sufficient information 
to assess at what stage the adverse effects of fluoride on neural development occur, one can-
not be certain that there is any safe daily dose of fluoride that would prevent developmental 
neurotoxicity.

Limitations inherent to both the BMD and LOAEL/NOAEL methods, including the quantity 
and quality of underlying research and the number and values selected for UFs apply to our 
use of those methods for determining RfDs. Clearly, it would have been useful to have a more 
robust data set on which to base our risk analysis, but waiting for more such data that are 
unlikely to be developed in the near future did not seem reasonable to us.

7. Conclusions

The information now available supports a reasonable conclusion that exposure of the devel-
oping brain to fluoride should be minimized, and that economic losses associated with lower 
IQ’s may be quite large. While Choi et al. [42] also caution against systemic exposures to “high 
levels” of fluoride, the requirement of the Safe Drinking Water Act to protect all children, 
including those with special sensitivities and those in utero, against developmental neurotox-
icity makes it imperative to be conservative in defining the term, “high level.” We believe our 
analysis provides some insight on this definition.

Because it is not clear what stage(s) of development is/are sensitive to fluoride toxicity, well-
funded research into this effect should be a priority. If sufficient exposure information were 
to be gathered, it would be useful in identifying where and among whom the greatest risk for 
IQ loss exists. The work of Zhang et al. [14] and iodine data reported in [19] are germane to 
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from the Choi et al. studies [4, 42] and Xiang et al. studies [6, 10] experienced may have 
played a part in the reported IQ losses. For this reason, the RfD values we derived may have 
some value for protection of fetuses carried by pregnant women as well as for the children in 
infancy that they subsequently deliver.

We relied on data from the meta-analysis [4] that employed well-documented selection crite-
ria for the subject studies used in the analysis, and that provided “evidence supporting a sta-
tistically significant association between the risk factor” (fluoride exposure) and lowered IQ 
among higher fluoride exposed children. In so doing we conformed to the recommendation 
of Bellinger [43] regarding use of meta-analyses in assessments like ours. The Choi et al. [4] 
meta-analysis found an average decrement of about 7 IQ points in the higher fluoride exposed 
groups, and the ten studies from it on which we based our use of 3 mg/L as the adverse effect 
concentration showed an average decrement of 8 points. Based on our RfD findings, it is 
reasonable to suspect that some children in the USA have experienced IQ loss from pre- and 
post-natal fluoride exposures.

We calculated RfD values for the two extreme drinking water fluoride exposures in publica-
tions cited in Ref. [4]. Wang et al. [13] showed statistically significant IQ loss in children at a 
mean drinking water fluoride level of 8.3 mg/L. Using the same LOAEL/NOAEL methodol-
ogy and the same water and food intake assumptions as above, we derived a RfD of 0.12 mg/
day. Lin et al. [26] showed a statistically significant IQ loss in an area with low-iodine intakes 
with a fluoride water level of 0.88 mg/L, leading to an RfD of 0.018 mg/day. The latter study 
is significant because the Safe Drinking Water Act [25] stipulates that the whole population, 
including sensitive subgroups, must be protected by the MCLG for fluoride. In the 2007–2008 
National Health and Nutritional Examination Survey, Caldwell et al. [19] found that about 
5% of children aged 6–11 years had a urinary iodine concentration of <50 μg/L. Urinary iodine 
levels 20–49 μg/L indicate moderate iodine deficiency and levels <20 μg/L show severe defi-
ciency [44]. Thousands of US children fall into this sensitive subgroup of iodine deficiency. 
Since USEPA [24] apparently intends to protect 99.5% of US children from severe dental fluo-
rosis with a new MCLG, it is not unreasonable to expect that USEPA would take iodine insuf-
ficiency into account as a risk factor for IQ loss from fluoride as well.

In a population of 320 million the population level impact of an average 5 IQ point loss, 
beyond purely dollars of income loss, is a reduction of about 4 million people with IQ >130 
and an increase of almost as many people with IQ < 70 [45].

