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PHOTORECEPTION AND EYE REGENERATION MECHANISMS IN PLANARIANS 

 

Taylor R. Birkholz, Ph.D. 

Western Michigan University, 2018 

 

Although humans lack the ability to regenerate complete organs and limbs following 

amputation or injury, there are many other species (both vertebrates and invertebrates) that can. 

Significant advances have been made in understanding the genetic mechanisms that regulate 

organ regeneration in these species, including regeneration of eye tissues such as the lens and 

retina. Planarians are an established historical model used to study regeneration due to their 

ability to regenerate any organ, including the eye.  With recent advances in molecular genetic 

analyses, planarians are now an emerging model for the specific study of eye regeneration 

mechanisms. Furthermore, regeneration of the planarian eye is an ideal system for investigating 

regenerative morphology, in other words how tissue size, shape, and placement is established 

during regeneration. However, comparatively little is known about the physiology of planarian 

photoreception or the mechanisms that regulate eye regrowth. These fundamental aspects must 

be understood in order to increase the effectiveness of the planarian eye regeneration model.   

Our data has revealed that planarians have complex phototactic responses and display 

differential behaviors to specific wavelengths of light, including ultraviolet and infrared. This 

information is critical because regeneration studies previously determined functional recovery of 

the visual system based on planarian responses to white light.  As white light is a composite of 



 
 

many wavelengths, this may have masked complex behaviors or resulted in inconsistent results 

between studies. We also found that similar to other invertebrates, planarians are capable of 

responding to light using mechanisms outside of the eye, inputs that could also confound 

analyses of ocular responses. Our data show that extraocular behavioral responses in planarians 

are regulated in part by a homolog of the transient receptor potential channel A1 (TRPA1), a 

mechanism previously only identified in Drosophila.  

 Using this expanded understanding of planarian photoreception, we investigated the 

cellular mechanisms required for planarian eye regeneration. We have identified a potential cell 

signaling pathway that includes the vacuolar ATPase (V-ATPase) ion channel, Notch, and 

apoptosis. We found that similar pathway components were also required for eye regrowth in 

developing tadpoles, suggesting evolutionarily conserved mechanisms are required for eye 

regeneration in two very different animal models. Together, the data presented in this work 

increases our understanding of planarian photoreception and provides evidence that ancestral 

mechanisms may be required for eye regeneration. 
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CHAPTER I: INTRODUCTION 

 

 

The Planarian Model System 

Planarians have fascinated scientists for hundreds of years due to their extreme tissue 

plasticity. One remarkable example of this plasticity is the ability of the planarians to constantly 

remodel their bodies based on food supply and proportionally grow when food is abundant and 

“degrow” when starved (Baguñá and Romero, 1981; Lillie, 1900). This tissue plasticity also 

allows planarians to completely regenerate into new, proportional animals from tiny tissue 

fragments (Fig. 1). This has historically made planarians a powerful model system for examining 

regeneration (Morgan, 1900; Stevens, 1909). In 1814, the early investigator John Dalyell stated 

that planarians appear to be “immortal under the knife” (Dalyell, 1814). Although early planarian 

studies were largely observational, recent molecular and genomic advances have added a wealth 

of knowledge to our understanding of this model organism. This includes a completely 

sequenced genome of one of the most common species used, Schmidtea mediterranea (Grohme 

et al., 2018; Robb et al., 2015; Robb et al., 2008), RNA interference (RNAi) techniques 

(Rouhana et al., 2013; Sánchez Alvarado and Newmark, 1999), and in situ hybridization and 

immunohistochemistry protocols (Forsthoefel et al., 2014; King and Newmark, 2013; Pearson et 

al., 2009). Their unique characteristics, along with the available molecular toolkit, have made 

planarians an important model system for understanding a range of biological processes 

including stem cell biology and regeneration (Adell et al., 2010; Elliott and Sánchez Alvarado, 

2013; Reddien, 2013; Rink, 2013; Umesono et al., 2011; van Wolfswinkel et al., 2014), 

reproduction (Rouhana et al., 2017), toxicology (Grebe and Schaeffer, 1991; Van Huizen et al., 

2017; Wu and Li, 2018), evolution (Labbé et al., 2012; Nakazawa et al., 2003), and tissue 
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Figure 1. Planarian Regeneration. Composite image showing planarian regeneration over 14 

days following amputation into a trunk fragment. Anterior is up, dotted line=amputation plane, 

scale bar=1 mm. 
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 morphogenesis (Birkholz et al., 2018; Emmons-Bell et al., 2015).  

Planarians are nonparasitic flatworms that are found in both fresh and salt water streams 

and ponds throughout the world. They are members of the phylum Platyhelminthes (order 

Tricladida), which includes simple bilateral animals that have discreet organ systems and tissues 

derived from all three germ layers. Planarians are small, soft bodied animals that lack a 

respiratory or circulatory system and instead obtain oxygen by diffusion. This results in their 

characteristic flattened morphology, since tissues must remain thin for diffusion to occur across 

all cells. Planarians have a sophisticated central nervous system that consists of bi-lobed anterior 

cephalic ganglia (true brain) and two ventral nerve cords that run along the length of the body 

(Fig. 2) (Agata et al., 1998). The anterior region of the animal also contains photoreceptors 

(Carpenter et al., 1974) and numerous chemoreceptors (MacRae, 1967). Planarians eat and 

defecate using a single muscular tube, called the pharynx, which connects to the three-branched 

(triclad) digestive system (Fig. 2) (Newmark and Sanchez Alvarado, 2002). The protonephridial 

excretory system functions to remove waste products and facilitates osmoregulation and has been 

found to have homologies to vertebrate kidneys (Fig. 2) (Ishii, 1980; Rink et al., 2011).  

Planarian reproduction occurs either sexually, as cross-fertilizing hermaphrodites (Chong et al., 

2011), or asexually through transverse binary fissioning.  

The process of fissioning, which is a form of asexual reproduction, is another striking 

example of planarian plasticity. To fission, a planarian stretches until it tears in half, resulting in 

head and tail fragments that will subsequently grow into two new animals.  The head fragment 

will grow a new tail, while the tail fragment will grow a new head including completely new 

brain.  This ability to regenerate entire organ systems is due to the large population of adult stem  
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Figure 2. Planarian Model System and Anatomy. (A) The planarian species Schmidtea 

mediterranea (anterior is left). (B) Digestive system visualized innexin-9. (C) Excretory system 

visualized with innexin-10. (D) Central nervous system labeled with anti-synapsin. B-D anterior 

is up. Dorsal is up in all.  
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cells (ASC), historically known as neoblasts, found throughout the body. ASCs are the only 

known dividing cells in planarians and represent ~25-30% of all cells (Baguñà et al., 1989; 

Reddien and Sánchez Alvarado, 2004). Following tissue removal, regeneration begins with an 

initial wound response that triggers an increase in apoptosis at the injury site (Wenemoser et al., 

2012). This is followed by apoptosis-induced proliferation of ASCs throughout the body 

(Pellettieri et al., 2010; Wenemoser and Reddien, 2010). The ASCs then migrate to the wound 

where they form a mass of unpigmented newly differentiating cells, called the blastema (Baguñà 

et al., 1989; Eisenhoffer et al., 2008). Most of the lost tissue will emerge from the blastema and 

by approximately 2 weeks, a completely regenerated, proportional animal will be produced 

(Beane et al., 2013).  

 

Photoreception and the Planarian Visual System 

 Unlike most other animals, planarians have the ability to regenerate their entire eye, 

making them excellent model organisms for eye regeneration. Although simpler than vertebrate 

eyes, planarian eyes still have several phylogenetically conserved characteristics. For example, 

both planarians and vertebrates rely on common genes for eye development such as Sine oculis, 

Eyes absent, and Otx (Martín-Durán et al., 2012; Pineda et al., 2000). Planarian eyes are located 

dorsally and consist of two cell types: pigment cells and photoreceptor neurons (Fig. 3). The 

pigment cells form a semi-lunar optic cup that faces the photoreceptor organelles in a similar 

orientation as vertebrate photoreceptors with respect to the retinal pigment epithelium (Lapan 

and Reddien, 2011). The primary function of pigment cells in simple eyes is to absorb photons of 

light, which creates shade and provides information about the direction of incoming light 

(Nilsson, 2009). The photoreceptor cell bodies are located outside of the optic cup and extend  
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Figure 3. Planarian Eye Anatomy. The planarian species Schmidtea mediterranea was used. 

Boxed region shows a close up of the eyes, with an inset diagram of the light-sensing structures of 

the optic cup. The eye consists of two tissue types: the light capturing pigment cells and the 

photoreceptor neurons that transduce photons into signals sent to the brain. Figure taken from 

(Paskin et al., 2014). 
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dendrites into the cup forming a rhabdomeric structure where opsin accumulates (Azuma and 

Shinozawa, 1998; Carpenter et al., 1974; Orii et al., 1998). Photoreceptor cell axons project  

posteriorly to the brain with some fibers forming a partial optic chiasma allowing photosensory 

information from both sides of the animal to be integrated (Agata et al., 1998; Okamoto et al., 

2005; Sakai et al., 2000).  

The molecular mechanisms used in ocular phototransduction (i.e. the ability of cells 

found specifically in the eye organ to detect light) have been elucidated in numerous model 

organisms, highlighting that many of the transduction components are highly conserved 

throughout the Bilateria (Arendt, 2003). For example, opsins, which are a group of G-protein 

coupled receptors that bind to chromophores, are responsible for ocular light detection in all 

known animal systems (Wald, 1968). Although a few exceptions do exist (Vöcking et al., 2017), 

the invertebrate eye has rhabdomeric photoreceptors that use r-opsins while vertebrates have 

ciliary photoreceptors and use c-opsins (Arendt, 2003). In the presence of photons, the activation 

of r-opsins initiates a pathway that results in the opening of transient receptor potential cation 

(TRPC) channels (Hardie, 2001) while c-opsins lead to the closing of cyclic nucleotide gated 

(CNG) ion channels (Kaupp and Seifert, 2002). The result of both cascades is a signal that is sent 

to the brain for interpretation so that an appropriate behavioral response can be elicited.  

Planarians possess rhabdomeric photoreceptors and express components of the r-opsin 

phototransduction pathway including two r-opsin orthologs, Gα-q, PLC, and two TRPC 

orthologs (Lapan and Reddien, 2012; Orii et al., 1998). Interestingly, it has also been shown that 

the planarian eye contains genes such as CNG, that are typically found in the c-opsin pathway 

(Lapan and Reddien, 2012). However, the function of these genes remains to be identified. 

Lacking camera eyes, planarian ocular photoreception is not involved in image formation but 
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instead is most likely required for detection of luminal contrast.  Planarians are negatively 

phototactic (Parker, 1900; Reynierse, 1967), a behavior that is commonly used to evaluate 

regeneration of the visual system (Arees, 1986; Dasheiff and Dasheiff, 2002; Inoue et al., 2004; 

Takano et al., 2007). Although planarians possess a well-documented photophobic response to 

white light, little is known about how their behavior is affected by various wavelengths. This is 

despite the fact that many animals exhibit wavelength-specific behaviors. For example, zebrafish 

larvae will swim toward ultraviolet (UV), blue, and red light but are only weakly attracted to 

green light (Orger and Baier, 2005). Conversely, leeches display complex negative phototactic 

responses to green and UV light (Jellies, 2014a, b) while Drosophila larvae avoid exposure to 

blue, violet and UV wavelengths (Xiang et al., 2010). 

 

Extraocular Photoreception 

In addition to ocular photoreception, many animals are also able to detect and respond to 

light using light-sensitive structures located outside of the eye. This type of light detection, called 

extraocular photoreception, has been recorded in both vertebrates and invertebrates (Cronin and 

Johnsen, 2016; Lees, 1948; Porter, 2016; Steven, 1963). The function of extraocular 

photoreception is diverse and ranges from phototaxis and/or shadow-induced withdrawal in 

mollusks and Cnidaria (Lukowiak and Jacklet, 1972; Pankey et al., 2010; Ramirez et al., 2011; 

Taddei-Ferretti and Musio, 2000), dorsal-ventral body orientation in leeches (Jellies, 2014b), 

detection of polarized light and magnetic orientation in amphibians (Adler and Taylor, 1973; 

Phillips et al., 2001), and regulation of circadian and reproductive cycles in birds (Menaker, 

1968).  
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The molecular pathways used for extraocular photoreception are also wide-ranging and 

include both opsin and non-opsin-based mechanisms. For example, c- and r-opsins are used for 

extraocular photoreception in cuttlefish (Mathger et al., 2010) and pond snails (Pankey et al., 

2010), respectively, while light perception in the purple sea urchin is mediated by both c- and r-

opsins (Delroisse et al., 2014). Gs-opsins (or “cnidops”) are another group of opsins used for 

extraocular photoreception in Cnidarians and are believed to activate CNG channels in Hydra 

(Plachetzki et al., 2010).  

A few mechanisms for extraocular photoreception have also been identified that do not 

rely on opsins. Although the transduction pathway is poorly characterized, cryptochromes are 

UV-A/blue light sensitive photoreceptors that regulate behaviors such as circadian rhythms in 

plants and animals (Chaves et al., 2011; Haug et al., 2015) and magnetoreception (Bazalova et 

al., 2016; Gegear et al., 2008). Another non-opsin-based mechanism for extraocular light 

detection involves gustatory-related receptor proteins. In C. elegans, two gustatory-related 

receptor genes, LITE-1 and GUR-3, are responsible for the detection and avoidance of UV light 

(Bhatla and Horvitz, 2015; Edwards et al., 2008). It is thought that the mechanism of 

photodetection may be UV light-generated hydrogen peroxide (H2O2) (Bhatla and Horvitz, 

2015). Similarly, in Drosophila larvae, the gustatory receptor GR28b (its closest homolog to 

LITE-1) mediates negative phototactic behavior to UV, violet, and blue light through the 

activation of the transient receptor potential ion channel A1 (TRPA1) (Xiang et al., 2010). 

TRPA1 also plays a role in light sensing in human melanocytes. In response to UV light, melanin 

production is increased via rhodopsin-mediated TRPA1 activation (Bellono et al., 2014). While 

the previous examples require G-protein coupled receptors or light-sensitive chromophores for 

extraocular photoreception, a subset of neurons in Drosophila have been shown to detect light 
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using direct activation of the TRPA1 ion channel by UV light-produced H2O2 (Guntur et al., 

2015).  

 

Planarians as a Model for Regenerative Morphology 

Eye regeneration is an excellent system for understanding regenerative morphology, or 

the ability to induce appropriate shape in situ. Regenerated structures need to be integrated with 

pre-existing ones, through the combined regulation of new tissue growth and the scaling of 

surrounding tissues. Eye regeneration, for example, requires not only that the animal detects and 

regenerates the appropriate tissue types and produces the correct number of cells, but also that 

the new eyes are proportional, the correct shape, and in the right location. Correct eye 

morphology is critical for planarians for many reasons. Planarians are highly photophobic, and 

the semi-lunar shape formed by the pigment cells provides directional information about 

incoming light so that the animal can respond accordingly. Additionally, planarians possess true 

cerebral eyes, making the location of eye regeneration (near the brain) important for axonal 

projections.  

While great strides have been made in elucidating cell growth and differentiation 

mechanisms, how overall shape is generated during regeneration remains largely unknown. This 

is because a significant gap remains in our understanding of how cell behaviors are coordinated 

at the level of tissues and organs. The main processes that are currently known to regulate tissue 

and animal shape during planarian regeneration include adult stem cell regulation, the 

reestablishment of body axes, tissue remodeling in pre-existing structures, organ scaling and the 

maintenance of body proportion, and the bioelectrical regulation of animal morphology. An 
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important step for the field of regenerative biology will be to uncover how all these separate 

processes are synchronized to produce the worms’ final shape. 

 

Overview 

 The goal of this work is to investigate some of the fundamental properties of planarian 

photoreception and eye regeneration. This will be accomplished by providing a review of what is 

currently known about planarian regenerative morphology, describing how planarians respond to 

different wavelengths of light using both ocular and extraocular mechanisms, and investigating 

potential signaling pathways involved in planarian eye regeneration.  

Our data show that planarians have complex behavioral responses to light and respond 

differently to different wavelengths, including UV and infrared wavelengths. These behaviors 

were not previously known and will be important for functional studies that use planarian 

photophobic behavior to examine eye regeneration. Also important for behavioral assays used in 

regeneration studies is our finding that planarians are able to respond to UV light using 

mechanisms outside of the eye. These extraocular behavioral responses involve the TRPA1 ion 

channel, as our data shows that RNAi to Smed-TrpA reduces extraocular behavioral responses to 

UV.  

