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Abstract
As the scope of potential chemical warfare agents grows rapidly and as the diversity of potential
threat scenarios expands with non-state actors, so a need for innovative approaches to
countermeasure development has emerged. In the last few years, the utility of the zebrafish as a
model organism that is amenable to high-throughput screening has become apparent and this
system has been applied to the unbiased discovery of chemical warfare countermeasures. This
review summarizes the in vivo screening approach that has been pioneered in the countermeasure
discovery arena, and highlights the successes to date as well as the potential challenges in moving
the field forward. Importantly, the establishment of a zebrafish platform for countermeasure
discovery would offer a rapid response system for the development of antidotes to the continuous
stream of new potential chemical warfare agents.

Chemical warfare and modern threat scenarios
In the last two decades multiple factors have conspired to increase the range of potential
chemical warfare agents and the scope of potential threat scenarios that must be addressed
by national public protection agencies. Globalization of access to information, the ease of
international travel, the proliferation of chemicals for industrial or domestic use each
contributed to this new reality. Not only are traditional nation states engaged in the
development and deployment of new chemical threats, but franchised terror organizations
bent on asymmetric warfare are also using the internet to crowdsource the weaponization of
common chemicals and to disseminate the information necessary to use such agents1.
Countermeasures must be developed not only for domestic or industrial accidents, but also
for deliberate mass casualty exposures in a diverse range of public spaces. This rapidly
changing landscape of existing and emerging chemical threats has generated a need for a
change in the scale and efficiency of countermeasure discovery.

The recent adoption of one model organism, the zebrafish, for high-throughput in vivo
disease modeling and chemical biology, has led to its emergence as a tool for drug
screening2, 3. In this review we will outline current and potential uses of the zebrafish for the
discovery of countermeasures against existing and emerging chemical warfare agents,
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highlighting some of the most promising advances in this field. We will focus on the
potential of the organism to contribute to our understanding of multiple different aspects of
the complex interface between chemistry and biology. We will not attempt to be
comprehensive, but rather will use specific examples to illustrate the current and future
utility of the zebrafish, and to define the hurdles that still must be overcome as the

Contemporary drug discovery
High-throughput screening (HTS) and other high-throughput technologies have begun to
have a major impact on biomedical research4. Nowhere has as the extent of implementation
been greater than in drug discovery. For well-validated therapeutic targets, HTS based on
target binding or function has proven to be an effective mans of identifying compounds that
modify the target protein’s activity in vitro4. Unfortunately, many of the compounds
discovered in this way have failed clinically for lack of efficacy in vivo or because of
toxicity. Such failures suggest that in vitro assays are rarely adequate to predict the
therapeutic efficacy of a compound or to predict potential off-target activities causing drug
toxicity. This inability of simple in vitro assays to model human disease and toxicology is a
fundamental driver for the development of in vivo platforms enabling the use of HTS for the
exploration of disease pathways, drug discovery or toxicology4.

Animal models are used widely in countermeasure development, but have not historically
been used during early stages of countermeasure discovery. The traditional models used in
countermeasure research are not capable of the throughput required for screening large
chemical libraries. Ideally, an in vivo model would recapitulate the complexities of
integrated human physiology and pharmacology and still be capable of efficient screening of
tens or hundreds of thousands of different conditions (chemical or genetic manipulations).
Simple invertebrate organisms such as yeast, C. elegans or Drosophila have been used for
genetic screening on that scale, but until the zebrafish emerged as a viable model organism,
large scale chemical and genetic screens were not feasible with vertebrates5–8.