6. Limitations

In general, our RfD work is based on a limited amount of quantitative data, most of which 
is from Chinese studies, most of which were of ecological design. Unfortunately, we were 
unable to find any data on human intellectual performance as a function of fluoride exposures 
in the USA. Nor were there studies, other than those by the Xiang research groups, which 
provided any useful dose–response information. While there is growing interest in the USA 
in this area of research, there are significant impediments to such work as mentioned above.
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In estimating RfD values we used mean water consumption rates, except as noted, and mean 
IQ measurements that were derived from different testing methods, recognizing the limita-
tions of these uses and those inherent in ecological studies generally. The data we used for the 
food component in estimating total fluoride intakes were also mean values from one study 
that were not accompanied by standard deviations. They were, however, somewhat higher 
than the values for children’s food fluoride exposures in the USA. This indicates that we 
used a conservatively high-fluoride dose to estimate the adverse effect level from those stud-
ies. Inasmuch as the timing effect of fluoride exposure on neurodevelopment is not precisely 
known, these age-variable mean consumption rates may introduce some error. Further, it 
may be that fluoride exposures that the pregnant mother experiences may at least partially 
influence the outcome for the child.

The RfDs we estimated were derived from data on primarily Chinese children of similar age 
and body mass to children in the USA, for whom these safe levels are intended. Finally, use of 
mean measured IQ levels cannot speak to the experience of individual children for a variety 
of reasons, and Choi et al. [4] point out this limitation. While Choi et al. [4, 42] urge caution 
in using their results to determine an exposure limit, we feel we have been cautious, and that 
simply ignoring the available dose-response information amid the substantial body of evi-
dence of developmental neurotoxicity could result in policies that are insufficiently protective 
of public health. Finally, based on available data, which do not provide sufficient information 
to assess at what stage the adverse effects of fluoride on neural development occur, one can-
not be certain that there is any safe daily dose of fluoride that would prevent developmental 
neurotoxicity.

Limitations inherent to both the BMD and LOAEL/NOAEL methods, including the quantity 
and quality of underlying research and the number and values selected for UFs apply to our 
use of those methods for determining RfDs. Clearly, it would have been useful to have a more 
robust data set on which to base our risk analysis, but waiting for more such data that are 
unlikely to be developed in the near future did not seem reasonable to us.

7. Conclusions

The information now available supports a reasonable conclusion that exposure of the devel-
oping brain to fluoride should be minimized, and that economic losses associated with lower 
IQ’s may be quite large. While Choi et al. [42] also caution against systemic exposures to “high 
levels” of fluoride, the requirement of the Safe Drinking Water Act to protect all children, 
including those with special sensitivities and those in utero, against developmental neurotox-
icity makes it imperative to be conservative in defining the term, “high level.” We believe our 
analysis provides some insight on this definition.

Because it is not clear what stage(s) of development is/are sensitive to fluoride toxicity, well-
funded research into this effect should be a priority. If sufficient exposure information were 
to be gathered, it would be useful in identifying where and among whom the greatest risk for 
IQ loss exists. The work of Zhang et al. [14] and iodine data reported in [19] are germane to 
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this point. Meanwhile, based on current information, implementation of protective standards 
and policies seems warranted and should not be postponed while more research is done. 
The amount of consistently observed adverse effects on neurological development reported 
by multiple research groups world-wide, which culminated in the addition of fluoride by 
Grandjean and Landrigan [46] to their list of known developmental neurotoxicants, and the 
imminent publication of a health-based fluoride drinking water standard in the USA makes 
addressing extant data mandatory sooner rather than later.
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Abstract

Acid-sensing ion channels (ASICs) are proton-gated ion channels that are highly expressed 
in the nervous system and play important roles in physiological and pathological condi-
tions. They are also expressed in non-neuronal tissues with different functions. The ASICs 
rapidly respond to a reduction in extracellular pH with an inward current that is quickly 
inactivated despite the continuous presence of protons. Recently, protons have been identi-
fied as neurotransmitters in the brain. Until now, six different isoforms (ASIC1a, 1b, 2a, 2b, 3 
and 4) in rodents have been discovered and they can be assembled into homotrimers or het-
erotrimers to form an ion channel. Peptide toxins targeting ASICs have been found from the 
venoms of spider Psalmotoxin-1 (PcTx1), sea anemones (APETx2 and PhcrTx1) and snakes 
(MitTx and mambalgins). They reveal different pharmacological properties and are selective 
blockers of ASICs, except for MitTx, which is a potent activator of ASICs. In this mini review, 
the structure, pharmacology and effects of peptide toxins on ASICs will be introduced and 
their therapeutic potentials for neurological and psychological diseases will be discussed.