Finally, we investigate a potential signaling pathway required for planarian eye 

regeneration that involves the ion channel V-ATPase, Notch, and apoptosis.  This signaling 

pathway is especially fascinating because similar pathway components have been found to be 

required for eye regrowth in the vertebrate, Xenopus laevis. Taken together, our work 

significantly increases our understanding of planarian photoreception and provides the 



12 
 

groundwork that is needed for a deeper understanding of the mechanisms that are involved in eye 

regeneration.  
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CHAPTER II: STAYING IN SHAPE: PLANARIANS AS A MODEL FOR 

UNDERSTANDING REGENERATIVE MORPHOLOGY 

 

 

 Introduction 

Planarians have fascinated scientists and non-scientists alike for hundreds of years due to 

their remarkable regenerative abilities.  What could be more intriguing than regrowing a whole 

new animal from the tiniest of fragments?  But these freshwater, non-parasitic flatworms are 

remarkable not merely because they can replace any and all tissues following injury, but because 

of the manner in which they do so. The tissue plasticity of planarians is astounding, allowing 

them to restore body shape almost regardless of the type of injury, maintaining proper 

proportions even when the newly regenerated worm is significantly smaller than the original 

(Fig.4A). This level of plasticity is important, allowing them to reproduce not only sexually but 

also asexually by means of transverse fissioning. When worms fission, they literally rip 

themselves into two, after which head fragments regenerate new tails and tail fragments 

regenerate new heads. Except the two resulting worms are now much smaller than the original, 

requiring the scaling of body parts to the new body size. Researchers have co-opted this 

remarkable ability in the laboratory to study regenerative mechanisms following injury, 

demonstrating that regeneration on the organismal scale requires not only new tissue production 

but also reorganization of pre-existing tissues to ensure correct size and proportion of the 

regenerated animal.   
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Figure 4. Planarians as a Model for Regenerative Shape. (A) Composite image showing 

regeneration in a single Dugesia japonica worm over 14 days following amputation into head, 

trunk, and tail fragments. Anterior is up, dotted line=amputation plane, scale bar=1 mm. (B) Head 

morphologies of different planaria. (B1) Schmidtea mediterranea, (B2) Dugesia japonica, (B3) 

Girardia dorotocephala, (B4) Phagocata gracilis, (B5) Phagocata morgani, (B6) Polycelis felina.  

  

B1 B2 B3 

B4 B5 B6 

A 

0 3 5 7 11 14 

Intact 

Day 



15 
 

For this reason, planarians make an outstanding model for investigating the mechanisms 

of regenerative shape, defined here as the establishment of normal form (or animal-wide 

morphology) during regrowth. In addition, there are hundreds of known species, many with 

morphologically distinct features (such as differing head shapes) that facilitate understanding of 

organismal shape mechanisms (Fig.4B).  Along with a wealth of historical data, significant 

progress has been made in understanding the molecular and genetic mechanisms that underlie 

planarian regenerative capabilities. On a certain level almost all processes associated with 

regeneration could be considered part of shape establishment; the ultimate goal of regeneration is 

the restoration of functional tissues and organs, and shape is integral to function.  Here we 

provide an overview of just those mechanisms that have been shown to be most critical for 

morphology during planarian regeneration. The reader is directed to the many excellent reviews 

that delve into each subject more thoroughly (see (Adler and Sánchez Alvarado, 2015; Cebrià, 

2016; Cutie et al., 2017; Elliott and Sánchez Alvarado, 2013; Mathews and Levin, 2017; 

Roberts-Galbraith and Newmark, 2015; Ross et al., 2017; Zhu and Pearson, 2016)).  

Furthermore, we provide a brief historical context of the study of regenerative shape in planaria, 

as well as highlight the most important future directions for this field.     

 

Historical Studies: Questions Without Answers  

 Planarian regeneration has been studied for centuries (for review see (Elliott and Sánchez 

Alvarado, 2013)), and their ability to reform into the correct shape following a myriad of injury 

types was the focus of much of the early historical literature. Rooted in classical embryological 

methods, the earliest studies of planarians explored changes in shape following virtually every 

conceivable type of injury and after exposure to a wide range of chemicals, compounds, and 



16 
 

environmental conditions. These studies were largely observational, but led to the discovery of 

many of the characteristics that make planarians a great model for regenerative shape. Harriet 

Randolph’s work in the late 1890’s noted that the amount of new tissue (i.e. the blastema) that 

was regenerated in planarians was less than what was originally removed (Randolph, 1897). 

Furthermore, the amount of new tissue produced was proportional to the new smaller worm size 

(rather the larger original worm) leading to restoration of normal body proportions (Randolph, 

1897). Around the same time, Thomas Hunt Morgan noted that planarian heads always 

regenerated from anterior facing wounds (and tails from posterior facing wounds), and that new 

pharynges arose not in new tissues but within the old pre-existing tissues (Morgan, 1898). 

Morgan termed this reorganization of pre-existing tissues “morphallaxis,” and suggested it was 

the result of “an active migration of old tissue” (Morgan, 1900, 1901). Thus, the study of critical 

shape processes such as new tissue growth, axial polarity establishment, and tissue remodeling 

were the focus of planarian research from the beginning.  

 In his studies, Morgan described how the tiniest of fragments—1/100 or 1/279 of the 

original worm—were able to regenerate but interestingly not with the correct overall morphology 

(Morgan, 1898). A few years later (in 1909) Morgan’s former graduate student Nettie Stevens 

concluded, after researching disruptions of regenerative shape (from different amputation 

schemes that gave rise to ectopic structures such as heads and pharynges), that “an unlimited 

amount of work on the readjustments in nerve cords and digestive tract” are required to 

regenerate a symmetrical worm (Stevens, 1909). These kinds of observations led researchers to 

postulate on the level and mechanisms of regulation that controlled morphogenesis during 

planarian regeneration.  
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 Morgan hypothesized the existence of a “graded distribution of materials” that 

determined the polarity of tissues during regeneration, stating that “The phenomena of 

regeneration are, in part, the outcome of this gradation” (Morgan, 1905). Morgan would 

eventually discard this line of investigation. Not long after, Charles Manning Child built on these 

ideas to propose his now famous gradient theory for polarity establishment along the anterior-

posterior (AP) axis during planarian regeneration (Child, 1911). Child’s hypothesis was that a 

morphogenetic gradient (in this case regulated by metabolic factors rather than particles) 

controlled shape decisions in regenerating tissues (Child, 1911). However, subsequent decades 

failed to identify a definitive gradient. As stated in 1901 by another planarian researcher, Frank 

Lillie, the “phenomena of regeneration offer many problems, some of which not only appear 

insoluble in the present state of our knowledge, but actually offer no point of attack” (Lillie, 

1901). The question of whether or not the gradient predicted by Morgan and Child regulated 

planarian shape would be left to modern researchers. 

 

Modern Era: New “Points of Attack” 

Molecular and genomic advancements have significantly improved our understanding of 

planarian regenerative processes, uncovering mechanistic explanations for many historical 

observations. The modern planarian toolkit includes the sequenced genome of the species 

Schmidtea mediterranea (Grohme et al., 2018; Robb et al., 2015; Robb et al., 2008), RNAi 

techniques (Rouhana et al., 2013; Sánchez Alvarado and Newmark, 1999), and in situ 

hybridization and immunohistochemistry protocols (Forsthoefel et al., 2014; King and Newmark, 

2013; Pearson et al., 2009; Umesono et al., 1997). Not surprisingly, the data reveal that 

regeneration of functional tissues of the correct size and shape is a rich, complex process 
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requiring communication and feedback at the cellular, tissue and organism levels. Here we 

highlight the main components that have been identified as key regulators of regenerative shape 

(Fig.5). It is likely that these are not the only factors involved in shape establishment, particularly 

since very little is known about how these disparate processes are coordinated on an animal-wide 

scale. However, the planarian model system provides one of the best platforms for investigating 

the natural ability to scale and reorganize the body plan to the correct geometry. And 

importantly, researchers now have the tools to be able to answer: What do you need to regenerate 

an animal of the right shape? 

 

Getting the Right Number of Organs In the Right Place 

To regenerate with proper shape, the correct tissues must be replaced in the correct location 

following injury. In planarians this process requires: (1) the regulation of stem cells to promote 

new tissue growth and (2) the establishment of axial polarity in those new tissues.  But how does 

the animal determine what tissues need to be restored and where these new tissues should go? 

Understanding the signals that regulate these early decisions is essential for regenerative shape 

and has been the focus of much of the current planarian literature.  

In planarians, wounding triggers an increase in apoptosis at the injury site 1-4 hours post 

amputation (hpa) (Pellettieri et al., 2010) and a body-wide increase in mitosis that peaks between 

4-6 hpa (Wenemoser and Reddien, 2010). This early proliferation reflects the mobilization of a 

heterogeneous planarian ASC population, also known as neoblasts. In addition to this generic 

wound response, a regeneration-specific response follows by 12-24 hpa, leading to the 

upregulation of ASC-associated transcription factors and patterning genes known as position 

control genes (PCGs)   
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Figure 5. The Regulation of Regenerative Shape. (A) Timeline of shape establishment events 

during the regeneration of trunk fragments in S. mediterranea. Based on data from (Beane et al., 

2013; Forsthoefel et al., 2011; Pellettieri et al., 2010; Roberts-Galbraith et al., 2016; Wenemoser 

et al., 2012; Wenemoser and Reddien, 2010; Wurtzel et al., 2015). Note that the timeline will be 

skewed for other species and/or fragment types. (B) Diagram of potential interactions between the 

central processes regulating regenerative shape during planarian regeneration. 
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(Scimone et al., 2014a; Wenemoser et al., 2012; Witchley et al., 2013; Wurtzel et al., 2015). 

Between 48-72 hpa, a second peak of mitotic activity occurs following ASC migration to the 

wound site (Wenemoser and Reddien, 2010).  This gives rise to the regeneration blastema, an 

unpigmented structure comprised of ASC progeny that will eventually differentiate into many of 

the missing tissues (Baguñà et al., 1989; Eisenhoffer et al., 2008; Wenemoser and Reddien, 

2010).  

Establishment of axial polarity in the new tissues is controlled by PCGs expressed in 

muscle cells (Reuter et al., 2015; Scimone et al., 2016; Witchley et al., 2013). Each of the main 

planarian body axes is regulated by common developmental signaling pathways. The AP axis is 

regulated by PCGs involved in Wnt/β-catenin signaling (Gurley et al., 2008; Iglesias et al., 2008; 

Kobayashi et al., 2007; Petersen and Reddien, 2008; Rink et al., 2009). Inhibition of β-catenin 

signaling causes head regeneration at all wounds (regardless of normal polarity), while 

upregulation of β-catenin signaling results in regenerates with multiple tails and no head (Adell 

et al., 2009; Gurley et al., 2008; Iglesias et al., 2008; Petersen and Reddien, 2008, 2011). 

Hedgehog signaling is upstream of this β-catenin signaling, and modulation of the Hedgehog 

pathway leads to similar regenerative AP defects (Rink et al., 2009). A growing number of other 

transcription factors have also been found to regulate the AP axis during planarian regeneration 

(Blassberg et al., 2013; Chen et al., 2013; Currie and Pearson, 2013; Felix and Aboobaker, 2010; 

Fraguas et al., 2014; Hayashi et al., 2011; März et al., 2013; Scimone et al., 2014b; Vásquez-

Doorman and Petersen, 2014; Vogg et al., 2014), suggesting that establishment of the AP axis is 

a central and early requirement and that many redundancies/parallel mechanisms likely exist to 

ensure AP polarity is correctly patterned.  
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The planarian dorsal-ventral (DV) axis is regulated by bone morphogenetic protein 

(BMP) signaling. BMP is expressed along the dorsal midline, and inhibition of pathway 

members results in ventral genes and structures being ectopically located on the dorsal side of 

the animal (Molina et al., 2007; Orii and Watanabe, 2007). The BMP pathway also plays an 

important role in medial-lateral (ML) polarity. Disruption of BMP signaling results in 

regenerative midline defects, such as duplicated eye tissues (Gaviño and Reddien, 2011; Reddien 

et al., 2007). Additionally, the Slit family of guidance cues functions reciprocally with Wnt5 to 

pattern the ML axis, and its inhibition during regeneration results in collapse of the midline 

(Cebrià et al., 2007; Gurley et al., 2010).  The involvement of BMP in both DV and ML axial 

patterning suggests polarity establishment includes crosstalk between each of the individual axial 

control programs. It is intriguing that AP axis establishment appears to require significantly more 

regulation than the other axes, perhaps suggesting AP polarity plays a greater initial role in 

regenerative patterning.  

 

Ensuring Organs Are Scaled to the Right Size 

An important step in regenerative shape is to ensure that all structures are proportional to 

the new worm’s body size. This requires: (1) tissue remodeling of pre-existing structure, (2) 

apoptotic pruning of organs that are too large for the smaller regenerate, and (3) size control 

mechanisms to scale both new and old tissues.  The planarian ability to scale tissue and organ 

size in both regenerative and non-regenerative contexts makes them one of the best model 

organisms for the study of shape establishment. Intact planaria undergoing starvation will reduce 

their body size while still maintaining correct body proportions, in an unusual process known as 

degrowth (Fig.6). The process of growth and degrowth is thought to be a balance between cell  
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Figure 6. Starvation-Induced Degrowth in an Intact Planarian. Tissue plasticity in planarians 

illustrated by a composite image of a single S. mediterranea worm over 20 weeks of starvation. 

Note that as the body size decreases, tissues are scaled proportionally. Anterior is up, scale bar=1 

mm. 
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division and cell death, much like size control during vertebrate development (Conlon and Raff, 

1999). During degrowth, planarians maintain basal levels of proliferation (González-Estévez et 

al., 2012) but show an increase in cell death that leads to an overall loss of cells (Baguñá and 

Romero, 1981). In contrast, growth as a result of feeding causes more proliferation to occur than 

cell death, thus resulting in larger animals (Baguñá and Romero, 1981). This “allometric scaling” 

of body proportions, where organs have proportionally fewer cells than they previously did, is 

seen in both degrowth and regeneration (Oviedo et al., 2003), suggesting carefully controlled 

mechanisms specifically scale cell number relative to body size. 

As in other regenerative organisms, tissue remodeling during planarian regeneration is 

mediated largely or in part by apoptosis (Bergmann and Steller, 2010; Fogarty and Bergmann, 

2017; Jäger and Fearnhead, 2012). Also known as programmed cell death, apoptosis is 

characterized by a defined set of biochemical pathways that activate the caspase family of 

apoptotic regulators and lead to stereotypical cellular changes including chromatin condensation 

and membrane blebbing (Elmore, 2007). Following self-destruction, cell remnants are scavenged 

by phagocytic cells, resulting in a process that disposes of damaged, infected, or unwanted cells 

(Bergmann and Steller, 2010). The apoptotic machinery, and the signaling that regulates it, 

appears to be highly conserved in planarians (Almuedo-Castillo et al., 2014; Dhanasekaran and 

Reddy, 2017; Hwang et al., 2004; Pellettieri et al., 2010). There are two main waves of apoptosis 

that occur during regeneration. The first apoptotic peak is localized to the wound site at 1-4 hpa 

and is part of the generic wound response (Pellettieri et al., 2010), while the second wave of 

apoptosis occurs 3 days post amputation (dpa) throughout the body of the worm (Pellettieri et al., 

2010). During the first 3 days post injury (which are associated with blastema formation and 

polarity establishment), very little to no shape changes in the original tissues are observed. 
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Measurements of trunk regenerates (where both the head and tail were removed) showed no 

change in pharynx size during the first 3 dpa (Beane et al., 2013). It is only on day 3, coincident 

with the second peak of apoptosis, that regenerative remodeling of pre-existing tissues begins 

(Pellettieri et al., 2010).  

Signals from apoptotic cells are able to stimulate proliferation non-cell autonomously 

(Fogarty and Bergmann, 2017; Pérez-Garijo and Steller, 2015), and apoptosis-induced 

proliferation has been reported in multiple regenerative contexts (Chera et al., 2009; Gauron et 

al., 2013; Li et al., 2010; Tseng et al., 2007; Wells et al., 2006).  The first wave of planarian 

apoptosis does not appear to regulate proliferation, as caspase inhibition does not prevent either 

the first peak of proliferation (González-Estévez and Saló, 2010) nor the formation of the 

regeneration blastema (Beane et al., 2013). There is evidence, however, that the second apoptotic 

wave does function in apoptosis-induced proliferation, as conditions which blocked this peak 

reduced proliferation levels at 3 dpa in pre-existing tissues (Beane et al., 2013). Additionally, 

studies of the re-establishment of the planarian intestinal track report that intestinal remodeling 

in pre-existing tissues was dependent on ASC activity—as irradiation (which kills ASCs) 

prevented intestinal remodeling from occurring (Forsthoefel et al., 2011). Together these data 

implicate apoptosis-induced proliferation as an important possible mechanism during tissue 

remodeling in planarians and suggest the need for further investigation.     

 A few studies (including ours) have looked specifically at shape changes and body 

scaling during planarian tissue remodeling. We tracked organ size during the regeneration of 

trunk fragments and found that blastema size was finalized between 3-4 dpa, pharynx reduction 

to its new smaller size occurred from 3-7 dpa, and head size was not established until 10-17 dpa 

(Beane et al., 2013). We also observed two waves of body elongation: the first from 3-7 dpa, 
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during which the regenerate lengthened from its original square shape (although it was still wider 

than pre-amputation); and a second round of elongation that was not finalized until 17 dpa, 

which further thinned the regenerate to its correct proportions (Beane et al., 2013). 

