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Abstract

Traditional mammalian testing is too time- and cost-intensive to keep up with the large number

of environmental chemicals. This has led to a dearth of information about the potential adverse
effects these chemicals have, especially on the developing brain. Thus, there is an urgent need

for rapid and cost-effective neurotoxicity and developmental neurotoxicity testing. Because of the
complexity of the brain, metabolically competent organismal models are necessary to understand
the effects of chemicals on nervous system development and function on a systems level. In this
overview, we showcase asexual freshwater planarians as an alternative invertebrate (“non-animal’)
organismal model for neurotoxicology research. Planarians have long been used to study the
effects of chemicals on regeneration and behavior. But they have only recently moved back into
the spotlight because modern molecular and computational approaches now enable quantitative
high-content and high-throughput toxicity studies. Here, we present a short history of the usage of
planarians in toxicology research, highlight current techniques to qualitatively and quantitatively
measure toxicity in planarians, and discuss how to further promote this non-animal organismal
system into mainstream toxicology research. The articles in this collection will help work towards
this goal by providing detailed protocols that can be adopted by the community to standardize
planarian toxicity testing.
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INTRODUCTION

Chemical safety has traditionally been established using animal tests. While considered

the gold standard for decades, mammalian testing has major limitations. It is incredibly
slow and expensive — taking months or even years to complete and costing hundreds of
thousands to a million USD per chemical, depending on the test (Meigs et al., 2018).

Thus, only a small number (estimated at ~20% (Meigs et al., 2018)) of chemicals currently
in the environment have been thoroughly evaluated for safety. In addition to the extreme
time and cost burden, animal tests have been shown to have limited predictive power for
human health. Comparisons with data from human clinical trials have shown that animal
toxicity tests are only predictive of human toxicity up to 50% of the time; thus, no better
than random chance (Van Norman, 2019). Lack of toxicity in animal tests (even nonhuman
primates) is not predictive of lack of toxicity in humans, suggesting that animal tests are
not protective of human health (Bailey et al., 2014, 2015). Animal studies also suffer

from a lack of reproducibility. By analyzing a database of more than 800,000 standard
animal toxicity studies across 350 chemicals, Meigs et al. (Meigs et al., 2018) found that
results on a specific chemical (i.e., identified as toxic or not) in the same animal species
were only reproducible 70% of the time. Interspecies differences among animal models
further complicate matters (Bailey et al., 2015; Pham et al., 2020). Together with ethical
concerns, these economic and scientific reasons have convinced the various stakeholders

- government, industry, academia, non-profit, and the public - to replace animal tests in
toxicology and pharmacology with quicker, cheaper and more predictive non-animal test
methods. Integrated strategies are being developed to effectively use the information gained
from these new approach methodologies to be predictive of human health (Middleton et al.,
2022; Rovida et al., 2015). For certain toxicities, a combination of in vitro and in silico test
methods may be able to completely replace animal tests and have already been accepted for
regulatory purposes, e.g., skin sensitization (Rovida et al., 2015; OECD, 2021). However,
for many types of toxicities, a total replacement of animal tests is not yet possible.

One of the most challenging areas has been neurotoxicity (NT) and developmental
neurotoxicity (DNT) testing (Sachana et al., 2021). Because of the complexity of the brain
and the plasticity of developmental processes, one can only fully understand the effect of
chemicals on brain function and development when studied in an organismal context. Driven
by these challenges, a major effort is underway to develop invertebrate organismal models
that could replace or at least reduce testing in mammals and other vertebrates (e.g., fish
and frog). The nematode Caenorhabditis elegans and embryos and larvae of the zebrafish
Danio rerio have emerged as popular alternatives to mammals for developmental toxicity
testing. Although zebrafish are vertebrates, the larval stage prior to 5 days post fertilization
is considered a non-animal model for regulatory purposes. Both nematodes and developing
zebrafish have major strengths for developmental and reproductive toxicity testing (e.g.,
reviewed in (Boyd et al., 2012; Tejeda-Benitez and Olivero-Verbel, 2016) and (Shen and
Zuo, 2020; He et al., 2014), respectively).

Here, we showcase freshwater planarians as a competitive alternative model for NT/DNT
testing, with a special focus on the asexual species Dugesia japonica, which has been
shown to be the best suited for rapid behavioral screening applications (Ireland et al.,
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2020; Blackiston et al., 2010). We provide a brief background on the use of planarian
neuroregeneration to study neurodevelopment, followed by a historical overview of how
planarians have been used for toxicological applications. Next, we discuss how recent
technological advancements have opened the door for quantitative behavioral studies which
can be backed up by various molecular/cellular techniques to provide mechanistic insight.
Lastly, we discuss what is still needed to further promote this non-animal organismal system
into mainstream toxicology research.