Keywords: acid-sensing ion channels, peptide neurotoxins, pain, stroke, depression, 
neuron

1. Introduction

With great interests in venom toxins, scientists are extremely involved and enthusiastic about this 
area of research, as applications of these venoms for drugs could bring about a greater under-
standing of human diseases, potentially changing and advancing human healthcare [61, 65]. 
Venoms of species like spiders, sea anemones and snakes have been found to target ion chan-
nels with highly therapeutic potentials as drug candidates [17, 38]. To explore structure-function, 
gating mechanisms and tissue localization of many ion channels, animal venom toxins were 
important pharmacological tools in the ion channel field [28]. Certain peptides even lead to clini-
cal development and venom-based drugs, such as ziconotide, which is an inhibitor of  neuronal 
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voltage-gated calcium channels isolated from Conus magus, designed for patients with intra- 
ctable pain who fail to respond to other drugs [57, 66].

Recently, protons have been identified as neurotransmitters in the brain [26]. One of the can-
didate targets for proton sensing is called “acid-sensing ion channels” (ASICs). Three decades 
ago, the proton-activated inward currents were discovered and recorded in neurons isolated 
from rat spinal ganglia and from the ganglion of trigeminal nerve by the pioneer Krishtal and 
Pidoplichko [48, 49]. Twenty years ago, Waldmann et al. first cloned the ASICs [80]. ASICs are 
widely expressed in the nervous system with high density [1, 62, 80]. Molecular cloning of ASICs 
has identified four genes (ACCN1–4) encoding at least six ASIC subunits in rodents (ASIC1a, 
ASIC1b, ASIC2a, ASIC2b, ASIC3 and ASIC4) [35, 84]. Structurally, each ASIC subunit consists 
of 500–560 amino acids with a simple topology: two transmembrane domains, large extracel-
lular loop (370 amino acids) and short intracellular N- and C-terminals (35–90 amino acids). 
The structure of ASICs is different from traditional ligand-gated G-protein couple receptor, 
which has seven transmembrane domains. ASICs can form functional ion channels structurally 
appearing as trimeric complexes of these subunits [44], which form both homomeric and hetero-
meric channels with different electrophysiological and pharmacological properties [3, 11, 37, 45, 
51, 67, 71]. Among all the ASIC subunits, the ASIC2b and ASIC4 subunits do not form functional 
homomeric proton-gated ion channels by themselves, but they can associate with other ASIC 
subunits to reveal new pharmacological properties on the heteromeric channels [21, 51, 67].

ASICs are mainly expressed in the central and peripheral nervous systems, chiefly found in 
neurons [80, 82]. In central nervous system, ASICs contributed to several physiological and 
pathological conditions, such as learning and memory, fear conditioning, pain, chemorecep-
tion, ischemia, seizures, drug addiction and neuroinflammation, where extracellular acidifica-
tion occurs [5, 9, 12, 82–84]. More importantly, ASICs are involved in synaptic physiology and 
are neurotransmitter receptors critical for amygdala-dependent learning and memory [26]. 
In peripheral sensory neurons such as dorsal root ganglia (DRG), ASIC1, 2 and 3 are found. 
During pathological condition such as inflammation, tumors or wounds, peripheral tissue aci-
dosis associated with pain occurs. ASICs are of particular interest because they are profoundly 
sensitive to moderate acidifications [18]. They are more sensitive than transient receptor 
potential vanilloid 1 (TRPV1), another ion channel activated by protons, capsaicin and heat in 
nociceptive neurons. ASICs can produce sustained depolarizing currents upon prolonged tis-
sue acidification compatible with the detection of non-adapting pain [18]. ASIC currents and/
or transcripts have also been found in glia, smooth muscle cells, lung epithelial cells, immune 
cells, urothelial cells, adipose cells, joint cells and osteoclasts, indicating that ASICs likely play 
a role in non-neuronal cells as well [18, 32, 35, 50, 59, 70, 86]. The review regarding the effects 
of peptide toxins on ASICs has also been discussed by previous publications [4, 5, 9, 10, 12, 17].