Characterization of neural regeneration has determined that brain primordia arise by 3 dpa 

(Roberts-Galbraith et al., 2016), with brain maturation continuing through 5-7 dpa (reviewed in 

(Ross et al., 2017)). Analyses of regeneration in trunk fragments revealed intestinal branches 

undergo elongation beginning at 7 dpa (Forsthoefel et al., 2011), concurrent with the second 

wave of body elongation. It was also shown that along with new intestinal cell proliferation, 

existing intestinal cells are repurposed during regeneration; for instance anterior enterocytes 

were found to contribute to the regenerating posterior intestines (Forsthoefel et al., 2011).  

We are only just now beginning to elucidate the molecular mechanisms behind tissue 

remodeling and organ scaling in planarians. For instance, inhibition of insulin signaling in intact 

worms disrupts proliferation and results in phenotypes that resemble body size reduction during 

degrowth (Miller and Newmark, 2012). A homolog of the death-associated-protein (Dap-1) is 

upregulated upon starvation and regulates autophagy during both degrowth and regeneration 

(González-Estévez et al., 2007), while the H+,K+-ATPase ion pump is required for both the 

second apoptotic peak and subsequent tissue remodeling starting at 3 dpa (Beane et al., 2013). 

The Hippo signaling pathway is required for regenerative size control; its inhibition leads to a  

failure of head fragments to prune the pre-existing brain down to the regenerate’s smaller size, 

while eye removal alone results in disproportionally larger eyes that continue to increase in size 

beyond the normal regenerative timeframe (Lin and Pearson, 2014) (Lin and Pearson, 2017).   

These data indicate there are rigorous control mechanisms to maintain body proportions 

during planarian regeneration, many of which have begun to be identified. After fissioning, head 
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and tail fragments use different mechanisms to control size during regeneration (Yang et al., 

2017). Size control of the brain compartment is regulated in part by Fibroblast Growth Factor 

(FGF) signaling and its inhibition leads to a dramatic posterior expansion of the brain (Cebrià et 

al., 2002). A feedback loop of positive Wnt signaling (Wnt11-6) in the posterior brain and Wnt 

inhibition in the anterior, has been shown to modulate the number of brain progenitors needed 

(Hill and Petersen, 2015). Furthermore, regulation of the brain/anterior compartment appears to 

be linked to regulation of the neighboring trunk compartment through FGF signaling. In this 

case, FGF combines with additional Wnt signaling (WntP-2) to restrict the trunk compartment, 

and inhibition of this regulation results in expansion of the trunk and ectopic posterior pharynges 

(Lander and Petersen, 2016). These data provide evidence for cooperation between size control 

mechanisms, PCG regulation, and polarity establishment.  

 

Making All These Tissues Talk to Each Other 

The blastema alone does not replace all missing tissues—remodeled pre-existing tissues 

also contribute to regenerated structures in planarians (for example, see (Beane et al., 2013)). 

Following organ loss, proper regenerative shape requires the incorporation of both new blastemal 

cells and repurposed pre-existing cells, which combine to produce the final regenerated structure  

(Baguñà et al., 1994; Beane et al., 2013; Forsthoefel et al., 2011). For these tissues to be 

integrated, as well as for polarity information to be conferred, there must be communication 

between the old pre-existing tissues and the new tissues of the blastema. This is required to 

functionally connect organ systems across the two tissues. In addition to this inter-tissue 

communication, there must also be a high level of intra-tissue communication to coordinate 
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tissue remodeling within pre-existing tissues, as well as regulate ASC differentiation within the 

blastema. Clearly, regulated cell-cell communication is a top priority for regenerative shape. 

The exact means by which cells communicate shape information during regeneration is 

an important area of research that is poorly understood. One mechanism that has been 

investigated during planarian regeneration is gap junction communication (GJC) (Skerrett and 

Williams, 2017). Gap junctions are integral membrane channels that allow the direct passage of 

ions and small molecules between neighboring cells; in vertebrates these channels are made of 

connexin proteins, while in invertebrates gap junctions are comprised of functionally 

homologous innexin proteins (Phelan, 2005; Skerrett and Williams, 2017). Data has shown that 

planarian innexin genes are expressed in the blastema (Nogi and Levin, 2005), and disruption of 

GJC can lead to polarity and patterning defects (Emmons-Bell et al., 2015; Peiris and Oviedo, 

2013). Importantly, blocking GJC is capable of driving brain and head regeneration at posterior 

wounds, even when the regenerate still contains the original head (Nogi and Levin, 2005; Oviedo 

et al., 2010). These data allude to the possibility that brain/head formation might be a sort of 

“default” state for regeneration in the absence of other signals and suggest GJC is required for 

regenerating tissues to determine what tissues are missing and need to be replaced.  

Interestingly, the two main organ systems that have been implicated in regulating such 

communication are the muscles and the nervous system.  Some of this cell-cell communication is 

clearly between ASCs and muscle cells during axial establishment in general and AP polarity in 

particular (Scimone et al., 2016; Witchley et al., 2013).  The data have also suggested that the 

brain (like muscle) may function as a signaling center, although the molecular mechanisms 

remain to be identified. However, simple modulation of neurotransmitter levels such as 

dopamine and serotonin is sufficient to disrupt regenerative morphology, leading to double-
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headed or headless phenotypes respectively (Chan et al., 2014). And it is inhibition of innexins 

specifically expressed in the central nervous system that are required for GJC regulation of 

regenerative polarity (Nogi and Levin, 2005; Oviedo et al., 2010). As a whole, the existing data 

overwhelmingly point to a significant amount of cellular communication that must occur both 

within and between tissues to establish proper regenerative shape. 

 

Coordinating These Mechanisms Across the Animal 

During the restoration of shape in regenerating planarians, there are a lot of distinct 

processes happening—often at the same time.  Some processes are obviously interconnected (for 

instance expansion of anterior regions requires that posterior regions are decreased), but it is 

harder to connect-the-dots with others (how do eye number and pharynx size relate to each 

other).  However, in order to establish body proportion across the entire animal, there must be 

some sort of regulation that coordinates all these disparate processes. A growing body of 

research from several model systems suggests that bioelectrical signaling mechanisms (such as 

membrane voltage and ion transport) may serve this function during regeneration in general and 

the establishment of regenerative shape in particular (Adams et al., 2007; Beane et al., 2011; 

Beane et al., 2013; Chan et al., 2014; Ferreira et al., 2016; Monteiro et al., 2014; Tseng et al., 

2010; Tseng and Levin, 2012; Zhang et al., 2011).  

Endogenous bioelectrical signaling relies on ion channels and pumps to mediate ion 

transport, most frequently across the plasma membrane.  One function of this ion flux is to 

establish a steady-state transmembrane potential, which is found in all non-excitable cells and is 

in contrast to the rapid changes that occur in neurons (Tseng and Levin, 2013). Regulation of 

membrane voltage has been shown to play a role in many processes during development and 
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growth, including proliferation, apoptosis, and importantly, animal-wide patterning (Adams et 

al., 2007; Adams et al., 2006; Barghouth et al., 2015; Blackiston et al., 2009; Levin et al., 2017).  

Bioelectrical signals can also regulate organ size, such as with K+ flux during zebrafish fin 

growth (Perathoner et al., 2014). Studies have found direct links between membrane voltage and 

downstream transcriptional and epigenetic targets (Levin and Stevenson, 2012; Tseng and Levin, 

2012). In addition, the flux of individual ions such as Ca2+ and Na+ has been shown to play 

signaling roles in regeneration irrespective of membrane voltage (Beane et al., 2011; Chan et al., 

2014; Chan et al., 2017; Tseng et al., 2010).   

The field is just beginning to focus on the downstream effectors of identified bioelectrical 

signals. For example, H+ flux mediated by the V-ATPase proton pump during zebrafish fin 

regeneration has been shown to be required for the expression of FGF and retinoic acid pathway 

members, which in turn are required for blastema cell proliferation and outgrowth (Monteiro et 

al., 2014).  V-ATPase is also necessary for Xenopus tail regeneration, where early H+ flux-

dependent membrane voltage changes are required for regenerative proliferation (Adams et al., 

2007). Specifically, these membrane voltage changes control the later expression of voltage-

gated sodium channels in the regeneration bud; and the resulting Na+ flux is required for the 

expression of signaling genes such as Notch and BMP, as well as cell proliferation (Tseng et al., 

2010). In both zebrafish fin and Xenopus tail regeneration, bioelectrical signaling is also essential 

for proper innervation during regeneration (Monteiro et al., 2014; Tseng et al., 2010).  

Planarians are one of the few model systems where the contributions of bioelectrical 

signaling in regeneration are best characterized (Durant et al., 2016). For instance, membrane 

depolarization of anterior tissues is required for anterior polarity and head regeneration in 

planarians. H+,K+-ATPase plays an endogenous role in maintaining this depolarization, and its 



30 
 

inhibition leads to hyperpolarized animals that fail to regenerate heads (Beane et al., 2011; Beane 

et al., 2013). However, it is the depolarization itself that is important rather than the individual 

ion channels that achieve it, as ectopic depolarization of the blastema is sufficient to induce head 

regeneration even at posterior-facing wounds (Beane et al., 2011). Anterior membrane 

depolarization is an early step in planarian regeneration (within the first 24 hpa) and is required 

for the upregulation of Ca2+ into the blastema (Beane et al., 2011). Ca2+ signaling itself is an 

important regulator of many planarian regenerative shape processes. Early activation of voltage-

gated calcium channels (CaVs) is sufficient to induce head regeneration at posterior wounds, and 

functions in part to regulate neuronal signaling (Chan et al., 2014; Nogi et al., 2009; Zhang et al., 

2011).  

We investigated the effects of inhibition of the sarcoplasmic/endoplasmic reticulum (ER) 

calcium ATPase (SERCA), which controls Ca2+ storage into the ER. Our data showed that 

SERCA inhibition from 0-3 dpa results in double-headed regenerates due to increased 

intracellular Ca2+ levels (Fig.7A1,B1). In contrast, SERCA inhibition from 3-10 dpa (after 

blastema formation and polarity establishment) resulted in a complete block of tissue 

remodeling, perhaps due to the eventual depletion of intracellular Ca2+ levels (Fig.7A2,B2). 

These data demonstrate that tissue remodeling during shape establishment is a distinct process 

from earlier polarity establishment and initial stem cell regulation. Our preliminary hypothesis is 

that ER-mediated Ca2+ release is required for apoptotic tissue remodeling. Further investigation 

is needed to determine the actual role of SERCA channels during regeneration.  

 As in other organisms, bioelectrical signals appear to function during the initiation of 

regenerative processes in planarians.  In some cases, such as the membrane depolarization of the 

anterior region, bioelectrical signaling appears to be used to define broad anatomical boundaries  
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Figure 7. Ca2+ Flux has Distinct Roles in Polarity Establishment vs. Tissue Remodeling. D. 

japonica trunk fragments treated with 1 μM Thapsigargin (Sigma), which inhibits SERCA-

mediated ER Ca2+ storage, or DMSO as a vehicle control. Inhibition of ER Ca2+ storage from 0-3 

days post amputation (dpa) results in (A1) double-headed regenerates due to (B1) an increase in 

intracellular Ca2+ levels, as measured by Flou-3 (Molecular Probes). Inhibition from 3-10 dpa 

results instead in (A2) a complete lack of tissue remodeling, perhaps due to (B2) depleted Ca2+ 

stores. Anterior is left for morphology (n=10), and up for Flou-3 (n=5). 

Treated 0-3 dpa Treated 0-3 dpa A1 B1 

Treated 3-10 dpa Treated 3-10 dpa A2 B2 
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(e.g. regenerate head here).  As such, bioelectrical regulation is an important component of 

regenerative shape and functions to regulate morphology at multiple points during this process.  

This makes bioelectrical signals a strong candidate for coordinating communication across 

multiple tissues.  In fact, it is highly likely the signals being transmitted via GJC are bioelectrical 

in nature (ions)—pointing to the need to integrate stem cell regulation, bioelectrical signaling, 

and cell-cell communication during the establishment of regenerative polarity in planarians. 

 

Conclusions and Future Directions: Identifying More Shape Mutants  

 The planarian field has made great strides in elucidating the molecular mechanisms 

behind many of the most important processes that regulate shape during regeneration.  It has 

even  provided evidence for the existence of Morgan’s gradation of polarity that he proposed 

back in the early 20th century.  It is true that we still have not identified a single regulator that 

functions as a gradient, either to promote or inhibit anterior fates in planarians.  But we have 

found that there is a gradient of PCG expression along the AP axis that directly correlates with 

core components of the Wnt pathway (Reuter et al., 2015; Stückemann et al., 2017). This 

gradient is comprised not of a single molecule but the combined expression of all Wnt/β-catenin 

signaling regulators taken as a whole, that results in Wnt ligands and positive drivers of β-catenin 

being expressed more posteriorly, while inhibitors of β-catenin signaling are expressed more 

anteriorly (Adell et al., 2009; Gurley et al., 2010; Gurley et al., 2008; Petersen and Reddien, 

2009, 2011; Stückemann et al., 2017).  The modern toolkit has enabled us to answer some of the 

mechanistic questions posed by the earliest planarian researchers.   

 Despite this, as a field the investigation of regenerative shape is somewhat still in its 

infancy. We have a wealth of observational and phenomenological data from the historical 
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literature. And we have begun to make inroads on the molecular-genetic pathways regulating 

stem cells, tissue patterning, apoptotic remodeling, organ scaling, cell-cell signaling, and even 

bioelectrical regulation. But many important black boxes remain. One of the biggest unknowns, 

not just for regenerative shape but regeneration in general, is how the termination of regeneration 

is regulated. This is a particularly important question for planarian regeneration, where unlike 

development, the growth of tissues is not constrained by outside physical forces (such as by an 

egg capsule) and there are no outside patterning cues (such as from surrounding yolk cells). 

Internal mechanisms must exist that function to tightly restrict growth in order to produce tissues 

of the correct shape and size.  Only a few studies have begun to elucidate these control 

mechanisms. For example, a negative feedback loop (in which wnt11-6 activates the expression 

of its own inhibitor notum) appears regulate brain growth, functioning to restrict brain size (Hill 

and Petersen, 2015; Kobayashi et al., 2007). In addition, our research has shown that the Planar 

Cell Polarity (PCP) pathway is required for the termination specifically of neural growth in 

planarians, as disruption of PCP results in the continual production of new nerves month(s) after 

controls have stopped proliferating (Beane et al., 2012). However, whether this regulation is 

direct or indirect and the exact mechanisms that are involved are not known, and much research 

remains to be done. 

 The most important future direction for the field of regenerative shape is to determine 

how all of the individual processes involved are coordinated at the macro level—such that the 

entire animal regenerates with the correct size, number, and placement of organs needed to 

maintain body proportionality. The data already reveal that there is much crosstalk between the 

individual processes regulating shape (Fig.5B). One hypothesis is that there is a “key regulator” 

of regenerative shape, and it has been postulated that bioelectrical cell-cell communication 
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mechanisms could serve this function; but no one mechanism has been found to date that 

coordinates all the known processes involved. Therefore a critical direction for the field will be 

to uncover the “upper” level regulative mechanism(s) that serve to establish overall animal 

patterning and shape. 

 One barrier to this research has been the need for a different class of shape mutants.  

Although examples of dysmorphia result from the disruption of most regenerative processes, to 

date most of these mutants have consisted of the replacement of one organ with another (e.g. 

regrowth of a head instead of a tail), the presence of supernumerary organs (such as ectopic eyes 

or pharynges), or the deletion of organs (as in headless regenerates).  While these mutants have 

been critical in uncovering the mechanisms that regulate individual structures, they mostly do not 

provide the opportunity to investigate animal-wide regulation of shape.  What is needed are 

mutants in which the correct organ has regenerated in the correct place, but with the incorrect 

shape.  A few such shape mutants exist, for instance the “shrunken” heads we observed 

following RNAi to H+,K+ ATPase, which result from a lack of apoptotic remodeling of 

preexisting tissues (Beane et al., 2013) (Fig.8A,B).  Similarly, inhibition of GJC in G. 

dorotocephala was found to produce regenerates with incorrect head morphologies that more 

closely resembled head shapes found in other planarian species (Emmons-Bell et al., 2015) 

(Fig.8C). But there are not enough examples in the literature to resolve the mechanisms involved 

at the organism level. What is required are large-scale RNAi or chemical screens to identify 

phenotypes that result in a failure to produce overall regenerative shape. Such investigations will 

be important for regenerative medicine going forward, so that induction of appropriate organ 

shapes in situ can serve as a complement to the controlled in vitro regulation of stem cells.  
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Figure 8. Example of Shape Mutants for Investigating Regenerative Morphology.  (A,B) 

Inhibition of the H+,K+-ATPase ion pump via RNAi results in regenerates with shrunken heads, 

due to ectopic loss of membrane depolarization (green) of the anterior region. Vmem=membrane 

voltage, visualized with DiBAC4(3). Control RNAi=VenusGFP. Anterior is up, scale bar=200 µm. 