PLANARIAN NEUROREGENERATION AS A MODEL FOR
NEURODEVELOPMENT

Planarians are few mm long flatworms with a simple anatomy (Figure 1). They have an
anterior-posterior (head-tail) and a ventral-dorsal body axis. Much of the planarian’s body
is taken up by a multi-branched gut. Like nematodes, planarians lack a circulatory system;
their large surface area and extensive digestive system allow for adequate oxygen and
nutrient distribution. Because planarians are aquatic organisms, they can be easily exposed
to chemical solutions, which are absorbed through the skin and/or the pharynx (eating tube)
(Kapu and Schaeffer, 1991; Balestrini et al., 2014). When amputated, planarians regenerate
the missing body parts within 1-2 weeks. Due to their size being significantly larger
compared to that of nematodes, planarian regeneration can be easily observed without the
need for specialized equipment. These features have made planarians popular for chemical
exposure studies to investigate (neuro-)development (Best and Morita, 1982).

The planarian nervous system is of intermediate complexity when compared to that of
other non-animal organismal models (about 2,000-10,000 neurons (Brown et al., 2018)).
The planarian central nervous system consists of a cephalic ganglion (brain) in the head
and two ventral nerve cords that are connected by multiple commissures. These structures
can be further subdivided into specific functional and molecular regions, demonstrating its
molecular complexity (Fraguas et al., 2012; Cebria et al., 2002). The planarian nervous
system shares key characteristics with the vertebrate nervous system, including all key
neurotransmitters (reviewed in (Ross et al., 2017)). All planarian neuronal genes identified
to date have human homologs (Mineta et al., 2003). After amputation or asexual division,
the planarian tail fragment has to regenerate a new brain, which occurs de novo and
independently from the intact nerve cords (Fraguas et al., 2012) through similar processes as
in vertebrate neurodevelopment (e.g., stem cell proliferation, migration and differentiation,
synaptogenesis, and network formation) (reviewed in detail in (Ross et al., 2017)). Thus,
planarian neurobiology and neuroregeneration are sufficiently conserved to provide insight
into the possible effects of xenobiotics on human brain development.

Planarians exhibit a wide range of behaviors that can be used as a readout of brain
function. Deviations from typical behavior in response to chemical exposure can be used
as an indicator of effects on the nervous system. Planarians have three characteristic

gaits. The default form of locomotion is smooth, ciliary-driven motion termed “gliding’
(Cochet-Escartin et al., 2015). When cilia are impaired, planarians switch to a musculature-
driven gait called “peristalsis’ that is characterized by an anterior-posterior traveling wave.
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Peristalsis is significantly slower than gliding (Cochet-Escartin et al., 2015). Finally, when
exposed to certain noxious stimuli (e.g., amputation, noxious heat, or certain chemicals

like allyl isothiocyanate), planarians ‘scrunch’ (Cochet-Escartin et al., 2015; Sabry et

al., 2019). Scrunching is a cilia-independent form of musculature-driven locomotion that

is characterized by asymmetric body shape oscillation with a species-specific frequency
(Cochet-Escartin et al., 2015). Planarians have been shown to respond robustly to physical
stimuli such as light, temperature, and textures (Cochet-Escartin et al., 2015; Pearl, 1903;
Inoue et al., 2004, 2014, 2015). Thus, in addition to changes in motility or gait, behavioral
readouts in planarians can include measures of the directionality or rate of movement, e.g.,
moving away from light (Inoue et al., 2004) or the rate of reaction to noxious heat (Ireland
et al., 2020). Combinatorial assays using simultaneous exposure to multiple stimuli (e.g.,
light and temperature) can be used to assess higher brain functions, such as decision making
(Inoue et al., 2015). Finally, because flatworms are soft-bodied worms, they can exhibit
dramatic body shape changes, e.g., contraction, hyperextension, c-shaped or corkscrew,

in response to chemical exposure (reviewed in (Hagstrom et al., 2016)). This contrasts
nematodes, which have a cuticle that serves as an exoskeleton and gives roundworms their
characteristic worm shape. Taken together, the multiple behavioral and body shape readouts
observed in planarians offer a uniquely rich spectrum of quantifiable phenotypic readouts for
assaying neurotoxic effects.