2. Targeting ASICs by peptide toxins

2.1. Psalmotoxin-1 (PcTx1)

Among all the peptide toxins, PcTx1 is the first peptide discovered for the ASICs. PcTx1 was 
identified from venom of the South American tarantula Psalmopoeus cambridgei [30, 31]. It is a 
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potent and selective inhibitor for both homomeric ASIC1a and heteromeric ASIC1a/2b chan-
nels [31, 67]. Structurally, this toxin has 40 amino acids crosslinked by three disulfide bridges 
[31]. Pharmacologically, the IC50 of PcTx1 is 0.9 nM for homomeric ASIC1a channels [30, 31] 
and 2.6 nM for heteromeric ASIC1a/2b channels [67] in Xenopus oocytes expressed homomeric 
ASIC1a or heteromeric ASIC1a/2b channels. In our previous studies, PcTx1 at a concentration of 
10 nM significantly inhibits ASIC currents in majority of cultured striatal and cortical neurons, 
respectively [45, 89]. At concentrations that effectively inhibit the homomeric ASIC1a current, 
it has no effect on the currents mediated by other configurations of ASICs such as heteromeric 
ASIC1a/2a channels [31] or known voltage-gated Na+, K+, Ca2+ channels as well as several ligand-
gated ion channels [89]. Unlike amiloride, which is a blocker of epithelial sodium channel and 
directly blocks the ASICs, PcTx1 acts as a gating modifier [9, 35]. PcTx1 shifts the channel from 
its resting state toward the inactivated state by increasing its apparent affinity for protons [5, 17].

Purified PcTx1 or venom toxin was the first peptide used to explore the function of ASICs in 
neurological, psychological and other diseases [5]. Our previous studies have shown that PcTx1 
reveals neuroprotective effects on mouse cultured cortical neurons subjected to extracellular 
acidosis as well as oxygen and glucose deprivation [88, 89]. In a rodent experimental stroke 
model (middle cerebral artery occlusion), central injection of venom toxin or PcTx1 significantly 
reduces the infarct volume by 60% and the protection by PcTx1 treatment lasts 1 week [60, 89]. 
Consistent with our findings, similar effect by application of PcTx1 was also found in a model of 
traumatic spinal cord injury in rats [39]. Venom toxin also shows certain protection in a mouse 
model of multiple sclerosis associated with axonal degeneration [33] as well as in the mouse 
MPTP model of Parkinson’s disease [2]. Moreover, PcTx1 decreases the acidosis-mediated cell 
death in cultured retinal ganglion cells [74]. Collectively, all the results support that PcTx1 
might be a potential therapeutic agent for neurological disease [9, 12, 81, 87, 88].

ASIC1a is highly expressed in the amygdala, a brain region critical for fear, arousal and emo-
tions [82, 84, 85]. Central injection of venom toxin reduces mouse innate fearing [14, 16], 
mouse depression-related behavior [15] and stress-induced elevation in core body tempera-
ture of mice [29]. The mechanisms of fear reduction, antidepressant and anxiolytic effects by 
PcTx1 are likely mediated by inhibition of ASIC1a-containing channels in the amygdala.

PcTx1 has also been used to study pain modulation in rodents [54]. Treatment by PcTx1 was 
shown to induce a potent analgesic effect in acute pain, inflammatory and neuropathic pain 
models in mice [54].

ASICs are involved in the central chemoreception [40, 71, 72]. Central injection of PcTx1 in 
the lateral hypothalamus (LH), nucleus of the solitary tract (NTS) and rostral ventrolateral 
medulla (RVLM) inhibits the acid-induced stimulating effect on respiration [40, 71, 72]. Thus, 
ASICs in the LH, NTS and RVLM contribute to central regulation of respiration.

ASICs are also expressed in non-neuronal tissue, including but not limited to smooth mus-
cle cells (VSMC) from arteries, where they might play a role in mechanotransduction of the 
myogenic response and VSMC migration [25]. ASIC currents recorded in acutely dissociated 
mice cerebral artery smooth muscle cells are potentiated by PcTx1 in majority of the cells 
[13]. PcTx1 also reduces store-operated calcium entry in VSMCs in rat pulmonary arteries. By 
using PcTx1, ASIC1a-containing channels are involved in the vascular mechanotransduction.
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PcTx1 itself cannot cross the blood-brain barrier. Therefore, the critical importance is how to 
deliver the PcTx1 to its correlated damaged specific brain region and to search a small mol-
ecule with similar effect as PcTx1 [9].