(C) Graphic representation of the effects of gap junction inhibition.  Octanol treatment causes G. 

dorotocephala to regenerate with head morphologies characteristic of different species. Based on 

(Emmons-Bell et al., 2015). 
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 All data and figures presented in chapter II were published in the journal Seminars in Cell 

& Developmental Biology with the title, “Staying in Shape: Planarians as a Model for 

Understanding Regenerative Morphology” (Birkholz et al., 2018). 
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CHAPTER III: PLANARIAN PHOTOTACTIC ASSAY REVEALS DIFFERENTIAL 

BEHAVIORAL RESPONSES BASED ON WAVELENGTH 

 

 

Introduction 

Planarians are non-parasitic flatworms that are an important model system for 

understanding stem cell biology (Reddien, 2013; Rink, 2013; van Wolfswinkel et al., 2014), 

regeneration (Adell et al., 2010; Elliott and Sánchez Alvarado, 2013; Umesono et al., 2011), 

toxicology (Grebe and Schaeffer, 1991; Pra et al., 2005), and evolution (Labbé et al., 2012; 

Nakazawa et al., 2003). Additionally, with their true central nervous system and cerebral eyes 

connected to the brain, planarians have been used as a model for eye research. Several basic 

features found in planarian eyes are phylogenetically conserved such as photoreceptor cells 

containing opsin, a pigmented cup structure, and a host of eye-specific developmental genes that 

are essential for eye formation (Lapan and Reddien, 2011, 2012; Orii et al., 1998; Taliaferro, 

1920). These common features, combined with the relative simplicity of the planarian visual 

system, make flatworms a valuable addition to the models used for investigating the basic 

features of eye biology and increasing our understanding of eye evolution and development.  

Located on the dorsal side of the body, planarian eyes are composed of two cell types: 

pigment cells and photoreceptor neurons (Fig.3). The pigmented cells form a semi-lunar optic 

cup and function to absorb incoming light.  Thus, each eyecup confers a left-right directional 

selectivity to visual information while the rostral location confers an anterior dimension to visual 

information transduced by the ocelli. The photoreceptor cells are bipolar neurons whose cell 

bodies are located outside of the optic cup (Carpenter et al., 1974).  Axons from the  
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photoreceptor neurons project posteriorly into the brain, with some fibers forming a partial optic 

chiasma to integrate photosensory inputs from both sides of the animal (Agata et al., 1998; 

Okamoto et al., 2005; Sakai et al., 2000). The dendrites of the planarian photoreceptors extend 

inside the optic cup and form a rhabdomeric structure where opsin accumulates (Asano et al., 

1998; Orii et al., 1998). Opsins are a highly conserved class of G-protein coupled receptors that 

covalently bond to a chromophore forming the visual pigment rhodopsin (Wald, 1968). 

Transcriptome analyses reveal that the rhodopsin signaling pathway is conserved in planarians, 

including two R-opsin homologs (Lapan and Reddien, 2012).  

Planarians are photophobic and when exposed to light they seek cover (Arees, 1986; 

Parker, 1900; Reynierse, 1967). This negative phototaxis has been used to evaluate regeneration 

of the visual system (Arees, 1986; Dasheiff and Dasheiff, 2002; Inoue et al., 2004; Takano et al., 

2007), as well as memory storage and transference (McConnell, 1967; Shomrat and Levin, 

2013). In these planarian behavioral studies, analyses have been conducted with white light, 

which consists of an amalgamation of multiple wavelengths. However, many animals have been 

shown to have different behavioral responses to different wavelengths of light. For example, 

zebrafish larvae will swim toward UV, blue, and red light but are only weakly attracted to green 

light (Orger and Baier, 2005). Conversely, leeches detect and exhibit complex negative 

phototactic responses to UV and green wavelengths, with UV producing the maximal response 

(Jellies, 2014a, b). In Drosophila larvae, exposure to blue, violet, and UV wavelengths elicits 

negative phototaxis, while green and red light produces no behavioral response (Xiang et al., 

2010). Similarly, the movement of C. elegans increases under blue or shorter wavelengths of 

light, again with maximum responses to UV (Edwards et al., 2008).  
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A further complication of using white light for phototactic studies is that different sources 

of white light (e.g. halogen, Light-Emitting Diode or LED, and fluorescent) have varying 

spectral compositions. Even within a single source, such as the commonly used halogen light, 

substantial differences exist in the wavelengths included (Zukauskas et al., 2009). Additionally, 

regulation of intensity by controlling current also alters the spectral composition, giving rise to 

yet another poorly controlled variable. Therefore, we suggest that use of white light to study 

planarian photophobia may mask important behaviors associated with different wavelengths of 

light. We hypothesize that rather than a general photophobic response, planarians have 

differential responses across a range of wavelengths both within and outside of the visible 

spectrum. Here, we describe a novel planarian behavioral assay developed to test behavioral 

responses to individual wavelengths including UV and infrared (IR), which to the best of our 

knowledge have not previously been examined in these flatworms. Our data show that planarians 

display a complex, hierarchal photophobic response to specific ranges of wavelengths, in 

addition to a brief general response that appears to be more wavelength-independent. 

Furthermore, similar to leeches and C. elegans, planarians display the most robust responses to 

UV wavelengths. These results serve to improve our understanding of the basic biology of 

planarian eye function and suggest a previously underappreciated visual richness in these 

animals. 
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Materials and Methods 

 

Colony Care 

  Asexual Schmidtea mediterranea were maintained as previously described (Beane et al., 

2012), except worm water was comprised of 0.5g/L of Instant Ocean salts. 6-9 mm worms were 

starved at least one week prior to experimentation before use. 

 

Light Sources 

 Ambient lighting was generated by directing two 100 watt LED flashlights onto the walls 

on either side of an otherwise completely dark room to produce diffuse background illumination 

of 50-55 lux (“Light Meter–Lux Measurement Tool” Version 1.2, iPhone application). LED 

wands (fixed resistor and RCA plug attached to a 9 volt battery with switch) were constructed as 

previously described (Jellies, 2014a, b). Each wand delivered roughly equivalent numbers of 

photons cm-2s-1 (flux), with the following nominal wavelength ranges: near IR (700-850 nm), red 

(615-640 nm), green (515-520 nm), blue (460-470 nm), and 2 wavelengths of near UV (395-405 

nm and 360-365 nm). White light was obtained using a standard LED fiber optic illuminator with 

goosenecks from a dissecting scope setup. Approximate relative luminosity in the testing dish 

was assessed using a phototransistor coupled to a 2 mm diameter fiber optic (Jellies and Kueh, 

2012). As expected, intensity was greatest in quadrant 1 (Q1) and steadily decreased, with 

quadrant 4 (Q4) being the darkest. For the avoidance assay, commercially available red, green, 

and UV laser pointers with nominal peak wavelengths of 650 nm, 532 nm, and 405 nm (+/- 10 

for all) were used. In order to obtain a spot of light that was smaller than the worm itself, a piece 
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of tape was placed on the end of the laser and punctured to create a pinhole that produced a circle 

of light approximately 2.5 mm in diameter. 

 

Photophobia Assay 

 A rectangular 7.6 cm x 3.4 cm x 1.1 cm testing dish, made from the top of a standard 

coverslip box, was placed over a sheet of white paper containing a template marked with the 

perimeter of the testing dish (for dish placement) and lines dividing the dish into four equal 

quadrants (1.9 cm x 3.4 cm). There was also a half circle at the origin, with its apex midway 

through Q1, for directing light placement. LED wands were secured above the testing dish with a 

clamp attached to a ring stand, while a second clamp secured the battery pack to prevent 

unintended movement of the wand. The end of the LED wand was positioned about 5 cm above 

the top of the testing dish with the light directed into the half circle in Q1. An SLR camera was 

positioned over the testing dish using a tripod. On each experimental day, batteries were replaced 

in both flashlights and the LED wand. The testing dish was filled to a depth of 0.5 cm with worm 

water for each trial and emptied and wiped clean between wavelength presentations. In a single 

day, one wavelength was applied to total of 60 worms (10 groups of 6 worms, or 10 trials), 

repeated 3 times. For each trial, all worms were placed into Q1 before the camera was turned on. 

Except for controls, the light was switched on (time 0) at 5 seconds after recording started. 

Behavior was recorded for 2 minutes. Animals were allowed to rest at least overnight before the 

next wavelength. Wavelengths were generally tested in the order: control, IR, red, green, blue, 

UV 395, and UV 360. 
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Neutral Density (ND) Filters 

 Filters used were 25.4 mm diameter nickel chromium coated fused silica (7980) as 

previously described (Jellies, 2014a, b). A holder was designed from stiff foam pipe insulation to 

position the LED wand above the filter such that all emitted light passed through the filter. ND 

filters attenuating 95% of light (optical density = 1.3) and 99% of light (optical density = 2.0) 

were used. 

  

Avoidance Assay 

 White paper was placed on the microscope stage so that laser light could be seen. A 100 

mm Petri dish filled with 20 mL of worm water was positioned over the paper, and the 

microscope base’s brightfield light was turned to the lowest setting that allowed for recording. 

Individual worms were transferred to the middle of the dish and recording was started when the 

worm began traveling on the bottom of the dish. The laser beam was directed in front of the 

animal at a distance equal to one diameter of the circle of light (approximately 2.5 mm). Only a 

single wavelength was tested each day (with 30 worms repeated twice, for a total of 60 trials), 

and animals were allowed to rest at least overnight before the next wavelength (in the following 

order: red, green, and UV).  

 

Imaging and Recording 

 For the photophobia assay, imaging was done using a Canon EOS Rebel T5i SLR camera 

mounted to a tripod. For the avoidance assay, imaging was done using a Zeiss V20 fluorescent 

stereomicroscope with AxioCam MRc camera and Zen Lite software. Recordings from all 

behavioral trials were examined using Windows Media Player.  
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Assay Analyses and Statistics 

 For the photophobia assay, the three repeat trials for each group were first averaged to 

compensate for individual animal variability. When determining location, at least 50 percent of 

the worm had to be in the quadrant. To examine the location of worms across all quadrants, all 

wavelengths were compared using a Kruskal-Wallis test, with Dunn’s Q corrected for tied ranks. 

The escape index was calculated as 1-(number of worms in Q1 at time X/number of worms in 

Q1 at time 0), and significance was determined using two-way repeated-measures ANOVA. A 

Bonferroni post hoc multiple comparisons test was conducted to examine differences between 

means.  P<0.01 was considered significant for all tests. 

 

Results 

 

A Novel Planarian Photophobia Assay to Test Responses to Individual Wavelengths 

 Planarian flatworms possess a well-documented negative phototactic (photophobic) 

behavioral response in the presence of light, as tested using various sources of multi-wavelength 

“white” light (Arees, 1986; Dasheiff and Dasheiff, 2002; Davidson et al., 2011; Harden Jones, 

1971; Inoue et al., 2004; Reynierse, 1967; Takano et al., 2007). However, from available data, it 

is unclear whether planarians have a single general photophobic response or if their behavioral 

responses actually vary by wavelength as has been shown in other animals (Aksoy and 

Camlitepe, 2012; Edwards et al., 2008; Jellies, 2014a, b; Orger and Baier, 2005; Xiang et al., 

2010). To distinguish between these possibilities, we developed a novel behavioral assay 

(Materials and Methods). Because the LED wand was exchangeable, our setup allowed not only 
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for testing behavioral responses to different visible wavelengths, but provided a means to 

investigate planarian responses to UV and IR wavelengths as well.  
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Figure 9. Photophobia Assay. (A) The imaging setup.  CT = Camera mounted on tripod. W = 

LED wand. D = Testing dish.  C1/C2 = Clamps. B = Battery pack. R = Ring stand. (B) Close-up 

of testing dish.  (B1) The labeled guide placed underneath the dish marks the 4 quadrants (Q1-Q4) 

and the semi-circle where the LED light will be directed.  (B2) Image of testing dish during a trial, 

showing the resulting light-to dark gradient. (C) The spectral composition of the LEDs used, and 

their location on the electromagnetic spectrum.  UV = Ultraviolet.  IR = Infrared. 
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One objective was to establish an easily reproducible photophobia assay with 

standardized testing parameters in order to improve comparability. Therefore, each LED wand  

was clamped above the testing dish at a fixed distance of about 5 cm (Fig.9A).  Additionally, a 

sheet of white paper was placed beneath the testing dish, with four equal quadrants (Q1 to Q4) 

demarked (Fig.9B). To verify that the amount of light gradually decreased from Q1 to Q4, the 

intensity of light in each quadrant was estimated with a phototransistor. Finally, the assay used 

easily-constructed LED wands powered by 9 volt batteries, as previously described (Jellies, 

2014a, b), which allowed for some control of the ranges of wavelengths tested. Each wand was 

also designed to deliver roughly equivalent numbers of photons cm-2s-1 (flux)(Jellies, 2014a, b). 

For our experiments, the nominal wavelengths used were (Fig.9C): near IR (700-850 nm), red 

(615-640 nm), green (515-520 nm), blue (460-470 nm), and two distinct wavelengths of near UV 

light (395-405 nm and 360-365 nm). In addition, we also tested worm responses to white light 

using a standard LED fiber optic illuminator (with goosenecks) as typically used with a 

dissecting scope. The use of white light, even though there are certainly different spectra 

involved using LED or halogen sources, allowed us to compare responses from more restricted 

and narrow ranges of wavelengths with the non-specific white light typically used in planarian 

photophobia studies.    

The photophobia assay was performed under ambient background lighting of 

approximately 50 lux (“no light” or controls), which was just sufficient to allow photography 

without agitating worms but not be completely dark. For the assay, the behavioral responses of 

60 worms were tested (in 10 groups of 6 worms) for each wavelength (a single trial). Trials were 

repeated 3 times and the data averaged, to compensate for variability in individual worm 

responses. Trial parameters were as follows: camera recording was turned on, a group of 6 
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worms was placed in Q1, after 5 seconds the LED wand was turned on, and behavior was 

recorded for 2 minutes (the initial time was scored as when the light was first turned on). The 2 

minute assay length was chosen based on preliminary data indicating the average time for worms 

to traverse the testing dish was ~45 seconds (n=36). Because of the remote possibility that the 

brief exposure to very weak UV light might cause damage, UV trials were performed last. 

Generally, worms were tested in order from longest to shortest wavelengths.     

 

Planarian Behavioral Responses Varied by Wavelength 

Using the above parameters, we performed our photophobia assay with control (ambient 

light only), IR, red, green, blue, and UV (395 nm and 360 nm) wavelengths, as well as with 

white light (Fig.10). Worm location by quadrant was scored at 30 second intervals (Fig.10A), 

with photophobia being assessed after 2 minutes (Fig.10B). Statistical significance (asterisks in 

Fig.10B) was assayed for the overall pattern of worm location throughout the entire dish (across 

all four quadrants), rather than for individual quadrants. Control groups explored the dish in an 

apparently random manner (Fig.10A), such that by 1 minute animals were evenly distributed 

between all quadrants and remained so for the duration of the trial (with an average of 24.75% of 

worms in each quadrant at 2 minutes). This random exploration is consistent with initial 

exploratory behavior in new environments previously noted in planarians (Beane et al., 2011; 

Beane et al., 2013; Stevenson and Beane, 2010).   

In contrast, exposure to green, blue, and both UV wavelengths resulted in strong 

photophobic responses, such that the majority of worms (> 80%) ended up located in the darkest 

quadrant (Q4, black bars in Fig.10B). In most of the UV trials, the worms congregated on the 

wall of the dish furthest from the light (Fig.10A). As expected, worms exposed to white light   
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Figure 10. Planarian Photophobic Responses Vary by Wavelength. (A) Images of the 

photophobia assay showing single trials (one group, n = 6) for control (ambient light, left) and UV 

360 (right) wavelengths. All worms begin in quadrant 1 (Q1, red circles). While control worms 

randomly explore the dish, in UV 360 trials worms move rapidly away from the light (white 

circles). Images enhanced for visualization. (B) Graph showing overall photophobic responses for 

each wavelength, as measured by worm location in each of the four quadrants (Q1-Q4) after 2 

minutes. Photophobic responses are indicated by increased presence in Q4 (black bars) which is 

farthest from the light. Significance (asterisks = p<0.001 as compared to controls) was calculated 

by Mann-Whitney (with Dunn’s Q), which takes into account worm location across all four 

quadrants simultaneously. Red dashed line = average control value. 
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also displayed strong negative phototaxis, with a striking correlation across all quadrants 

between white light (Q1: 1.67%, Q2: 5.00%, Q3: 8.33%, Q4: 85.00%) and green light (Q1: 

1.67%, Q2: 3.89%, Q3: 11.11%, Q4: 83.33%). On the other hand, neither of the IR or red 

wavelength responses were statistically different from controls by the end of the trial (Fig.10B). 

Although the (small) majority of worms exposed to red wavelengths were in fact located in Q4 

farthest from the light, worm location compared to controls was not statistically significant 

across all quadrants (p>0.20). Interestingly, although there was also no statistical significance in 

the location of worms exposed to IR across all quadrants as compared to controls (p>0.50), a 

reverse trend was observed where the majority of worms were located in Q1 directly under the 

light (Fig.10B). Overall, these results suggest that our novel planarian photophobia assay is able 

to recapitulate the strong photophobia previously demonstrated by other methods. 