Zebrafish as a model organism
During the past decade, the zebrafish has become a popular model for phenotype-based
screening, in part because it enables in vivo experiments to be performed at the scale and
cost of in vitro experiments8. The zebrafish is small for a vertebrate. Adults can grow to 3
cm in length, but embryonic and larval zebrafish are only 1–3 mm long. Larvae can survive
for 5–7 days in the wells of standard 96 or 384-well plates, receiving nutrients from their
yolks. A pair of adults can lay hundreds of fertilized eggs in a day, so a zebrafish facility can
routinely generate the thousands of embryos needed for high-throughput screens 9, 10. The
transparency of the zebrafish is another advantage, allowing real time observation of its cell
biology and physiology. The transparency also enables effective use of fluorescent markers
or molecular reporters to characterize integrative biology across multiple organ systems in a
completely native context, at throughputs comparable to those used in in vitro high-
throughput screening11. Dozens of transgenic zebrafish lines have been created that express
fluorescent proteins in specific cell types or in cells undergoing specific processes, such as
apoptosis12. These lines greatly facilitate detection of the physiological and anatomical
changes caused by genetic or chemical perturbation.

Numerous genetic tools have been developed that dramatically increase the utility of the
zebrafish as a model organism. These include a largely complete genomic sequence, DNA
microarrays, antisense morpholino oligos (MOs) for knocking down any gene, zinc finger
nucleases and TALENs for generating targeted mutations in virtually any gene of interest,
and transgenic tools for temporally and spatially controlled gene expression13, 14,15, 16.
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These tools are changing the scope of in vivo models that can be generated and screens that
can be conducted.

Conservation of physiology between zebrafish and humans
A central question in the use of the zebrafish in chemical warfare countermeasure discovery
is the degree to which the physiological response to a chemical agent is conserved between
zebrafish and higher organisms, including humans. Zebrafish develop rapidly, and
organogenesis is largely complete within 48 hours post fertilization 17. Physiologic
integration is initiated prior to this developmental stage and progresses over the next several
days (or weeks) as humoral and neural communication is established18. For example,
peripheral innervation by the somatic and autonomic nervous systems begins during early
embryogenesis but is not complete until weeks after fertilization. Therefore, care must be
taken during assay development to verify that the relevant biology is conserved in the
zebrafish at the specific developmental stages being used2, 19.

Prior genetic and chemical screens in zebrafish have demonstrated a high degree of
conservation between zebrafish and other organisms, including humans. Genes identified in
the numerous zebrafish morphological screens have been consistently validated in mice or
humans8, 20. In some instances, zebrafish and human gene discovery have occurred side-by
side21, 22. In small molecule screens, too, the correlations between pharmacological effects
in zebrafish and humans have proven to strong23, 24. This is true not only for well
characterized human drugs, but also for compounds discovered through zebrafish
screens18, 25. For example, a zebrafish screen of several thousand compounds identified a
novel class of compounds capable of suppressing the vascular defect in gridlock
mutants20, 26. Beyond their activity in zebrafish, these compounds promote tubulogenesis in
cultured human endothelial cells and improve the collateralization of ischemic mouse hind
limbs, confirming that the compounds are vasculogenic not only in embryonic zebrafish but
also in adult mammals20, 27. These results support the idea that compounds discovered by in
vivo zebrafish screens have relevance beyond the zebrafish and may provide avenues for
development of human therapies19, 28.

In vivo screens for chemical warfare countermeasures
To date only two screens have been performed in the zebrafish for chemical warfare
countermeasures: one for cyanide antidotes and one for organophosphate antidotes. In each
case it was possible to rapidly develop robust assays for the relevant chemical exposures.

Cyanide
On exposure to moderate doses of cyanide in the aqueous media zebrafish undergo a number
of rapid physiologic changes. The most dramatic of these is a substantial slowing of the
heart rate, presumably due to the sensitivity of this organ’s ion gradients and excitation-
contraction coupling to metabolic perturbation. Further indicators of cyanide toxicity include
focal neuronal necrosis in specific basal nuclei, abrogation of sensory responses and
ultimately death. In addition to these fundamental physiologic effects, it is possible to detect
subtle perturbations of higher function in zebrafish, closely paralleling mammalian
responses. Studying larvae at 96hpf, once visual neuronal pathways are fully established, it
is possible to elicit significant abnormalities in startle latencies within minutes of sublethal
cyanide exposure29. At sub lethal doses zebrafish exhibit toxic phenotypes for several hours,
but eventually recover. Importantly, the final effective concentration in the fish is likely
considerably lower than that in the surrounding aqueous media as a result of penetration and
the potential conversion to HCN and loss as a gas30. These phenotypes closely parallel the
observed effects with lethal and sublethal doses of cyanide in a wide range of animals
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ranging from trout to humans3, 31–34. The definition of such stereotypic effects of cyanide on
cardiac or neuronal physiology and on survival formed the basis for subsequent automation
and screening in the zebrafish model to identify novel countermeasures for cyanide
exposure.