2.2. APETx2

The peptide toxin APETx2 was isolated from sea anemones (Anthopleura elegantissima) and 
is a selective inhibitor for ASIC3 and ASIC3-containing channels [22]. Structurally, APETx2 
contains 42 amino acids crosslinked by three disulfide bonds, a compact disulfide-bonded 
core with a four-stranded beta-sheet. APETx2 possesses the disulfide-rich all-beta structural 
family of peptide toxins usually seen in animal venoms. Pharmacologically, APETx2 inhibits 
both homomeric ASIC3 channels and heteromeric ASIC3-containing channels in heterologous 
expression systems as well as primary cultures of sensory neurons in rodents. It inhibits the 
transient component of ASIC3 currents with an IC50 of 63 nM, without affecting sustained 
component of ASIC3 currents [22]. However, the affinity of this particular ASIC3 inhibitor 
is reduced when ASIC3 is associated with other ASIC subunits [22]. For instance, the IC50 
for ASIC3/ASIC2b is about 117 nM, whereas the IC50 for ASIC3/ASIC1a is around 2 μM [22]. 
By acting at this external side, APETx2 directly inhibits the ASIC3 channel, and it does not 
modify the channel unitary conductance [5].

ASIC3 and ASIC3-containing channels are widely expressed in peripheral sensory neurons 
and play a critical role in pain modulation [8]. During chronic inflammation, the expression 
level of ASIC3 was upregulated in rat sensory neurons [52, 53, 77], which might be critical for 
the sensitization of cutaneous nociceptors during inflammation. Consistent with these find-
ings, a reduction in pH in the skin of human volunteers was involved in non-adapting pain 
[73], and this cutaneous acid-induced pain is largely mediated by ASIC channels, because it 
is inhibited by amiloride [46, 56, 76]. Additionally, the non-amiloride ASIC blocker, A-317567 
exhibits distinct in vitro and in vivo activities over amiloride [27]. Furthermore, by using 
APETx2, ASIC3 was identified as a sensor of cutaneous acidic pain and postoperative pain 
and as an integrator of molecular signals released during inflammation in rat, where it is 
involved in primary thermal hyperalgesia [18–20]. In correlation with this result, local periph-
eral application of APETx2 was found to attenuate mechanical hypersensitivity in a cutaneous 
inflammatory pain rat model [47].

ASIC3 is mainly expressed in small muscle afferents in rat [19, 58] and in more than 30% of 
sensory neurons innervating the knee joint in mouse [42]. The expression level of ASIC3 in 
sensory neurons is enhanced in models of muscle inflammation [79] and acute arthritis [42] 
in mice. The application of APETx2, in comparison with ASIC3 knockout and knockdown 
mice, revealed a critical role for ASIC3 in the generation of secondary mechanical hyperal-
gesia associated with central sensitization achieved in a mouse model of non-inflammatory 
muscular pain triggered by repeated acid injections into the muscle [63, 68] and in a mouse 
model of joint inflammation [41]. Consistent with these findings, peripheral application of 
APETx2 was also found to decrease mechanical hypersensitivity in a non-inflammatory mus-
cular pain in rat [47]. Furthermore, ASIC3 is also involved in the development of primary 
cutaneous mechanical hyperalgesia induced by muscle inflammation [69, 78]. In a rat model 
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of osteoarthritis, continuous intra-articular injections of APETx2 reduced pain-related behav-
ior and secondary mechanical hyperalgesia [43]. An increase in ASIC3 expression was also 
seen in afferent sensory neurons of the knee joint [43].

APETx2 significantly reduces the exercise pressor reflex mediated by contracting skeletal mus-
cle in rodents [36, 55, 75]. This is supported by the expression of ASIC3 in muscle metabore-
ceptors [58]. By using ASIC3 knockout mice, researchers have found minor changes in normal 
cutaneous mechanical sensitivity [8, 63], whereas other studies did not reveal a significant con-
tribution to mechanosensory function [24]. By using selective inhibitor of ASIC3, ASIC3 has 
been shown to be a neuronal sensor for the skin vasodilation response to direct pressure in both 
humans and rodents and for skin protection against pressure ulcers in mice [34]. Thus, APETx2 
reduces local vascular tone control through blockade of ASIC3 or ASIC3-containing channels.