BRIEF HISTORY OF FRESHWATER PLANARIANS IN TOXICOLOGY
RESEARCH

Freshwater planarians have fascinated researchers for centuries for their amazing ability to
regenerate from tiny fragments into new, functional organisms within 1-2 weeks (Figure 2,
reviewed in (Ivankovic et al., 2019)). Planarian research first blossomed at the turn of the
20t century. Early research focused on characterizing the physiology and behaviors of these
flatworms, with and without various perturbations (Child, 1930; Fries, 1928; Pearl, 1903;
Child, 1911). During this time, the promise of planarians to be used for toxicology studies,
especially for the study of developmental toxicants became apparent. Their amenability

to chemical perturbation and observation without a microscope, coupled with their high
propensity to regenerate, made planarians a popular early model for investigations of
chemical exposure on regeneration and neuronal control of behavior. Often, planarians were
cut into various pieces, these pieces were exposed to the chemical of choice, and qualitative
observations of planarian health and regeneration progress were made, as for example in
(Child, 1911). Typical observations of toxic effects included abnormal head morphology,
lesions, improper regeneration of the eyes or auricles, pharynx extrusion and qualitative
descriptions of abnormal behaviors (Best and Morita, 1982).

While many early studies were conducted with species native to North America (e.g.,
Dugesia dorotocephala), the growing availability of different planarian species have allowed
for the use of non-American species such as Schmidtea mediterranea (native to Europe)

and Dugesia japonica (native to Asia). These latter two species have increasingly grown in
popularity for toxicology research — reflected in the increased number of publications (from
none in 2009 to 12 in 2019) - through the availability of sequenced genomes (Grohme et al.,
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2018; Tian et al., 2022; Robb et al., 2008) and transcriptomes (Rozanski et al., 2019) and
the development of molecular and cellular biology tools, such as RNA interference (RNAI)
(Shibata and Agata, 2018; Newmark et al., 2003), that allow for mechanistic studies.

Over the years, several valuable resources have been introduced with the goal of
standardizing toxicological measures across planarian studies. For example, a qualitative
scoring system for common planarian toxicological endpoints was first introduced by Grebe
and Schaeffer (Grebe and Schaeffer, 1991), and later modified by Wu et al. (Wu et al.,
2012). This scoring system has been used by several subsequent studies but remains to

be standardized across the field. Similarly, the introduction of the planarian locomotor
velocity (pLMV (Raffa et al., 2001)) assay provided an accessible method to quantify
planarian motility and is still widely used. With the toxicology field moving away from
mammalian and vertebrate testing, teaching the next generation of scientists about the value
of alternative invertebrate models, such as planarians, for toxicology and pharmacology
studies have become increasingly important. Easy-to implement laboratory protocols have
been developed which allow for low-cost, hands-on experiments for school and college
students (Pagan et al., 2009; Stowell et al., 2021).

Recent advances in molecular and cellular biology techniques, behavioral imaging, and
quantitative computational methods have reignited the excitement about planarians for
studying chemical toxicity. The application of these tools has allowed planarian toxicology
studies to evolve from primarily qualitative observations to quantitative analyses of specific
phenotypes, which can be anchored to their molecular mechanisms (as for example in
(Ireland et al., 2022b; Balestrini et al., 2014; Hagstrom et al., 2018; Dong et al., 2021)).
The wide array of stereotypical behaviors exhibited by these worms has successfully been
exploited in neurotoxicology studies to uncover the effects of chemicals on brain function
(reviewed in (Hagstrom et al., 2016; Wu and Li, 2018)). Neurobiological (e.g., (Inoue et al.,
2014; Sabry et al., 2019)) and pharmacological (e.g., (Venturini et al., 1989)) studies have
begun to connect some of these behaviors to their molecular mediators, opening the door for
mechanistic phenotypic profiling (Ireland et al., 2022b).