To confirm that the observed behavioral responses resulted from visual detection of 

specific wavelengths and not other variables such as heat or nociception, we repeated our 

photophobic assay with neutral density filters. If responses to light are in fact a result of visual 

detection, we would expect worm responses to diminish in a predictable fashion as light 

attenuation increases (and the behaviorally relevant stimulus decreases). For the first trial, all 

LED lights were attenuated to 95%, so that only 5% of the light reached the testing dish, while in 

the second trial 99% of the light was attenuated (Fig.11). The results confirmed that the number 

of worms displaying photophobia steadily decreased with increased light attenuation, suggesting 

that the behavioral responses were the result of visual responses to specific ranges of 

wavelengths and not uncontrolled variables. 
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Figure 11. Photophobic Responses Result from Light Stimulus. Graph showing behavioral 

responses over increasingly attenuated light, as measured by the number of worms in Q4 at 2 

minutes.   Worms were exposed to full light, 95% attenuated light, and 99% attenuated light (or 

optical densities of 0, 1.3 and 2.0 respectively). The trend shows that phototactic responses 

decreased along with diminished behavioral stimuli (light). 
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Planarians Displayed the Severest Escape Responses to UV Light 

Although our data revealed that green, blue and UV light all resulted in robust 

photophobic responses (Fig.10B), we observed that worms exposed to near UV light appeared to 

move away from the light faster than for other wavelengths tested. This suggested that more 

complex differences exist between the photophobic responses than our scoring for photophobia 

at 2 minutes revealed. Thus, we next examined the rate at which worms escaped direct light (in 

Q1) by tracking both the number of worms that left Q1, and the number that returned, throughout 

the trial (Fig.12). To do this, we calculated an escape index (Ө), where 0 indicated all worms 

remained in Q1 while 1 indicated all worms had left Q1. Therefore, higher values represented 

stronger photophobic responses. It should be noted that an important difference exists between 

the analyses in Figure 10 and the analyses here in Figure 12 that represent how fast worms 

escape from direct light exposure. Because of this, the escape index as used here is a measure of 

the initial intensity of the response rather than a measure of overall strength of the response. 

 At 30 seconds, the escape indices for all wavelengths were statistically different 

(p<0.001) from controls (Fig.12), including red and IR (which were not significantly different in 

overall photophobic response (Fig.10). However, analyses revealed that escape responses to the 

UV light were significantly faster (p<0.01) than for all other wavelengths, confirming our 

observations that UV light caused the most extreme initial photophobic response. Additionally, 

the escape indices highlighted that reactions to green, blue, and white light at 30 seconds 

represented an intermediate behavioral response, which (while still strongly photophobic) was 

statistically different from both the UV responses (p<0.01) and the random exploration of 

controls (p<0.001). Interestingly, white light was more similar to (though not statistically   
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Figure 12. Escape Responses Vary by Wavelength. Graph showing escape responses as a 

measure of the severity of phototactic behavior.  The escape index (Ө) is based on the number of 

worms that leave Q1 (direct light), where a value of 1 indicates all worms have left Q1. Thus, 

higher values indicate stronger photophobic responses. At 30 seconds, the data indicate that UV 

wavelengths elicited a significantly stronger escape response, distinct from both controls 

(p<0.001) and all other wavelengths (p<0.01); while IR wavelengths produced an opposite, 

attractive response (p<0.001). All time points are significantly different from controls (p<0.001) 

by two-way ANOVA, except for red at 1.5 minutes (p<0.01) and 2 minutes (not significant). Note 

the latter data indicate by 2 minutes worms have returned to the direct red light source in Q1.  
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different from) blue escape responses (Fig.12), in contrast to overall photophobic response 

(Fig.10) where white light was more similar to green. This may be related to the spectral 

composition of white light LEDs that typically contain several broad peaks, including notable 

amounts of energy in the blue range.   

For IR light, the escape index (Fig.12) at all time points was significantly different from 

controls as well as all other wavelengths. This is in contrast to the overall photophobic response 

to IR light (Fig.10), which was not statistically different from controls even at the earlier 30 

second time point.  In particular, the escape index showed that IR wavelengths produced an 

opposite phototactic response, where worms were initially more likely to remain under direct 

light (Q1) than controls.  This suggests the possibility that planarian responses to IR might be 

slightly photopositive, a hypothesis that would first need to be investigated in much greater 

detail.  These data also indicate that the planarian visual system may be able to respond to IR 

wavelengths in some as yet unknown manner. 

Most surprisingly, at 30 seconds the escape index for red light was significantly different 

from controls (p<0.001), illustrating an early visual behavioral response that was not different 

from the intermediate response noted above for green, blue and white. This was particularly 

unexpected given that the overall photophobic response to red at 2 minutes was not different than 

controls (Fig.12). Closer examination of the escape responses to red light revealed that responses 

remained significantly different at 1 minute (p<0.001), and at 1.5 minutes (p<0.01), but were no 

longer statistically different from controls by 2 minutes (Fig.12). This reflects the observation 

that at 2 minutes, worms that previously left Q1 returned, despite the continued presence of the 

red light exposure. When overall photophobic response (Fig.12) across all quadrants was 

examined at earlier time points, this pattern of an initial photophobic response to red light that 
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decreased over time was again observed: significant at 30 seconds (p<0.02) and at 1 minute 

(p<0.01), marginal at 1.5 minutes (p<0.05), and not significant at 2 minutes. These data suggest 

that after an initial photophobic response worms subsequently stopped responding to red 

wavelengths. 

 

Planarians Have Both General and Wavelength-Specific Photophobic Responses 

The overall photophobic response data, combined with escape index analyses, suggested 

that while planarians displayed different responses to different wavelengths (with UV causing 

the most robust responses), there may also exist a separate, wavelength-independent photophobic 

response to being placed under direct light such as might be expected with broadly-tuned visual 

pigments. In order to test this idea, we examined avoidance responses to different wavelengths 

(Fig.13). Whereas previously we examined whether or not planarians would move away from 

light exposure, our avoidance assay tested the reverse behavior: whether or not worms would 

choose to enter a light source. However, the LED wands we used in our previous assay produced 

a field of light that was too large to record worm movement from outside the field into the light. 

Therefore, we switched to the use of tiny spots of laser light under high magnification (under a 

stereomicroscope). We covered the end of a laser pointer with a piece of tape that had a single 

pinhole in the center, thus obtaining a much smaller coherent circle of light. For illustration, 

compare the relative size of the light field versus a single worm in our photophobia assay (UV 

360 panels in Fig.10A) and in our avoidance assay (Fig.13). We chose red, green and UV laser 

lights as representative of the range used in our photophobia assay. We expected that if 

wavelength-specific responses existed, worms would respond with increasing severity to avoid 

entering regions lit by red, green and UV wavelengths, respectively.   
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Figure 13. Light Avoidance Responses Vary by Wavelength. Avoidance assay to test worm 

responses when approaching areas of direct light. Red (top row), green (middle row), and UV 

(bottom row) wavelengths of laser light were placed in the worm’s path (photos), resulting in three 

distinct behaviors (shaded areas): worms moved into the light (left column), went around the light 

(middle column), or avoided the light by making 90-180 degree turns (right column).  
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To test for light avoidance, the laser was pointed directly in front of a worm’s path at a 

distance roughly equal to one diameter of the circle of light. This ensured that worms began the 

assay outside the direct light source but was close enough that worms continued moving in the 

direction of the light. Three distinct behaviors were observed.  As worms approached the light 

source they either 1) did not respond and continued moving directly into the light, 2) moved 

around the light by making a slight directional change to one side without crossing into the light, 

or 3) abruptly made a 90-180 degree turn in the opposite direction of the light (photos in Fig.13). 

Consistent with our previous data, when exposed to the red laser the majority of worms (80%) 

were not affected and continued moving directly through the light (top row of Fig.13). When 

confronted with the green light, the majority (73.33%) of worms chose to go around either the 

right or left side of the light without entering the most luminous spot (middle row of Fig.13). 

Strikingly, as worms approached the UV light their reaction was even more dramatic with 70% 

of the animals suddenly changing direction at a 90-180 degree angle in order to avoid the light 

and directing movement away from it (bottom row of Fig.13). Furthermore, not a single worm 

chose to travel into the UV light, even though 13.33% of worms did so with green light.  

 These results are consistent with our previous data showing that planarians exhibited 

differential responses to different ranges of wavelengths of light. They also confirmed that not 

only did UV light produce the strongest photophobic responses and most robust initial responses, 

but that an intermediate and less severe photophobic response occurs with wavelengths within 

the visible spectrum such as green. Furthermore, these results demonstrated that planarians lack a 

red wavelength-specific behavioral response, suggesting that the escape response we observed to 

red light reflects instead an initial wavelength-independent photophobic response (Fig.14A). 

 



57 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Planarian Photophobic Behavior is Hierarchal. (A) Graph showing the likely 

relationship between the two types of photophobic responses uncovered by our data: the general 

photophobic response, which occurs immediately after exposure to any wavelength, and the 

wavelength-specific responses. (B) Graph depicting the inverse relationship between photophobic 

responses and wavelength.  
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Discussion 

Our results support the hypothesis that planarians do possess differential behavioral 

responses to light across a range of wavelengths. Our data also reveal that planarian phototactic 

responses occurred in a behavioral hierarchy (Fig.14B), where the shortest wavelengths (in this 

case near UV light) caused the most intense photophobic responses while longer wavelengths 

produced no effect (for red) or even opposite effects (in the case of IR). Thus, an inverse 

relationship appears to exist between the wavelength and the intensity of the worm’s 

photophobia. These results highlight the importance of the spectral composition of light for 

planarian behavior and suggest that the current standard use of poorly characterized white light 

in planarian phototactic studies may mask more complex behaviors. 

Unexpectedly, our data also suggested that planarian photophobic behavior may involve 

two different response types: a general photophobic response to luminal contrast (for example a 

rapid phasic change in luminosity) and more wavelength-specific photophobic responses (Fig. 

14A). The general photophobic response occurred immediately after light exposure and drove 

planarians to escape the light source regardless of wavelength (except for IR). This initial 

response may be due to the change in contrast that occurs when worms are suddenly exposed to 

light after leaving their preferred low/no light environment and presumes either broadly-tuned 

photopigments or some unknown aspect of phototransduction. In contrast, the wavelength-

specific responses encompass specific behavioral reactions that vary depending on the 

wavelengths involved. The difference between the general and wavelength-specific responses 

can be seen in the planarian response to red light. Although worms displayed an initial general 

response to escape the light source, they quickly adapted to it in order to return into the direct 

light (Fig.12). This lack of a red-specific negative light response was confirmed in both our main 
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photophobic assay (Fig.10B) and our avoidance assay (Fig.13). Together, these data illustrate 

that planarian photophobic behavior is complex and coordinated and not just the result of simple 

general light avoidance. 

In this hierarchy, planarian responses to near IR light were the most surprising as worms 

appeared to be attracted to it. While worm localization across all quadrants was not statistically 

different from controls (illustrating a lack of photophobic response, Fig.10B), the escape indices 

for IR were significantly different at all time points (p<0.001, Fig.12) highlighting a slight but 

apparently real worm preference for remaining under direct IR light. The visual detection of IR 

has not been examined in planarians, although a few studies have shown that IR radiation causes 

increased stem cell proliferation (de Souza et al., 2005; Wu and Persinger, 2011). Our data seem 

to suggest that planarians may be able to detect IR by some mechanism. Although alternative 

explanations cannot be ruled out (for instance, IR may create a shadow effect by reducing the 

activation of opsin, thus making the IR quadrant appear darker than the ambient room lighting), 

IR detection is found in various parts of the animal kingdom. For example, some snakes and bats 

possess IR receptors called pit organs that are capable of sensing thermal stimuli (Campbell et 

al., 2002). Additionally, the visual systems of freshwater fish (such as the common carp, tilapia, 

zebrafish, green swordtail, and guppies) are also able to detect IR, an ability that may be directly 

related to their environmental conditions and/or circadian cycles (Matsumoto and Kawamura, 

2005; Shcherbakov et al., 2013; Shcherbakov et al., 2012). The spectral absorption of water 

depends largely on the concentration of suspended particles such as dissolved oxygen and 

organic material, which enhance scattering and absorption of short- and mid-wavelengths 

(Hargreaves, 2003; Osburn and Morris, 2003; Shcherbakov et al., 2013). Therefore, fish living in 

turbid water have sensitivity to slightly longer wavelengths (Bowmaker, 1995). IR detection 
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could also be an adaption for nocturnally active animals as both moonlight and starlight consist 

of longer wavelengths (Matsumoto and Kawamura, 2005), at least in very shallow water 

environments where there might be some IR penetrance.    

Our data demonstrate that, like leeches and C. elegans, planarians are strongly 

photophobic to short wavelengths of light, with UV causing the greatest responses(Edwards et 

al., 2008; Jellies, 2014a, b). Differential responses to specific wavelengths are well documented 

in the literature and reveal that an animal’s sensitivity to each wavelength depends largely on its 

natural habitat and physiological needs. Fish that live in the ocean are typically most sensitive to 

blue wavelengths due to the fact that 470 nm blue light penetrates the greatest (Bowmaker, 1995; 

Shcherbakov et al., 2013). For example, zebrafish are more positively phototactic to UV and blue 

than green light (Orger and Baier, 2005). In contrast, the majority of flying or foraging insects 

are attracted to UV and green light, which they use in characterizing and identifying food sources 

(Aksoy and Camlitepe, 2012; Gao et al., 2008; Peitsch et al., 1992). For planarians, predator 

avoidance cues are likely to be the most crucial for survival, as they have few natural defenses 

and consist solely of soft tissues with no exoskeleton, venom, teeth, or claws. Thus, it makes 

sense that they would display strong photophobic behavior, particularly to daylight-related UV 

wavelengths. Furthermore, UV exposure causes significant damage to nucleic acids and proteins 

(Sinha and Hader, 2002); in planarians prolonged exposure to UV radiation damages their 

protective mucosal layer and leads to visible wounds (Kalafatić et al., 2006). Thus, a robust UV 

avoidance might offer a significant adaptive advantage.  

UV detection is very common among animals, but the mechanisms used vary greatly. For 

example, several species of birds, fish, and insects have UV-sensitive photopigments (Briscoe 

and Chittka, 2001; Jacobs, 1992), while other animals use oil droplets or screening pigments 
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(Honkavaara et al., 2002; Jacobs, 1992). Additionally, it has been shown that when exposed to 

UV, invertebrate opsins can be converted to an intermediate that can regenerate the original UV 

opsin, which prevents bleaching and allows for continued detection of UV light (Nolte and 

Brown, 1972a, b). The damaging effects of UV exposure are so important that some animals also 

have general dermal methods to detect UV.  Drosophila larvae possess neurons that cover their 

body wall and detect UV light using a chemosensory G-protein coupled receptor pathway (Xiang 

et al., 2010) distinct from the more commonly understood photopigments. C. elegans detect UV 

using a receptor called LITE-1, which is a member of the invertebrate Gustatory receptor family 

(Edwards et al., 2008). The photophobic response to UV is so robust in C. elegans that 

illumination of only a few neurons causes behavior (Edwards et al., 2008). Extraocular detection 

of UV has also recently been discovered in the leech (Jellies, 2014a, b). Extraocular or dermal 

photoreception has been noted previously in planarians in the historical literature (Steven, 1963). 

Confirming these reports, our initial behavioral observations found 98% of planarians (n=15) 

tried to move away from UV light placed on the tail alone. Future experiments should focus on 

investigating the mechanisms involved, as these are currently unknown. In summary, our results 

strongly support the notion that visual responses in planaria may be more complex than 

previously understood. 

 All data and figures presented in chapter III were published in the journal PLoS One with 

the title, “Planarian Phototactic Assay Reveals Differential Behavioral Responses Based on 

Wavelength” (Paskin et al., 2014). 
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CHAPTER IV: THE PLANARIAN TRPA1 HOMOLOG MEDIATES EXTRAOCULAR 

BEHAVIORAL RESPONSES TO NEAR ULTRAVIOLET LIGHT 

 

 

Introduction 

 The ability to detect and respond to light is a fundamental characteristic of living 

organisms. Ocular photoreception (or vision) is what is most commonly associated with light 

detection and image formation, an ability which requires central nervous system processing from 

cells found specifically in the eye organ. However, many animals also have the ability to detect 

light using light-sensitive structures outside of the eye. Such extraocular photoreception (also 

known as dermal phototransduction, dispersed photoreception, or non-ocular photoreception) 

describes a type of “non-visual” light detection that it is not involved in image formation.  

 While the molecular basis of ocular phototransduction is extensively studied, the 

mechanisms involved in extraocular photoreception and transduction are not as well understood. 