2.3. Mambalgins

The two peptides of mambalgins (mambalgin-1 and mambalgin-2) were recently found 
from the venom of the snake Dendroaspis polylepis polylepis [23]. Structurally, these two tox-
ins contain 57 amino acids and include eight cysteines linked by four disulfide bridges. 
Pharmacologically, mambalgins inhibit ASIC-like currents in cultured neurons of hippocam-
pus and spinal cord. Furthermore, mambalgins inhibit homomeric ASIC1a, 1b, heteromeric 
ASIC1a/2a, 1a/2b and 1a/1b channels with IC50 between 50 and 200 nM. Functionally, mam-
balgins reveal analgesic effects in vivo in models of acute and inflammatory pain through 
either inhibition of ASIC1a and ASIC1a/2a channels in central nervous system or inhibition 
of ASIC1b channels in peripheral nervous system [5, 23]. Interestingly, the central analgesic 
effect of mambalgins revealed strong effect similar to morphine but produces less unwanted 
side effects [4, 23]. Further studies are needed to explore the cellular and molecular mecha-
nisms responsible for such pain pathways, but brain ASICs appear as promising therapeutic 
targets for novel analgesic drugs [5]. It is also interesting to know whether mambalgins have 
other effects in brain besides pain modulation [9].

2.4. PhcrTx1

PhcrTx1 represents a newly discovered peptide, which was isolated from the sea anemones 
Pseudacris crucifer [64]. Structurally, it contains 32 amino acid residues. This peptide reveals 
an inhibitor cystine knot scaffold, which has been found in other venomous organisms, such 
as spider, scorpions and cone snails. Pharmacologically, PhcrTx1 inhibits peak ASIC currents 
in DRG neurons of rats with an IC50 of 0.1 μM. It does not affect the sustained component of 
the ASIC current or its desensitization rate. Furthermore, the toxin shows its effect in a closed 
state of the ASICs rather than an open state. PhcrTx1 also inhibits voltage-gated K+, but not 
voltage-gated Na+, currents in rat DRG neurons with an IC50 of 3.4 and 3.5 μM for peak and 
steady-state component, respectively. However, PhcrTx1 inhibits voltage-gated K+ currents in 
DRG neurons, but with significantly lower potency and efficacy than its ability for inhibition 
on ASIC currents. Thus, PhcrTx1 represents the frontrunner of a novel structural group of sea 
anemone toxin that acts on both ASICs and Kv channels with high and low potency, respec-
tively [64]. It is interesting to know whether PhcrTx1 plays any functional role in ASICs.
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PcTx1 itself cannot cross the blood-brain barrier. Therefore, the critical importance is how to 
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model of joint inflammation [41]. Consistent with these findings, peripheral application of 
APETx2 was also found to decrease mechanical hypersensitivity in a non-inflammatory mus-
cular pain in rat [47]. Furthermore, ASIC3 is also involved in the development of primary 
cutaneous mechanical hyperalgesia induced by muscle inflammation [69, 78]. In a rat model 
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side effects [4, 23]. Further studies are needed to explore the cellular and molecular mecha-
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other effects in brain besides pain modulation [9].
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on ASIC currents. Thus, PhcrTx1 represents the frontrunner of a novel structural group of sea 
anemone toxin that acts on both ASICs and Kv channels with high and low potency, respec-
tively [64]. It is interesting to know whether PhcrTx1 plays any functional role in ASICs.
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2.5. MitTx

In 2011, MitTx was discovered from the venom of the Texas coral snake Micrurus tener 
tener [6]. Structurally, peptide MixTx contains two subunits (MitTx-α and MitTx-β) with a 
β-bungarotoxin-like structure. The MitTx-α subunit has a 60 amino-acid Kunitz-type peptide 
and the MitTx-β subunit consists of a 120 amino-acid phospholipase A2-like protein. They can 
associate with each other in a 1:1 ratio (Kd: 12 nM), but this interaction is non-covalent, unlike 
the β-bungarotoxins that are linked by an interchain disulfide bond. Pharmacologically, 
MitTx, unlike other inhibitory toxins for ASICs, strongly activates several homomeric and 
heteromeric ASICs [6, 7]. MitTx produces long-lasting profound effects on homomeric rodent 
ASIC1a and ASIC1b currents (EC50: 9 and 23 nM, respectively) and a much lower effect on 
ASIC3 current (EC50: 830 nM). During physiological pH condition (e.g. pH 7.4), MitTx reveals 
subtle effects on ASIC2a current, but potently enhances the ASIC current by shifting its acti-
vation curve toward less acidic pH. The effects of MitTx on sensory ganglion neurons from 
ASIC1a knockout mice were disappeared. Collectively, the data further suggest that effects of 
MixTx depend on ASIC1a-containing channels [6].