AN OLD WORM MEETS MODERN TOOLS: AUTOMATED QUANTITATIVE
BEHAVIORAL SCREENING TO ASSAY NT/DNT

Planarians can display a plethora of body shape changes and behaviors that can be triggered
through physical or chemical stimuli (reviewed in (Hagstrom et al., 2016; Grebe and
Schaeffer, 1991). While postures and behaviors have historically been scored manually,
such as using pLMV (Raffa et al., 2001)), recent studies have employed computer vision and
automated object tracking to quantify a subset of planarian behaviors (Talbot and Schétz,
2011; Zhang et al., 2019a; Ireland et al., 2022b; Blackiston et al., 2010). The planarians’
pigmented body is easily detectable on a bright background and standard thresholding
algorithms can be used to isolate the worm. Center of mass (COM) tracking can then

be used to determine the worm’s spatial position as a function of time and allows for

the calculation of motility descriptors, such as speed, time spent resting, locomotor bursts
or spatial exploration (Ireland et al., 2022b). COM tracking also enables visualization of
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the planarian trajectory, e.g., color-coded by time, to visualize directional movements, as
observed in light, thermal or electrical gradients (Hagstrom et al., 2015; Sabry et al., 2022;
Inoue et al., 2004, 2014) (Figure 3). The response to these gradients is frequently quantified
as the percent of time spent in a specific portion of the test arena (Inoue et al., 2004, 2014).
The trajectories can also be used to determine the number of turns or head wiggles, as in
(Talbot and Schdtz, 2011). Protocols for how to track the COM of planarians using freeware
and requiring no coding experience have recently been made available (Sabry et al., 2020;
Stowell et al., 2021; Inoue and Agata, 2022).

Quantitative shape descriptors can provide additional insight into planarian behavior.

For example, by fitting the planarian body with an ellipse and plotting the major axis
(approximating the planarian’s body length in straight motion) as a function of time, it
can be determined whether a planarian exhibits ciliary gliding or a form of muscle-driven
locomotion (scrunching or peristalsis). Gliding shows minimal changes in body length
whereas scrunching is characterized by periodic length oscillations (Sabry et al., 2020;
Cochet-Escartin et al., 2015). Scrunching has also been distinguished from gliding using
shape mode analysis (Werner et al., 2014).

While many planarian studies have relied on bulk or low-throughput studies, recent studies
have begun to utilize behavioral screening in multi-well plates to allow for simultaneous
tracking of multiple planarians to increase throughput (Hagstrom et al., 2015; Zhang et al.,
2019a, 2019b; Ireland et al., 2020, 2022b). Multi-well screening can be used to evaluate
effects on morphology, general locomotion, and behavioral responses to certain physical
stimuli (e.g., light, temperature) (Zhang et al., 2019b, 2019a; Ireland et al., 2022b, 2020).
Because the small size of the individual wells makes some spatial gradients difficult

to establish, temporal changes in stimuli can be used instead. For example, to test the
planarian’s response to noxious heat, the temperature is gradually increased until the
threshold for scrunching induction is reached. This allows researchers to study the rate
and strength of the worm’s response to heat in addition to assaying their ability to scrunch
(Ireland et al., 2020).

Taken together, these stimulated behaviors can provide a more nuanced understanding of
chemical effects on neuronal function than can be obtained from locomotion alone. For
example, alterations to the stereotypical noxious heat response are a sensitive readout of
neurotoxicity that can often occur in the absence of general locomotor defects (Zhang et
al., 2019a, 2019b; Hagstrom et al., 2018; Ireland et al., 2022b; Bayingana et al., 2022).
Furthermore, some phenotypic readouts have begun to be linked to molecular pathways; for
example, we have found that cholinergic agents frequently disrupt stickiness and noxious
heat sensation (Hagstrom et al., 2018; Ireland et al., 2022b). Pharmacological studies
have revealed that activation of D1 dopamine receptors leads to screw-like hyperkinesia,
whereas activation of D2 dopamine receptors leads to c-shapes (Venturini et al., 1989).
RNAi-mediated knockdown has been used to identify important mediators of specific
behaviors, such as TRPM in regulating thermotaxis (Inoue et al., 2014) and GABAergic
neurons in regulating phototaxis (Nishimura et al., 2008). An in depth review of RNAI-
mediated behavioral phenotypes can be found in (Ross et al., 2017). Despite this progress,
most of the molecular mechanisms underlying these shape changes or behaviors remain to
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be investigated. There is a need for high-content mechanistic studies to link phenotypes and
molecular mechanisms.

MECHANISTIC VALIDATION AND TOOLS FOR HIGH-CONTENT STUDIES

While planarians are not genetic model organisms like nematodes or zebrafish, there is a
robust repertoire of cellular and molecular tools that allow for mechanistic studies of toxicity
(Figure 3). Observations of tissue morphology have been popular readouts of planarian
toxicity since the earliest planarian toxicology studies, especially during regeneration,
because of their accessibility (Child, 1911; Hagstrom et al., 2016). The extent of head
regeneration can be tracked by the reappearance of prominent head structures, such as the
eyes and auricles, either by eye or using basic light microscopy. Notably, the auricles are
not as prominent in all planarian species (Emmons-Bell et al., 2015) and thus not as broadly
used as eye regeneration. While eye regeneration has historically been scored manually,
machine learning algorithms have been created to predict the presence of eyes from high
resolution videos of regenerating planarians (Zhang et al., 2019a).