High throughput assays for heart rate and simple survival are readily automated and
validated at scale using existing countermeasures including known methemoglobin formers
(sodium nitrite), known sulfur donors (butanesulfanate and cystamine dihydrochloride) and
known cyanide scavengers (hydroxycobalamin and cobinamide)11. Once validated these
assays were used to develop a survival screen where lethal doses of cyanide are rescued
within 30 minutes. Using this assay libraries of over 46,000 compounds were screened and
have led to the discovery of over 20 novel compound classes of cyanide countermeasure35.
Derivatives of several of these initial hits exhibit an EC50 in the low nanomolar range and
are currently undergoing additional evaluation in other cyanide models36. One of the
advantages of direct in vivo screening is the ability to match the screen logic to the specific
requirements of prevalent threats. Ongoing screens for cyanide countermeasures are
designed to optimize antidotes for specific age ranges or to identify agents that might be
adaptable to different threat scenarios.

Organophosphates
Organophosphates are small molecule acetylcholinesterase inhibitors used as pesticides and
as nerve agents for chemical warfare37–39. Representative organophosphate pesticides
include parathion, malathion, and chlorpyrifos, while representative organophosphate nerve
agents include sarin, tabun, and VX. Humans exposed to low doses of organophosphates
exhibit nausea, vomiting, lachrymation, and bradycardia, while higher-dose exposures cause
seizures, cardiovascular and respiratory collapse, and death40, 41.

Organophosphates represent one of the most significant chemical threats today42, 43.
Agricultural organophosphates are readily available, making them accessible to terrorists in
large quantities. The nerve agents are relatively easy to synthesize and have been used by
terrorist groups, including in attacks during the 1990s in Japan. Beyond intentional
exposures, the large quantities used for agricultural purposes also raise the possibility of
mass exposure due to accidents or frequent, smaller-scale exposure from agricultural or
household application of pesticides44, 45.

The current standard antidote for organophosphate exposure is the combined administration
of atropine and pralidoxime (2-PAM). Organophosphates covalently inhibit
acetylcholinesterase (AChE), preventing breakdown of the neurotransmitter
acetylcholine46, 47. Failure to metabolize acetylcholine near cholinergic receptor sites causes
continuous stimulation of cholinergic neurons in the central and peripheral nervous systems.
Atropine antagonizes cholinergic receptors, and by so doing, it counteracts the effects of
acetylcholine accumulation48, 49. Unfortunately, it remains difficult to deliver sufficient
atropine to antagonize the excess acetylcholine without causing toxicity from too much
cholinergic antagonism. Pralidoxime (2-PAM), an acetylcholinesterase reactivator, exhibits
toxicities of its own including dangerous hypertension and tachycardia48. Its use is further
limited by the fact that some organophosphates sterically hinder 2-PAM from reactivating
the inhibited AChE. Aging of the inhibited AChE also prevents reactivation, meaning that 2-
PAM is effective only immediately after organophosphate exposure. Therefore, there is
great need for additional organophosphate countermeasures that function via other
mechanisms 49–51

An unbiased, screening-based effort to discover additional OP antidotes with diverse and
potentially novel mechanisms was recently undertaken. Building upon several studies of
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AChE function and organophosphate toxicity on zebrafish models52, 53, conditions were
identified in which the prototypical organophosphate azinphos-methyl produced consistent
behavioral deficits, paralysis, and death in early life stage zebrafish. Using death as an
endpoint, a pilot screen of 1200 known drugs was conducted in 96-well format54. Sixteen
drugs exhibiting the ability to prevent death in organophosphate-exposed zebrafish were
discovered. Biochemical and metabolomic assays performed with the 16 hits confirmed that
the compounds function through multiple diverse mechanisms, including reversible AChE
antagonism, cholinergic receptor antagonism, and prevention of organophosphate
bioactivation. These findings suggest that in vivo screening in zebrafish can discover
effective new countermeasures and expand the range of mechanisms by which they function.
Therefore, additional screening for novel organophosphate countermeasures is warranted
and may enhance our ability to respond to organophosphate exposures.