MitTx triggers a strong ASIC current in cultured sensory neurons in wild-type mice; these 
currents are lost in neurons from ASIC1a-knockout, but not from ASIC3-knockout mice. 
Consistent with this idea, injection of MitTx in the mice hindpaw displays a strong pain-
related behavior (licking response). This effect is reduced in ASIC1a knockout mice but per-
sists in ASIC3 knockout mice, suggesting the contribution of peripheral ASIC1a-containing 
channels in cutaneous pain [6]. It is needed to explore why MitTx produces lost-lasting effects 
in physiological concentration of pH on ASICs.

3. Conclusion

PcTx1 was the first peptide toxin found to block homomeric ASIC1a and heteromeric 
ASIC1a/2b channels. APETx2 was the second ASIC-targeting peptide discovered, and it inhib-
its ASIC3 channels. MitTx was discovered in 2011 and is a strong activator of ASICs during 
physiological conditions. Mambalgins have strong inhibition on ASIC1 channels. Another sea 
anemone peptide PhcrTx1 inhibits ASIC currents in DRG neurons. These peptide toxins have 
been very important to better understand the structure-function relationships of ASICs and 
their implication in physiological and pathological processes [5, 17]. ASIC-targeting peptides 
isolated from animal venoms that selectively block this class of channels are therefore not 
only instrumental as pharmacological tools to explore their function but also represent mol-
ecules of great potential therapeutic value [5]. ASIC channels appear therefore as targets for 
drug development in a variety of pathophysiological conditions [9].
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2.5. MitTx

In 2011, MitTx was discovered from the venom of the Texas coral snake Micrurus tener 
tener [6]. Structurally, peptide MixTx contains two subunits (MitTx-α and MitTx-β) with a 
β-bungarotoxin-like structure. The MitTx-α subunit has a 60 amino-acid Kunitz-type peptide 
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associate with each other in a 1:1 ratio (Kd: 12 nM), but this interaction is non-covalent, unlike 
the β-bungarotoxins that are linked by an interchain disulfide bond. Pharmacologically, 
MitTx, unlike other inhibitory toxins for ASICs, strongly activates several homomeric and 
heteromeric ASICs [6, 7]. MitTx produces long-lasting profound effects on homomeric rodent 
ASIC1a and ASIC1b currents (EC50: 9 and 23 nM, respectively) and a much lower effect on 
ASIC3 current (EC50: 830 nM). During physiological pH condition (e.g. pH 7.4), MitTx reveals 
subtle effects on ASIC2a current, but potently enhances the ASIC current by shifting its acti-
vation curve toward less acidic pH. The effects of MitTx on sensory ganglion neurons from 
ASIC1a knockout mice were disappeared. Collectively, the data further suggest that effects of 
MixTx depend on ASIC1a-containing channels [6].

MitTx triggers a strong ASIC current in cultured sensory neurons in wild-type mice; these 
currents are lost in neurons from ASIC1a-knockout, but not from ASIC3-knockout mice. 
Consistent with this idea, injection of MitTx in the mice hindpaw displays a strong pain-
related behavior (licking response). This effect is reduced in ASIC1a knockout mice but per-
sists in ASIC3 knockout mice, suggesting the contribution of peripheral ASIC1a-containing 
channels in cutaneous pain [6]. It is needed to explore why MitTx produces lost-lasting effects 
in physiological concentration of pH on ASICs.

3. Conclusion

PcTx1 was the first peptide toxin found to block homomeric ASIC1a and heteromeric 
ASIC1a/2b channels. APETx2 was the second ASIC-targeting peptide discovered, and it inhib-
its ASIC3 channels. MitTx was discovered in 2011 and is a strong activator of ASICs during 
physiological conditions. Mambalgins have strong inhibition on ASIC1 channels. Another sea 
anemone peptide PhcrTx1 inhibits ASIC currents in DRG neurons. These peptide toxins have 
been very important to better understand the structure-function relationships of ASICs and 
their implication in physiological and pathological processes [5, 17]. ASIC-targeting peptides 
isolated from animal venoms that selectively block this class of channels are therefore not 
only instrumental as pharmacological tools to explore their function but also represent mol-
ecules of great potential therapeutic value [5]. ASIC channels appear therefore as targets for 
drug development in a variety of pathophysiological conditions [9].
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