This is despite the fact that the ability to detect light outside of the eye is widely distributed 

throughout the animal kingdom. Both vertebrate and invertebrate extraocular photoreception has 

been documented (Cronin and Johnsen, 2016; Lees, 1948; Porter, 2016; Steven, 1963). For 

example, mollusks and Cnidaria use extraocular photoreception for phototaxis and/or shadow-

induced withdrawal (Lukowiak and Jacklet, 1972; Pankey et al., 2010; Ramirez et al., 2011; 

Taddei-Ferretti and Musio, 2000); leeches use extraocular photoreceptors for dorsal-ventral body 

orientation (Jellies, 2014b); in amphibians, extraocular photoreceptors are required for detection 

of polarized light and magnetic orientation (Adler and Taylor, 1973; Phillips et al., 2001); while 

birds possess photoreceptors in the hypothalamus that regulate their circadian and reproductive 

cycles (Menaker, 1968). 
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  The mechanisms involved in classical ocular phototransduction are well characterized 

and appear to be highly conserved throughout the Bilateria (Arendt, 2003). Phototransduction 

occurs when a photon of light activates a light-sensitive photopigment, which consists of a 

chromophore and an opsin (Wald, 1968). Opsins are G-protein coupled receptors that are 

responsible for ocular light detection in all animals. Opsins are typically located within either 

rhabdomeric or ciliary photoreceptor cells, where they activate r-opsin or c-opsin signal 

transduction cascades, respectively (Arendt, 2003). C-opsins initiate a pathway that closes CNG 

ion channels (Kaupp and Seifert, 2002), while r-opsins lead to the opening of TRPC channels 

(Hardie, 2001). Both cascades result in signals that are interpreted by the brain to produce 

behavioral responses in the animal.  

 Although planarian eyes are simpler than vertebrate eyes, they still possess several 

phylogenetically conserved features. For example, eye development in many animals, including 

both planarians and vertebrates, relies on common genes such as Sine oculis, Eyes absent, and 

Otx (Mannini et al., 2004; Martín-Durán et al., 2012; Pineda et al., 2000). Planarian eyes are 

located on the dorsal side of the body and consist of two cell types: pigment cells and 

photoreceptor cells. Pigment cells form a semi-lunar optic cup and function to absorb photons of 

light, which creates shade and provides directional information about incoming light (Nilsson, 

2009). Photoreceptor cell bodies are found outside of the optic cup and project axons posteriorly 

to the brain, with some fibers forming a partial optic chiasma (Agata et al., 1998; Carpenter et 

al., 1974; Okamoto et al., 2005). Photoreceptor cell dendrites extend into the optic cup making a 

rhabdomeric structure where opsin accumulates (Azuma and Shinozawa, 1998; Orii et al., 1998). 

Similar to rhabdomeric photoreceptors in other invertebrates, planarian photoreceptors express 

two r-opsin orthologs (Lapan and Reddien, 2012; Orii et al., 1998). Interestingly, transcriptome 
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analysis has also shown that planarian eyes contain genes that are typically associated with the 

phototransduction pathway found in ciliary photoreceptors, such as CNG (Lapan and Reddien, 

2012). However, the roles of these genes in planarian vision is not currently known. 

In contrast to ocular photoreception, the mechanisms used for extraocular photoreception 

have not been as extensively studied, and the few molecular pathways identified are more wide-

ranging. Some animals appear to reuse the same ocular phototransduction receptors and 

pathways for extraocular photoreception. Cuttlefish and pond snails use c- and r-opsins, 

respectively, for extraocular photoreception (Mathger et al., 2010; Pankey et al., 2010); while 

Cnidarians use Gs-opsins (or “cnidops”), which in Hydra are believed to activate CNG channels 

(Plachetzki et al., 2010). Although poorly characterized, “RGR/Go-opsins” are another group of 

opsins known to have extraocular function (Feuda et al., 2012; Porter, 2016; Raible et al., 2006).  

In addition to these opsin-based mechanisms, a few other mechanisms unique to 

extraocular photoreception have been identified. Cryptochromes are UV- and blue-light sensitive 

proteins that have been shown to regulate a variety of different light responses, including 

circadian rhythms in both plants and animals (Chaves et al., 2011; Haug et al., 2015) and 

magnetoreception (Bazalova et al., 2016; Gegear et al., 2008). There have also been pathways 

identified that center on gustatory-related receptor proteins. In C. elegans, two gustatory-related 

receptor genes, LITE-1 and GUR-3, have been found to elicit UV light avoidance and together 

also inhibit feeding behavior (Bhatla and Horvitz, 2015; Edwards et al., 2008). Similar to C. 

elegans, Drosophila larvae exhibit avoidance behavior to blue and UV light using the gustatory 

receptor, GR28b (its closest homolog to LITE-1), which is found in the neurons that tile the body 

wall. This mechanism also involves the ion channel TRPA1 (Xiang et al., 2010). The existence 
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of such variable mechanisms utilized for extraocular photoreception opens up questions about its 

evolutionary origins.  

Furthermore, there can be conflicting evidence for the existence of extraocular 

photoreception in certain species, as is the case for planaria. Planarians are free-living flatworms 

that make excellent models for investigating the basic features of eye biology and evolution due 

to their relatively simple yet phylogenetically conserved visual systems(Lapan and Reddien, 

2012; Orii et al., 1998). Historical studies recorded the planarian extraocular ability to respond to 

light (along with most other aquatic animals surveyed) (Steven, 1963). Early experiments that 

used surgical ablation to remove both eyes showed that eyeless planarians are negatively 

phototaxic and will change direction in response to white light (Parker, 1900; Taliaferro, 1920). 

However, more recent studies that also specifically removed the eyes failed to observe any 

behavioral responses to white light (Arees, 1986; Azuma and Shinozawa, 1998). We hypothesize 

that planarians are in fact capable of extraocular photoreception, and that previous reports may 

have disagreed due to the use of different sources of white light (which had different spectral 

compositions). White light is composed of many wavelengths, and our previous work has 

demonstrated that planarian behavioral responses vary by wavelength (Paskin et al., 2014). We 

set out to investigate whether planarians possess extraocular photoreception. Finding that 

planarians did respond to extraocular light cues, we then investigated if this response was 

wavelength-specific and what possible genetic mechanisms might be involved. 

 

 

 

 



66 
 

Materials and Methods 

 

Animals and Colony Care 

 An asexual strain of Schmidtea mediterranea was used and maintained as previously 

described (Paskin et al., 2014), with worm water comprised of 0.5 g/L of Instant Ocean salts 

(Spectrum Brands, Blacksburg, VA, USA). Worms used were 7-9 mm in length and were starved 

at least one week prior to experimentation.  

 

Light Sources 

 Behavioral assays were conducted using commercially available red, green, and near UV 

laser pointers with nominal peak wavelengths of 650 nm, 532 nm, and 405 nm (+/- 10 for all), 

respectively. A laser power meter (LaserBee A 2-Watt Laser Power Meter/Thermopile, J. 

BAUER electronics, CANADA) was used to determine the absorbed power for each laser: red = 

85 mW,  green = 29 mW, and UV = 54 mW. The power was then used to calculate the intensity 

(Watts/Area of light) of each wavelength: red = 0.68 W/cm2, green = 0.23 W/cm2, near UV = 

0.43 W/cm2. A piece of tape was placed on the end of the laser and punctured to create a pinhole 

that was smaller than the worm itself and produced a circle of light with a diameter of 

approximately 2.5 mm. The power of each laser with the pinhole was also examined but all were 

below the level of thermopile detection (<1 mW). 

 

Avoidance Assay 

 Ocular responses were tested using an avoidance assay we previously developed (Paskin 

et al., 2014). A 100 mm Petri dish filled with 20 mL of worm water was positioned over a white 
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piece of paper and placed on the microscope stage. The white paper enables the laser light to be 

seen. The base brightfield light of the microscope was set to the lowest possible setting that 

allowed for video recording of worm position (~275 lux). This was considered our “ambient” 

light level, and all experiments were performed under this setting. Individual worms were 

transferred to the middle of the Petri dish and recording was started when the worm began 

traveling in a straight line. The laser beam was directed in front of the animal at a distance equal 

to one diameter of the circle of light (~2.5 mm), and held stationary while the worm traveled. 

Recording was stopped after worms either passed through the light (no response) or responded 

(avoided the light). Worms were tested in order of decreasing wavelength (red, then green, then 

near UV). For each wavelength, 30 worms were tested 4 times for a total of 120 trials per 

wavelength. Control “no light” experiments were performed without the laser light cue being 

presented (30 worms were tested 3 times for a total of 90 control trials). The recording time for 

no light controls was 2.5 seconds (the average time required to elicit a behavioral response in a 

random sample of red, green, and near UV trials, plus 0.3 seconds).  

 Behavioral responses were determined as follows: No response (movement of the worm 

through any part of the light); Moderate response (movement around the light at an angle less 

than 90 degrees from the worm’s original trajectory); and Severe response (movement in the 

opposite direction of the light at an angle of 90 degrees or greater). Since worms randomly 

explore new environments (i.e., do not always travel in a straight line), the amount of 

“responses” (either moderate or severe) recorded in no light controls represents the level of 

background noise (random turning) in the assay. Significance was determined by calculating the 

percent of worms that exhibited each of the 3 responses followed by a two sample t-test between 
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percents using the Statistics Calculator software (StatPac, V. 4.0, StatPac Inc., Northfield, MN, 

USA) with p<0.0001 significant. 

 

Extraocular Assay 

Extraocular responses to light were tested using the microscope, Petri dish, and laser 

pointer set-up as described for our avoidance assay. The same worms tested for ocular responses 

were tested for extraocular responses to allow for a comparison of ocular and extraocular 

responses in the same individual. As worms moved across the dish, the laser light was shone 

directly on the tail (midway between the tip of the tail and the pharynx), with the light coming 

from behind the worm to avoid involvement of the eyes. The light’s position on the tail was 

maintained by moving the laser light with the worm (so that the light remained on the tail) until 

after a response was observed or for 5 seconds if no response was observed. No light controls 

were recorded for 5 seconds as worms moved. Behavioral extraocular responses were 

determined by the presence of tail thinning.  

To assess tail thinning, we analyzed an image of the worm just before the light was 

positioned (“Before”), as well as an image when the tail appeared thinnest (“After”). When no 

thinning was apparent, the “After” image used was at 3 seconds after the spot of light was 

positioned (the average time it took for peak thinning in animals with a response). The two 

pictures (“Before” and “After”) were then analyzed in Photoshop (Adobe Systems, San Jose, 

CA, USA) by measuring the width of the tail (in pixels) halfway between the most posterior part 

of the pharynx and the tip of the tail. Thinning responses were expressed as the percent of the 

animal that had thinned: the width of the “After” image was divided by the width of the “Before” 

image, and this value was subtracted from 1. Significance between the average percent thinned in 
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no light control animals versus red, green, or near UV wavelengths was determined using a 

Student’s t-test with p<0.0001 significant. 

 

Neutral Density Filters 

Filters used were 25.4 mm diameter nickel chromium coated fused silica (7980) as 

previously described (Jellies, 2014b). A holder was designed from a small PVC pipe to position 

the laser pointer above the filter such that all emitted light passed through the filter. Neutral 

density filters attenuating 75% of light (optical density=0.6), 95% of light (optical density = 1.3), 

and 99% of light (optical density = 2.0) were used. Significance between the average percent 

thinned in animals exposed to full near UV light versus near UV attenuated light was determined 

using a Student’s t-test with p<0.0001 significant.  

 

Worm Fragment Assay 

Amputations were performed as previously described (Beane et al., 2013). 1/5 fragments 

(head, pre-pharynx, pharynx, post-pharynx, and tail) were generated by cutting just posterior to 

the auricles, just anterior to the pharynx, just posterior to the pharynx, and midway between the 

pharynx and the tail. Fragments were transferred to non-treated tissue-culture welled plates, and 

worm water was changed immediately following surgery. After 1-2 hours of recovery, fragments 

were tested for extraocular responses as described above with the following exceptions: only no 

light controls and near UV laser light trials were performed (n=20 for each); the near UV laser 

pointer was positioned using a clamp stand approximately 2 inches above the worm, with the 

light positioned on the center of the fragment; and each fragment was recorded for 45 seconds or 

until it had moved out of the laser light, whichever occurred first.  
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To assess extraocular responses in fragments, an image when the light was first 

positioned (“Before”) and an image when the worm first moved out of the field of light (“After”) 

were analyzed. For no light controls, an image at 45 seconds was used for “After.” “Before” and 

“After” images from each fragment trial were overlaid in Photoshop, and the distance between 

the most posterior edge of the fragment in each image was measured (in pixels). Using this 

distance measurement and the time it took for the fragment to leave the light (or 45 seconds for 

control), the rate of movement was calculated. Significance was determined using a Student’s t-

test with p<0.001 significant. 

 

Eye Ablation Assay 

Double eye ablations and sham ablations were performed as previously described 

(Deochand et al., 2016). After 24 hours, behavioral responses to green and near UV light were 

tested and analyzed using the avoidance assay described above. For each wavelength, n=50 for 

the sham ablated group and n=30 for the double eye ablated group. Significance was determined 

using a two sample t-test between percents using StatPac (V. 4.0) with p<0.05 significant.  

 

Cloning 

 Homologs to Cyclic Nucleotide-Gated channel A (CNG-A) and LITE-1 (NP_509043.3) 

were used to search (tBlastn) the Schmidtea mediterranea Genome Database (Robb et al., 2015; 

Robb et al., 2008). To confirm identity, the resulting candidate sequences were used to search 

(tBlastx) NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Previously identified planarian 

sequences to Transient Receptor Potential Cation channel, subfamily A (Smed-TrpA) 

(Wenemoser et al., 2012), and Opsin homologs (Lapan and Reddien, 2012; Sánchez Alvarado 
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and Newmark, 1999) were identified from the literature. An S. mediterranea cDNA library (from 

intact worms) was used to generate initial gene fragments by PCR with primers designed using 

Primer3plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/). PCR 

fragments were ligated into pCRII-TOPO (Invitrogen, Carlsbad, CA, USA) and confirmed by 

sequencing. Protein domain analyses were performed using the NCBI Conserved Domains 

Database (http://www.ncbi.nlm.nih.gov/cdd) (Marchler-Bauer et al., 2015). Primer sequences 

used were:  

TrpA:  

Smed-TrpA-forward 5’-CAACTCGACACCTTTGCACTA-3’ 

Smed-TrpA-reverse 5’-CAACCTCCCAAATGAGTCTGT-3’ 

CNGA: 

Smed-CNGA3-Forward 5’-GATTCAGAATGGATGCTT-3’ 

Smed-CNGA3-Reverse 5’-TGTGCCAATTAAAACTCC-3’ 

Smed-CNGA3-Like-Forward 5’-AACATTCTCGTGAATCGGAAC-3’ 

Smed-CNGA3-Like-Reverse 5’-TAACTCCCAAATTCGTTCTGG-3’ 

Opsin:  

Smed-opsin-Homolog-1 Forward 5’-TCTTTTGGTTTTGGTGGACAG-3’ 

Smed-opsin-Homolog-1 Reverse 5’-TCCATCAACACAATGGCACTA-3’ 

Smed-opsin-Homolog-2 Forward 5’- GGTTTCATCGGTGGTCTTTT-3’ 

Smed-opsin-Homolog-2 Reverse 5’-ACCCGTTTTCATGGAAGTTG-3’ 

 

 

 

http://www.ncbi.nlm.nih.gov/cdd
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RNA interference (RNAi) 

 RNAi was performed as previously described (Rouhana et al., 2013). In summary: 

double-stranded RNA (dsRNA) was generated by using the above pCRII-TOPO constructs to 

make linearized templates via PCR (using T7 and SP6 primer sequences). This PCR template 

was used for in vitro dsRNA synthesis with T7 and SP6 RNA polymerases (Promega P2075, 

P1085, N2511, P1221, M6101; Promega, Madison, WI, USA). An RNAi mixture of 100 ng/μL 

in liver puree (Creekstone Farms, Arkansas City, KS, USA) plus 1% red food coloring was 

made. Worms were fed RNAi in Petri dishes (5 μL per worm) three times over eight days before 

being used on day 14 (from first feeding) to test behavioral responses as described above 

(avoidance and extraocular assays). Significance was determined for avoidance trials using a two 

sample t-test between percents with p<0.05 significant. For the extraocular assay, a one-way 

ANOVA with Tukey’s multiple comparisons test with p<0.0001 was used for significance. 

 

In situ hybridization  

 Whole-mount in situ hybridization was performed as described in (Pearson et al., 2009), 

with modifications as described in (Deochand et al., 2016) except samples were incubated in 

formamide-bleaching solution for 4 hours as described in (King and Newmark, 2013). Smed-

TrpA probe was used at 4 ng/μL. Anti-digoxigenin-AP (Roche, Basel, Switzerland) was used at 

1:3000. 

 

Image Collection  

 All images were collected using a  Zeiss V20 fluorescent stereomicroscope with 

AxioCam MRc or MRm camera and Zen Lite software (Zeiss, Oberkochen, Germany).  
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Results 

 

Planarians Possess Both Ocular and Extraocular Responses to Light 

Planarian behavioral responses to light are complex. Dorsal eye spots (ocelli) regulate a 

strong photophobic avoidance across a wide spectrum of light wavelengths (Brown et al., 1968; 

Paskin et al., 2014). Additionally, studies have suggested that planarians possess the ability to 

respond to light via extraocular mechanisms and will display avoidance behaviors following 

surgical removal of the eyes (Parker, 1900; Taliaferro, 1920). Our previous research has shown 

that different wavelengths elicit different behavioral responses in planarians (Paskin et al., 2014). 