The regenerative blastema that forms at the wound site after amputation (or asexual
reproduction) has also been used as a measure of regeneration defects. The blastema is
easily discernible from the pre-existing tissue because of its lack of pigmentation. As the
planarian regenerates, the blastema grows and begins to reform the necessary anatomical
structures. The rate of blastema growth can be quantified to identify regeneration defects or
delays (Hagstrom et al., 2015, 2016; Kang et al., 2021).

In addition to these gross morphological readouts, effects on specific organs/cellular
populations can be assessed using molecular biology techniques. For example,

neuronal morphology can be observed via /n situ hybridization (MRNA expression) or
immunohistochemistry (protein expression) with pan-neuronal or subtype-specific neuronal
markers (Ross et al., 2017). These allow for both qualitative observations of neuronal
morphology and quantitative measures, such as of brain size (Hagstrom et al., 2015) or of
abundance of certain neuronal subpopulations (Nishimura et al., 2011). Dynamic processes
such as cell proliferation can also be quantified using standard techniques such as anti-
phospho-Histone H3 antibody staining; while cellular damage including cell death or DNA
damage can be assessed using terminal deoxynucleotide transferase dUTP nick end labeling
(TUNEL) staining or the Comet assay, respectively, as for example done in (Majid et al.,
2022).

Colorimetric assays can be used to quantify the activity of hydrolases, oxidases, and other
enzymes in homogenates of exposed planarians during neurodevelopment or in adulthood.
The activity of oxidative stress related enzymes, such as catalase and superoxide dismutase,
has been a popular molecular biomarker of toxicity in planarians (Zhang et al., 2014,
2018). Additionally, the activity of neuronal enzymes, such as acetylcholinesterase (AChE),
an important toxicological target (Russom et al., 2014), have been quantified (Ireland et

al., 2022h; Hagstrom et al., 2018; Li, 2008). Ellman assays measuring AChE activity

have been used to investigate whether behavioral phenotypes induced by exposure to
organophosphorus pesticides were linked to AChE inhibition (Ireland et al., 2022b). It
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was found that AChE inhibition was insufficient to explain the observed behavioral effects,
in line with studies in other systems that suggest that NT resulting from chronic low-

dose exposure to organophosphorus pesticides is independent of AChE inhibition (Costa,
2018; Voorhees et al., 2017). In addition to quantitative measures of enzymatic activity in
homogenates, whole-mount staining of AChE activity has been used to qualitatively observe
differences in AChE activity in the whole planarian (Hagstrom et al., 2018; Zhang et al.,
2019b).

A more broadly applicable tool than biochemical assays, which are only available for certain
enzymes, is quantitative PCR (gPCR). QPCR enables inexpensive and rapid studies of

gene expression for candidate genes. For example, Balestrini et al. (2014) used quantitative
RT-PCR to investigate the pathways of toxicity resulting from berberine exposure (Balestrini
etal., 2014). A review of commonly assayed genes can be found in (Hagstrom et al., 2016).
Importantly, the role of a candidate target can be further verified by knocking down the gene
using RNAI (Shibata and Agata, 2018; Newmark et al., 2003). For example, the decreased
heat sensitivity phenotype observed after exposure to the AChE inhibitors diazinon and
physostigmine was recapitulated by double knockdown of the two identified cholinesterase
genes in D. japonica (Djche-1 and Djche-2), demonstrating that this phenotype is due to
cholinesterase inhibition (Hagstrom et al., 2018).

CURRENT AND FUTURE CHALLENGES FOR PLANARIAN NT/DNT STUDIES

As a newcomer in modern toxicology, there remains much work to be done to develop
planarian screening into a robust and standardized test method that could be integrated into a
DNT test battery. As with all models, standardization of the best practices are essential,
these include the species used (Ireland et al., 2020), planarian husbandry (planarian
maintenance, water conditions (Child, 1930), circadian rhythm, and food (Zhang et al.,
2019a)), chemical exposure conditions (static versus daily exchanges, temperature (Ding et
al., 2019)), screening methodology, and data analysis. Transparency of research methods and
data availability in public repositories which allow for meta-analyses are a critical aspect of
this task. Conversations between the various stakeholders are essential to better understand
what the current needs are and the opportunities that planarian toxicity testing could fill.