Organ specific toxicology
Organ specific toxicities remain the most frequent reason for the failure of drugs late in
development or for withdrawal of drugs from the market. Countermeasures are usually
designed for acute one time use, and so only major acute toxicities are likely to be detected.
Countermeasure development rarely has the luxury of extensive clinical trials which may
detect less common toxicities. In most instances licensing under the Animal Rule will lead
to deployment after only relatively small Phase I trials for safety in volunteer cohorts. New
models that might improve our ability to identify countermeasure toxicities earlier in the
development process, or in ways that would enable more precise estimation of the risks of
toxicity have been a focus of work in pharmacology for decades. In the last few years,
several investigators have pursued such modeling in the zebrafish. The toxicology of
virtually every organ system from the thyroid to the brain has been investigated18, 55, 56.
Cardiotoxicity and hepatotoxicity have been particularly well studied, with extensive
conservation of mechanism and outcome having been demonstrated between zebrafish and
humans57, 58. It is likely that a publication bias exists in favor of studies that demonstrated
strong correlation between zebrafish and human effects, and great care must be taken to
understand the parallels between phenotypic assays in fish and other species. Nevertheless,
there is reason to believe that many of the compounds that would be toxic in humans will
also exhibit comparable toxicities in zebrafish. Therefore, countermeasure screening in
intact zebrafish is likely to help eliminate compounds that should not be pursued due to the
risk of human toxicity. As the study of toxicity in the zebrafish matures, the correlation
between species will become better defined, and the safety and efficacy of novel
countermeasure candidates in humans may be predictable based on the candidate
compounds’ safety and efficacy in zebrafish.

Future directions
The zebrafish combines many of the best attributes of traditional in vitro and in vivo
systems. The organism offers much of the physiological complexity and relevance of
mammalian model systems, while also allowing experimentation at the scale and cost of in
vitro screening. To maximize the utility of the zebrafish in discovery mode, much greater
understanding of the parallels between the fish and higher organisms will be required, both
in health and in disease. It will also be important to develop adaptable screening assays
capable not only of addressing previously encountered chemical threats, but also of rapidly
modeling new threats as they emerge and screening efficiently for candidate
countermeasures for these nascent threats. An unbiased strategy to evaluating toxicity (of
both chemical threats and potential countermeasures) may be feasible in the near future
combining multi-channel organ specific reporters, functional genomics and automated
image analysis56. The prospect of systematic exploration of threat-countermeasure
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interactions across a wide range of ages and background susceptibilities is also highly
attractive. Importantly, these efforts in countermeasure development also have the potential
to directly impact drug discovery not only through technology innovation, but also at the
level of specific pharmacologic tools59.

As these goals are attained, the role of the zebrafish as a tool for identifying chemical
warfare countermeasures is likely to expand. It is conceivable with parallel efforts in
zebrafish disease modeling that the annotation of a chemical class as a potential threat and
the discovery of matched countermeasures might eventually occur in parallel60. This
approach would complement current low-throughput toxicity studies in other animal models.
A robust zebrafish screening platform may be one of the few technologies able to deliver on
the promise of threat prediction and neutralization at the scale necessary to combat the
breadth of potential chemical warfare agents1.
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Figure.
Hundreds or thousands of drugs can be added in 96 well plate format, to zebrafish exposed
to lethal doses of agents such as cyanide. Using automated screening microscopy it is then
possible to identify the compounds that prevent the lethal or sub-lethal effects of cyanide or
any other agent that has a response in this system.
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