However, these studies did not separate out any contribution that may have been made by 

extraocular photoreception to the behaviors observed. Therefore, we modified our previously 

described light avoidance assay (Paskin et al., 2014) in order to investigate extraocular responses 

to different wavelengths of light.  

We set out to test both ocular and extraocular behavioral responses in the same 

individuals. To measure ocular responses to light, we performed our avoidance assay where a 

point of red, green, or near UV laser light is placed directly in front of a worms’ path (Fig.15) 

(Paskin et al., 2014). Planarians display three distinct behaviors: 1) no response, with continued 

movement directly through the light; 2) a moderate response, with a directional change to avoid 

the light; and 3) a severe response, with an abrupt turn of ≥ 90 degrees away from the light. 

Negative controls, with no laser light, were also performed (Fig.15). Consistent with our 

previous findings, the majority of worms (>80%) had no response to red light (which was not 

significantly different from controls), while 75.83% displayed a moderate response to green light  
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Figure 15. Planarians possess complex ocular photoresponses. The planarian species 

Schmidtea mediterranea was used to examine ocular behavioral responses to red, green, and near 

UV wavelengths using our avoidance assay. When approaching a spot of light, three distinct 

behaviors are observed: worms move through the light (no response), worms avoid the light by 

moving around it (moderate response), or worms make a 90-180 angle turn away from the light 

(severe). Note that worms fail to respond to red light, display moderate responses to green light, 

and have severe responses to near UV light. n=120 for red, green, and near UV, n=90 for control. 

Statistics: two sample t-test between percents, **** = p<0.0001 (as compared to no light controls), 

error bars = SD. 
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and >80% displayed a severe response to near UV light (Fig.15). The near UV severe response is 

so penetrant that no animals traveled through the near UV light (100%). These results 

demonstrate that this population of planarians responded as predicted with wildtype reactions to 

each different wavelength of light (and the shorter near UV wavelengths causing the strongest 

photophobic reactions).  

Having established this baseline, we next used these same animals to examine extraocular 

behavioral responses. For our extraocular assay, either red, green, or near UV laser light was 

placed directly on the animals’ tail (Fig.16). The same diameter of light used in our avoidance 

assay was positioned on the most posterior part of the worm (the tail) without ever illuminating 

the head or eyes. Using this method, we observed responses to some extraocular light sources of 

a “thinning” of the tail (Fig.16), presumably to reduce the surface area exposed to the light 

source, followed by swift movement (pulling of the tail) out of the spot of light. This response 

was analyzed by measuring the width of the tail halfway between the most posterior part of the 

pharynx and the tip of the tail (star in Fig.16) and was expressed as the percent of tail thinned. 

We observed no behavioral responses to either red or green wavelengths with responses not 

significantly different from no light controls (p≥0.45, Fig.16). However, exposure to near UV 

light resulted in a marked thinning of the tail, with an average decrease in tail width of 40.15% 

(p<0.0001, Fig.16). These results demonstrate that planarians are in fact capable of extraocular 

photoreception and furthermore that their extraocular light detection is specific to near UV 

wavelengths. We next wanted to determine if any confounding variables might be contributing to 

the behavioral responses we observed. First, we repeated the extraocular assay using near UV 

light in combination with neutral density filters to determine whether or not there was a linear 

correlation between the light source and the behaviors observed (Fig.17A). Since neutral density 
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Figure 16. Planarians possess extraocular photoreception. Graph of extraocular responses to 

light using our extraocular assay. A spot of light was placed on the worm’s tail, and the presence 

of the photophobic “tail thinning” response was assessed. Thinning was determined by measuring 

the width of the tail (midway between the posterior edge of the pharynx and tip of tail) both before 

and after exposure to red, green, and near UV laser light. Inset photos: starred bracket designates 

the tail; double headed black arrows designate the width measurement. Note that significant tail 

thinning was observed only with near UV wavelengths. N=40 for control, red, and green; n=120 

for near UV. Statistics: two-tailed independent t-test, **** = p<0.0001 (as compared to no light 

controls), error bars = SD. 
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Figure 17. Extraocular behavioral responses result from detection of near UV light stimulus. 

(A) Graph showing extraocular behavioral responses with increasingly attenuated light, as 

measured by amount of tail thinning when exposed to near UV laser light (n≥40). Worms were 

exposed to full light, 75%, 95%, and 99% attenuated light (or optical densities of 0, 0.6, 1.3 and 

2.0 respectively). The trend shows extraocular behaviors decrease with diminished light stimulus. 

Statistics: two-tailed independent t-test,  **** = p<0.0001 (as compared to full light responses), 

error bars = SD. (B) Graph showing red, green, and near UV laser light intensities (W/cm2). The 

light intensities do not correlate with planarian behavior as the most intense light, red, elicits no 

response. 
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filters attenuate light, which is our relevant stimulus, we would expect tail thinning to decrease in 

correlation with an increase in light attenuation. In the first trial, the near UV laser light was 

attenuated to 75%, meaning only 25% of the light reached the animal. For the second trial 95% 

of the light was attenuated, while in the last trial the near UV light was attenuated to 99%. Our 

results revealed a steady decrease in behavioral responses to near UV light (tail thinning) with 

increased light attenuation, such that with both 95% and 99% attenuation tail thinning was 

significantly less than full power near UV light controls (Fig.17A). Furthermore, there was a 

significant decrease in responses between each neutral density filter trial (p<0.01). These data 

confirm that extraocular responses to near UV light diminish in a predictable fashion as light 

attenuation increases. Second, we used a laser power meter and confirmed that the laser light 

emitted from the pinhole produced very little power (and therefore heat) with levels below the 

threshold of the thermopile (<1 mW). Finally, we calculated the intensities of the full power of 

each laser light (no pinhole) and found that the red laser pointer actually produced the most 

power per unit area (Fig.17B), even though worms had no response to red light (Figs.15, 16). 

Together, these data suggest that neither heat nor light intensity are factors involved in the 

behavioral responses observed and that tail thinning is a result of near UV light detection.  

 

Extraocular Light Responses Occur Across the Entire Body 

Our extraocular assay showed that the post pharyngeal tissues of the tail possess 

extraocular photoreception. However, the nature of the assay (using whole worms) means that 

we could not rule out the possibility that animals were still receiving a small amount of ocular 

input, which could be contributing to the observed response. Furthermore, our previous assay did 

not allow us to evaluate whether the extraocular response to near UV occurs along the entire 
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anterior-posterior axis of the worm (as opposed to being confined to just the tail region). 

Planarians have the ability to survive and regenerate when cut into multiple fragments, including 

the movement of new fragments lacking any brain tissues in response to stimuli (Beane et al., 

2011). We used this unique planarian characteristic to perform a worm fragment assay to 

confirm that extraocular responses do not require the eyes, as well as to examine if extraocular 

responses also occur in other regions of the body. 

For our worm fragment assay, each worm was cut into 5 sections: head fragments, pre-

pharynx fragments, pharynx fragments, post-pharynx fragments, and tail fragments (Fig.18A). 

Because new worm fragments do not move as much as whole worms (and typically not without a 

stimulus), we modified our extraocular assay and analyses to accommodate fragments. 

Behavioral responses for each fragment were recorded for 1 minute with no laser light (controls) 

and again with near UV laser light with the spot of light placed directly in the center of each 

fragment (Fig.18B). From these data, we calculated the speed at which each fragment moved out 

of the near UV light from the time and distance the fragment had moved (Fig.18B). Our results 

demonstrate that while control fragments (with no light stimulus) moved very little as expected, 

exposure to near UV light caused a significant increase in speed for all fragments tested 

(p<0.001, Fig.18C). These data show that extraocular responses to near UV occur across the 

entire body of the planarian. Additionally, our results suggest that detecting and responding to 

near UV light does not require either ocular input or the brain.  

 

Extraocular Behavioral Responses Require TrpA 

Together our data from the extraocular assay and worm fragment assay demonstrate that 

planarians are capable of extraocular detection of light. Furthermore, our results show that these   
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Figure 18. Extraocular photoreception occurs along the entire body. Worm fragment assay 

where worms were cut into 5 fragments along the anterior-posterior axis and individual fragments 

were tested at 1-2 hours post amputation for extraocular photophobic behavioral responses to near 

UV light. (A) Diagram of amputation scheme and resulting fragments. (B) Photophobia was 

assessed by analyzing the speed of fragments moving out of the cone of light [distance moved by 

the most posterior edge of the fragment (bracket) divided by time]. (C) Graph of near UV light 

avoidance in worm fragments showing that near UV light causes a significant increase in speed 

for all fragments (n=20). PrePh: pre-pharyngeal. PostPh: Post-pharyngeal. Statistics: two-tailed 

independent t-test,  *** = p<0.001 (as compared to no light controls), error bars = SD. 
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responses are specific to near UV wavelengths and occur along the entire anterior-posterior axis 

of the animal. However, the genetic mechanism(s) for extraocular photoreception in planarians 

are unknown. We took a candidate gene approach to uncover potential mechanisms by searching 

the S. mediterranea genome (Robb et al., 2015; Robb et al., 2008) and the literature for planarian 

homologs to genes that regulate extraocular photoreception in other animals: CNG channels, 

Opsin, Lite-1, and TRPA1 (Bhatla and Horvitz, 2015; Edwards et al., 2008; Mathger et al., 2010; 

Pankey et al., 2010; Plachetzki et al., 2010; Xiang et al., 2010). We found no potential homologs 

for the C. elegans Lite-1 gene; however, S. mediterranea homologs for the other extraocular 

photoreception genes were identified (Table 1). Therefore, using RNAi we examined the role of 

the two planarian opsin orthologs (Lapan and Reddien, 2012; Sánchez Alvarado and Newmark, 

1999), two CNG-A homologs, and the TRPA1 homolog (Smed-TrpA) (Wenemoser et al., 2012) 

in mediating planarian extraocular responses.  

 

 

 

 

 

 

 

 

 

Treating whole worms with dsRNA made to the five identified homologs from Table 1, 

we found that only Smed-TrpA(RNAi) influenced extraocular behavioral responses to near UV   

GENE Planarian Homolog 
Planarian 

Homolog ID 

CNG-A CNG-A3/TAX-4 SMU15017470 

 CNG-A3-Like SMU15028995 

Opsin R-Opsin homolog 1 (Lapan and Reddien, 
2012) 

SMU15026624 

 R-Opsin homolog 2 (Sanchez Alvarado and 
Newmark, 1999) 

AF112361.1* 

Lite-1 none found -- 

TRPA1 Smed-TrpA (Wenemoser et al., 2012) SMU15032241 

CNG-A is subunit A.   SMU numbers are unique gene identifiers from the Smed genome database 

(Robb et al., 2015).   * is an NCBI accession number.  

Table 1: List of Extraocular Photoreception Genes Tested.  
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wavelengths (Fig.19A). TRPA1 is an ion channel that has been shown to be required for 

extraocular photoreception of UV light in Drosophila larvae (Xiang et al., 2010). Protein domain 

analysis between Drosophila TRPA1 and planarian Smed-TrpA shows the two genes to be highly 

conserved. In our extraocular assay using near UV laser light, the amount of tail thinning in both 

CNG-A(RNAi) homologs and r-opsin(RNAi) homologs were not significantly different from 

wildtype (Fig.19A). However, Smed-TrpA(RNAi) animals showed a significant decrease in tail 

thinning (Fig.19A,B2), as compared to wildtype worms (p<0.0001, Fig.19A,B1). These data 

suggest that, similar to Drosophila larvae, TRPA1 is required for planarian extraocular 

behavioral responses to near UV wavelengths. In situ hybridization of Smed-TrpA transcripts 

revealed that planarian TRPA1 is expressed throughout the entire anterior-posterior axis 

(Fig.19C1). These data are consistent with our worm fragment assay findings that planarians 

possess extraocular photoreception along their entire body. Furthermore, punctate Smed-TrpA 

expression was observed in dorsal tissues (Fig.19C2), reminiscent of the dorsal (sub)epidermal 

expression patterns of planarian body pigment synthesis genes, such as KMO-1, ALAS, ALAD-

1, and PBGD-1 (Stubenhaus et al., 2016). These data suggest that Smed-TrpA is in the right place 

to mediate planarian extraocular behavioral responses.  

 To more closely assess the role of Smed-TrpA in mediating extraocular versus ocular 

photoreception, we compared “blind” (double eye ablated) animals to Smed-TrpA(RNAi) animals 

using our avoidance assay (Fig.20). For these experiments, we used an eye ablation technique we 

previously developed that removes the eyes without disturbing the underlying brain tissues 

(Deochand et al., 2016). We found that sham surgery controls (where two pieces of anterior 

tissue outside the eye field were excised) displayed similar responses to uninjured wildtype  for 

both green (p = 0.98, Fig.20B) and near UV (p = 0.67, Fig.20C) wavelengths. As expected,  
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Figure 19. Smed-TrpA is required for extraocular behavioral responses to near UV light. (A)  

Graph of extraocular behavioral responses to near UV light following RNA interference (RNAi). 

Genes known to regulate extraocular photoreception in other animals (homologs to CNG channels, 

opsins, and TRPA1) were knocked down following dsRNA feeding then tested for tail thinning 

response. Graph is normalized to wildtype response. Tail thinning was significantly decreased only 

in Smed-TrpA(RNAi) animals (n≥21). Statistics: One-way ANOVA with Tukey’s multiple 

comparisons test, **** = p<0.0001 (as compared to wildtype responses), error bars = SEM. (B) 

Images showing wildtype thinning response (B1) and lack of response in Smed-TrpA(RNAi) 

animals (B2). (C) In situ hybridization for Smed-TrpA. Wildtype worms express Smed-TrpA along 

the entire length of the planarian body (C1), particularly in dorsal tissues (C2), while expression 

is lost following Smed-TrpA(RNAi) (C3). (n>13) A=anterior, P=posterior. 
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Figure 20. Both ocular and extraocular behavioral responses involve Smed-TrpA. (A) 

Representative examples of eye ablation assay. Surgery sham controls had tissue removed 

posterior to the eyes, while eyes were surgically removed in experimental groups (double eye 

ablation). Both groups were tested 24 hours post-surgery. Red arrows: resected tissue. (B-C) 

Graphs showing avoidance responses to green (B) and near UV (C) laser light across different 

treatment groups (n≥30). Double eye ablated worms showed a significant decrease in responses to 

green light while near UV light avoidance remained similar to controls, suggesting that eyes are 

needed for photoreception of green (but not near UV) wavelengths. Smed-TrpA(RNAi) 

significantly reduced responses to both green and near UV light, suggesting a role for Smed-TrpA 

in both ocular and extraocular behavioral responses. Statistics: two sample t-test between percents. 

**** = p<0.0001, * = p<0.05 (as compared to wildtype responses), error bars = SD. 
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double eye ablated animals had significantly reduced responses to green light (p < 0.05, 

Fig.20B). Double ablation of the eyes had no effect on the worm’s ability to respond to near UV 

light as compared to wildtype (p = 0.32, Fig.20C). These data are consistent with our findings 

that planarians possess extraocular photoreception of near UV wavelengths.  

We found that Smed-TrpA(RNAi) animals had significantly reduced responses to both 

green and near UV light (p < 0.05; Figs.20B,C). Our finding that, unlike wildtype , Smed-

TrpA(RNAi) animals largely failed to respond to green wavelengths in our avoidance assay 

(typically used to measure ocular responses) was unexpected, given our data showed that 

planarians have no extraocular responses to green light (Fig.16). Furthermore, responses to green 

light after double eye ablation of Smed-TrpA(RNAi) animals were not significantly different from 

responses after double eye ablation alone (p = 0.24, Fig.20B). These data suggest the possibility 

that behavioral responses to ocular photoreception may be mediated in part by Smed-TrpA. 

Together, our ablation assay data suggest that planarian responses to green light are largely 

driven by ocular photoreception, whereas behavioral responses to near UV light are largely 

driven by extraocular photoreception. In summary, our data demonstrate that Smed-TrpA is 

required for behavioral responses to light, and specifically extraocular responses to near UV 

light, in planarians.  

 

Discussion 

Our results support the hypothesis that planarians are in fact capable of extraocular 

photoreception and that light detection occurs along the entire body. Furthermore, similar to C. 

elegans and Drosophila larvae, extraocular photoreception in planarians is specific to near UV 

wavelengths. We found that extraocular exposure to either red or green wavelengths did not 
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elicit photophobic responses, unlike the significant tail thinning that was observed when 

planarians were exposed to near UV light. In addition to our behavioral studies, we also 

discovered that Smed-TrpA is involved in planarian extraocular avoidance behavior to near UV 

light. Like Drosophila larvae, we found that a TRPA1 ion channel homolog is required for 

wildtype tail thinning responses in planarians and that normal photophobic responses to near UV 

light are significantly decreased when Smed-TrpA is knocked down. 