For integration into a test battery, the future of this system likely lies in being a first-tier
rapid screening platform. With this in mind, current knowledge (Ireland et al., 2020;
Blackiston et al., 2010) suggests that D. japonica is the best suited planarian species for

this application. In addition, for chronic studies, only static exposure conditions are realistic
for such high-throughput applications, else it is impossible to achieve the desired chemical
coverage in a short period of time and at a reasonable cost. In terms of biological replicates,
n=24 specimen were shown to suffice for robust screening results in 48-well plates on

an automated platform (Zhang et al., 2019b). To integrate and compare results from
planarian screening with data from other test methods, statistical analysis using benchmark
concentrations or point of departure are indispensable. This approach has recently been
implemented in a study of the NT and DNT of organophosphorus compounds in D. japonica
(Ireland et al., 2022h).
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It remains to be established what the context of use is for the planarian system, considering
its unique strengths and limitations. We need to better understand the toxicokinetics and
toxicodynamics of planarians, as only limited studies of planarian xenobiotic metabolism
have been undertaken (Ireland et al., 2022a). How does planarian screening complement
other models when integrated into a DNT test battery? How predictive is planarian testing of
human toxicity?

CONCLUDING REMARKS

Freshwater planarians are an old model to study chemical effects on brain function and
neuro-regeneration that have recently re-emerged as a promising organismal model for rapid
NT/DNT screening. The development of standard protocols, as the examples provided in this
special issue, is a first step to widen the field of researchers working together to establish
this alternative model as a cost-effective and reliable NT/DNT model of the 21st century.
Such a community effort will be indispensable for this task as it requires a monumental
effort that cannot be achieved by individuals and will take time and perseverance.
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Figure 1. Freshwater planarian anatomy.
Planarians are soft-bodied, bilaterally symmetric flatworms with an anterior-posterior and

dorsal-ventral body axes. Most of their body is taken up by a multi-branched intestine (red)
that is connected to a pharynx (orange) which allows for food uptake and waste disposal.
The planarian central nervous system (blue) consists of a bilobed spongy brain in the head
and two ventral nerve cords that are interconnected by multiple commissures (commissures
not shown). The eye spots are located on the dorsal side.
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Figure 2. Timeline of key eventsin planarian toxicology research.
Experiments on planarian regeneration were first performed by G. Shaw in 1790 and

later revisited by T. H. Morgan in 1889 (Morgan, 1889). The first qualitative assessment

of planarian behavior in response to various stimuli was published by R. Pearl (Pearl,
1903). C.M. Child’s thorough investigation of effectors of planarian regeneration included
qualitative studies on the effects of ethanol (Child, 1911). Following this initial study,

the 1920s saw a burst of planarian toxicology studies, which were largely focused on

using toxic agents to better understand physiological responses, such as disintegration

and certain behaviors, and how these were affected by different experimental parameters
such as temperature or salt content in the water (e.g., (Child, 1930; Fries, 1928)). By

1982, the utility of planarians for developmental neurotoxicity and teratogenesis studies
was recognized (Best and Morita, 1982). In 1991, Grebe and Schaeffer proposed the first
qualitative scoring system to describe toxicity in planarians (Grebe and Schaeffer, 1991). In
2001, the planarian locomotor velocity (pLMV) method was introduced as a way to easily
quantify differences in planarian behavior (Raffa et al., 2001). In the 2000s, the availability
of a protocol for knocking down gene expression using RNA interference (RNAi) (Newmark
et al., 2003) and the availability of the sequenced Schmidtea mediterranea genome (Robb
et al., 2008) greatly advanced the planarian molecular biology toolkit. The growing use

of planarians for toxicology research prompted the creation of a standardized protocol for
experiments that could be conducted in undergraduate classrooms (Pagén et al., 2009). In
2019, the utility of using planarians for large-scale rapid screening was broadly recognized
as a paper comparing the results from planarian and developing zebrafish screens on an
87-compound library was named the Society of Toxicology Paper of the Year (Hagstrom et
al., 2019).
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Figure 3. Overview of breadth of planarian toxicological studies.
A large variety of chemical agents (top) have been tested in planarians using different

types of behavioral, morphological, cellular, and molecular readouts (bottom). These studies
often utilize the planarian’s ability to regenerate a new head, as indicated by the amputated
planarian.
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