TRPA1 is a nonselective cation channel that is permeable to Ca2+, K+, and Na+ ions and 

is a member of the large TRP family of ion channels. TRPA1 has been found in a variety of 

vertebrates and invertebrates, including humans, mice, rats, dogs, chickens, zebrafish, snakes, 

frogs, fruit flies, planarians, and C. elegans (Inoue et al., 2014; Laursen et al., 2015; Nilius et al., 

2012). TRPA1 is unique in that it functions mainly to detect signals that cause pain and 

inflammation, such as noxious chemicals and both mechanical and thermal stimuli (Bautista et 

al., 2013; Hill and Schaefer, 2009; Kwan et al., 2006; Zygmunt and Högestätt, 2014). It has also 

been determined that the TRPA1 gene is activated in response to reactive electrophiles (which 

are tissue-damaging agents with aversive effects in both invertebrates and vertebrates) an activity 

that has been highly conserved for ~500 million years (Kang et al., 2010). Electrophiles that 

activate TRPA1 are incredibly diverse and range from chemicals found in mustard and cinnamon 

to formaldehyde and acrolein, the latter of which is found in tear gas and vehicle exhaust. In 

addition to external irritants, TRPA1 is also sensitive to endogenous agents such as reactive 

oxygen species (ROS) that are released by cells in response to tissue damage and inflammation 

(Bautista et al., 2013; Bessac and Jordt, 2008; Viana, 2016). Some of the ROS known to be 

TRPA1 activators include hypochlorite, H2O2, and ozone (O3) (Takahashi and Mori, 2011).  
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We found that while planarians possess photophobic ocular responses to green light, they 

display no extraocular responses to green light. Although the majority of double eye ablated 

“blind” animals had no response to green light, a small percentage were still able to respond. 

While this avoidance could have been the result of residual eye tissue after surgery, planarians 

may also possess different types of extraocular photoreceptors in the head and tail. Interestingly, 

the majority of Smed-TrpA(RNAi) animals also had no response to green light (Fig.20). These 

data suggest that TRPA1 is required for ocular behavioral responses to green. This would appear 

to be the first recorded instance of TRPA1 involvement in ocular (visual) behavioral responses, 

although it does not rule out the possibility of off target or compensatory effects. In addition, our 

data reveal that Smed-TrpA is required for extraocular responses specifically to near UV 

wavelengths. Light-initiated behavioral responses (whether ocular or extraocular) involve photon 

capturing and phototransduction of light information to the nervous system (signal input), as well 

as translation of that input into specific behaviors (signal output). The data presented here do not 

distinguish between a role for Smed-TrpA in actual phototransduction as opposed to a role in the 

signal output controlling behavior.  

While our data does not exclude the possibility that Smed-TrpA is involved in converting 

photons into electrical signals (traditional phototransduction), alternate mechanisms have been 

proposed in both Drosophila larvae and human melanocytes. It has long been known that UV 

light exposure generates cellular ROS, including H2O2; and, there is now evidence linking UV 

light-induced H2O2 production and activation of TRPA1 channels (Hill and Schaefer, 2009; 

McCormick et al., 1976). Drosophila larvae are capable of extraocular photoreception of UV 

light using cells found along their body wall (Xiang et al., 2010). A subsequent study identified 

two Drosophila TRPA1 isoforms that are directly activated by UV-produced H2O2 (Guntur et al., 
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2015). Similarly, it has been shown in humans that epidermal melanocytes detect UV light 

(resulting in melanin synthesis), where phototransduction appears to involve a G protein-coupled 

receptor cascade that activates downstream TRPA1 channels (Bellono et al., 2014). These data 

implicate TRPA1 in mediating light-induced responses downstream of light detection. 

The results of our neutral density filter experiments show that there is an inverse 

relationship between light attenuation and extraocular behavioral responses to near UV light. We 

observed a steady decrease in tail thinning as light attenuation increased. We ruled out the 

possibility of contributions by either heat or differences in light intensity, suggesting that it is the 

light stimulus itself causing the behavioral responses. However, our data do not eliminate the 

possibility that the animals are responding to pain, or nociception. Given that UV light can cause 

detrimental biological effects and TRPA1 is known to respond to reactive electrophiles, 

including UV-induced H2O2, it is possible that planarian extraocular behavioral responses to near 

UV light could be due to nociception. 

 Sensitivity to UV light is common in the animal kingdom, with its function ranging from 

mate selection in birds to feeding behavior in fish (Cronin and Bok, 2016; Hunt et al., 2001a; 

Hunt et al., 2001b). It has also been suggested that in zooplankton, mainly crustaceans and some 

mollusks, avoidance of UV radiation is the driving force of diel vertical migrations (Gehring and 

Rosbash, 2003). A range of other invertebrates also display negative phototaxis to UV light, 

including Daphnia, C. elegans, Drosophila larvae, and planarians (Edwards et al., 2008; Paskin 

et al., 2014; Storz and Paul, 1998; Xiang et al., 2010). It is well known that UV light causes 

significant damage to nucleic acids and proteins (Sinha and Hader, 2002). In planarians, 

extended exposure to UV radiation also causes damage to their protective mucosal layer and 
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leads to visible wounds (Kalafatić et al., 2006). Therefore, in animals like planarians that have 

few natural defenses, avoidance of UV light might offer significant adaptive advantages. 

 In the current study, our results clearly demonstrate that planarians are indeed capable of 

extraocular photoreception. Conversely, a few studies have reported that they failed to observe 

extraocular behavioral responses in planarians (Arees, 1986; Azuma and Shinozawa, 1998), 

despite several accounts of planarian extraocular photoreception in the historical literature 

(Parker, 1900; Steven, 1963; Taliaferro, 1920). The discrepancy between our results 

(demonstrating extraocular responses) and those that reported a lack of extraocular responses 

could be due to several factors. First, these other studies used different planarian species, 

specifically in the genus Dugesia, whereas our study examined Schmidtea mediterranea. 

Therefore, the observed differences could be merely species-related. However, since Schmidtea 

and Dugesia are closely related, a more likely explanation would be differences in the light 

source(s) used. Our results show that extraocular photoreception is specific to near UV 

wavelengths and that planarians do not respond to longer wavelengths without eyes. These 

previous studies examining extraocular responses have used white light only, which is a 

combination of many different wavelengths, whose composition varies widely between light 

sources. Therefore, it is impossible to know the exact composition of wavelengths used from 

each study. Thus, the most likely explanation is that the white light source used in those early, 

historical experiments may have contained a greater percentage of UV wavelengths than the 

more recent studies.  

 Our data suggests that, similar to Drosophila, extraocular near UV light avoidance in 

planarians is mediated by TRPA1. This opsin-independent mechanism for extraocular 

photoresponses is intriguing because it suggests a separate evolutionary origin from opsin-based 
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phototransduction.  Additionally, the fact that several other extraocular mechanisms seem to be 

sensitive to UV light, including cryptochromes and the C. elegans gustatory-related receptors 

(Bhatla and Horvitz, 2015; Chaves et al., 2011; Edwards et al., 2008; Haug et al., 2015), might 

reflect the evolution of early life in aquatic environments where short wavelengths penetrate 

water more substantially than long wavelengths (Gehring and Rosbash, 2003). However, a true 

understanding of the evolution of extraocular photoreception will require investigation into the 

mechanisms in many other species, both among different planarian species as well as in other 

invertebrates and vertebrates. 

 All data and figures presented in chapter IV were published in the Journal of 

Experimental Biology with the title, “The planarian TRPA1 homolog mediates extraocular 

behavioral responses to near ultraviolet light” (Birkholz and Beane, 2017). 
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CHAPTER V: CONSERVED MECHANISMS OF EYE REGENERATION 

 

 

Introduction 

Although the human eye has very limited regenerative ability, there are several animals 

that are capable of regenerating lost eye tissue. An important part of current research in 

regenerative medicine is to determine evolutionarily conserved signaling pathways required for 

regeneration. This can be difficult, however, since animals vary drastically in their regenerative 

capacity with many animals only capable of regenerating specific tissues. Hydra (Chera et al., 

2009) and planarians (Beane et al., 2011) can regenerate their entire head while C. elegans have 

limited regenerative capabilities. Even among closely related species regenerative abilities can be 

variable. For example, newts (Kumar et al., 2007) and axolotls (Kragl et al., 2009) can 

regenerate complete limbs while adult frogs only regenerate a cartilaginous spike-like structure 

(Dent, 1962). For these reasons, uncovering conserved regenerative mechanisms between very 

diverse species, i.e. vertebrates and invertebrates, has been difficult. However, if we can identify 

a set of signals used during regeneration in two highly divergent species (i.e. invertebrate and 

vertebrate), it is more likely that these signals are evolutionarily conserved. It is important to 

understand the cellular and molecular dynamics involved during regeneration in a wide range of 

species because it is plausible that regeneration mechanisms were selected for early in evolution 

and may be conserved in higher animals, such as mammals. Any such identified pathways could 

be used to develop therapies for human regeneration. 

The vertebrate eye is a highly complex structure and molecular studies have shown that 

many features of the eye are evolutionarily conserved. For example, there are two main 
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photoreceptor neuron types (rhabdomeric and ciliary) that both rely on opsins for 

phototransduction (Arendt, 2003). Eye development also involves several highly conserved 

genes such as Pax-6 (Gehring and Ikeo, 1999), Sin oculis (Hanson, 2001), Eyes absent (Bonini et 

al., 1993), and Otx (Leuzinger et al., 1998). Additionally, individual eye tissues are known to be 

regenerative in different animals; lens regeneration occurs in salamanders (Henry and Tsonis, 

2010) and zebrafish have the ability to regenerate retina (Brockerhoff and Fadool, 2011). 

However, historically only a few invertebrates, including the planarian (Deochand et al., 2016) 

and mystery snail (Bever and Borgens, 1988), were known to be able to regenerate all eye 

tissues. Recently, it has been discovered that the developing Xenopus laevis embryo is also 

capable of regenerating the entire eye (Kha et al., 2018). This makes the planarian and 

embryonic Xenopus excellent models for identifying underlying conserved mechanisms in eye 

regeneration.  

Our preliminary data suggests that a common signaling pathway regulated by Vacuolar 

ATPases (V-ATPases) may be used during eye regeneration in both Xenopus embryos and adult 

planarians. V-ATPases are ATP driven proton pumps that have a highly conserved structure 

among all eukaryotic cells (Pamarthy et al., 2018). V-ATPase consists of multiple subunits that 

are arranged into two complexes: the peripheral V1 domain and the integral membrane domain 

V0 (Forgac, 2007). V-ATPases function to acidify vesicular, luminal, and extracellular 

environments and are therefore involved in numerous cellular functions (Holliday, 2014). Within 

the cell, V-ATPase is found on the surface of endosomes, where acidification is crucial for 

uncoupling of internalized ligand-receptor complexes as well as for the recycling of receptors 

back to the plasma membrane after signaling initiation (Maxfield and McGraw, 2004). In 

lysosomes and other degradative organelles, a low pH is required for enzymes to degrade 
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internalized macromolecules (Saftig and Klumperman, 2009). V-ATPases are also found on the 

plasma membrane where they are important for renal acidification, bone resorption, sperm 

maturation, and pH homeostasis (Pamarthy et al., 2018).  

V-ATPases have been shown to play a role in a large number of biological contexts, 

including both regeneration and eye development. In zebrafish, V-ATPase plays a key role in 

regulating eye growth, neuronal survival and photoreceptor morphogenesis (Nuckels et al., 

2009). V-ATPases also play an important role in the proper development of the ocular system in 

flies (Pyza et al., 2004). In regenerative models, V-ATPase activity has been shown to be 

required for adult zebrafish fin regeneration (Monteiro et al., 2014), as well as Xenopus tail 

regeneration (Adams et al., 2007). 

In the current study, we used two divergent model organisms that both have the capacity 

to regrow the entire eye organ: embryonic Xenopus and adult planarians (Deochand et al., 2016; 

Kha et al., 2018). This allowed us to investigate conserved mechanisms of eye regeneration 

between vertebrates and invertebrates. We hypothesize that a conserved signaling pathway that 

involves V-ATPases, Notch, and apoptosis is required for eye regeneration in these two 

regenerative animal models. 

 

Materials and Methods     

 

Animals and Colony Care 

 An asexual strain of Schmidtea mediterranea was used and maintained as previously 

described (Paskin et al., 2014), with worm water comprised of 0.5 g/L of Instant Ocean salts 
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(Spectrum Brands, Blacksburg, VA, USA). Worms used were 5-7 mm in length and were starved 

at least one week prior to experimentation.  

 

Microsurgeries 

Worms were immobilized via chilling on a custom Peltier plate covered with a moist 

Kimwipe topped by white filter paper (Whatman #2). Using a scalpel, animals were cut just 

above and below the pharynx (for pharynx fragments) or midway between the head and tail 

(bisected). Removal of eyes was performed by scooping the eye out with the beveled tip of a 31-

gauge insulin needle (5/16” in length), where the syringe was used as a handle. Following 

surgery, worms were placed into fresh worm water and allowed to regenerate at 20◦C in the dark. 

 

Histology 

Worms were fixed using Carnoy’s, stored in EtOH at −20◦C, and processed as previously 

described (Stevenson and Beane, 2010). Worms were embedded in paraffin wax and cut into 7-

μmsections with a microtome (Leitz 1512, Leica, Wetzlar, Germany). Slides were removed of 

wax and rehydrated with a series of washes in xylene and alcohol, respectively. Tissues were 

stained with hematoxylin and eosin (Fisher, Waltham, MA) and mounted with Permount (Fisher) 

following standard protocols. 

 

RNAi and Pharmacology 

For RNAi experiments, dsRNA was generated and injected as previously described 

(Beane et al., 2013). Whole worms were injected with dsRNA to H+,K+-ATPase on days 1-3 and 

scored at 8 weeks. Chemicals and working concentrations used include: 450 nM bafilomycin A1 



95 
 

(Cayman Chemical, Ann Arbor, MI), 50 nM concanamycin A (Cayman Chemical, Ann Arbor, 

MI), 200 µM LY411575 (Cayman Chemical, Ann Arbor, MI), 10 µM MG-132 (Sigma Aldrich, 

St. Louis, MO), 10 µM NS3694 (Sigma Aldrich, St. Louis, MO), and 1 µM ivermectin (Sigma 

I8898) was made and used as previously described (Beane et al., 2011). Worms were presoaked 

in 1 µM ivermectin for 3 days prior to decapitation when Ivermectin was refreshed and worms 

were scored on day 7. Stock solutions were made with dimethyl sulfoxide (DMSO; ATCC, 

Manassas, VA) and stored at -20°C. Working concentrations were made by diluting stock 

concentrations with worm water. DMSO concentration of working solutions did not exceed 10 

µl/ml.  

 

Regeneration Assay 

Pharynx fragments or tail fragments (as described above) from S. mediterranea were 

placed in drug in 6-well untreated culture plates immediately after surgery. On any new 

treatment day, a control group was also included that were cut then exposed to the highest 

DMSO concentration of that day (never to exceed 10 µl/ml). Water was not changed during the 

course of treatment. Eye regeneration was examined and photographed after 7 days of drug 

exposure. Phenotypes observed included the following: wild-type (where animals were 

undistinguishable from untreated controls), complete loss of eye regeneration, eye regeneration 

that occurred in the pigment of old tissue instead of blastema, several tiny eyes that regenerated 

in the middle of the head (these eyes were much smaller than control eyes and formed a line in 

the middle of the head), and reduced or absent blastema (with minimal or no eye regeneration). 

All phenotypes described above (other than wild-type) were grouped together for analysis and 

considered to have “reduced eye regeneration.” Additionally, a few DMSO control animals (3/98 
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total) as well as a few drug-treated animals (9/138 total treated) regenerated with additional 

pigment cells. However, there was not statistical significance in this phenotype, and therefore, 

these were not included in the analysis of our reduced eye regeneration phenotype. 

 

Image Collection and Statistical Analysis 

 All images were collected using a Zeiss V20 fluorescent stereomicroscope with AxioCam 

MRc camera and Zen Lite software (Zeiss, Oberkochen, Germany). Adobe Photoshop was used 

to orient, scale, and improve clarity of images. Data were neither added nor subtracted; original 

images available upon request.  

Significance was determined by the number of animals that had a “reduced eye 

regeneration phenotype” (described above). The percent of animals that had the described 

phenotype was calculated in each drug group and compared with the corresponding DMSO 

vehicle control group (group with same DMSO concentration as drug). A two sample t-test 

between percents was used to determine significance with the Statistics Calculator software 

(StatPac, V. 4.0, StatPac Inc., Northfield, MN, USA) with p<0.05 significant. 

 

Results 

 

Evidence for Conserved Eye Regeneration Mechanisms 

 It has recently been demonstrated that both developing Xenopus (Kha et al., 2018) and 

adult planarians (Deochand et al., 2016) are capable of directed eye repair following eye 

removal. We first wanted to confirm eye regeneration using our previously described eye 
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ablation technique where one eye was removed (red arrowheads, Fig. 21) while the other eye 

was left intact as an internal control (n≥15) (Deochand et al., 2016).  

 We found that our eye ablation assay successfully removed all eye tissues (red 

arrowheads, Fig. 21A2, 21B2). The regenerating eye appeared similar to the control eye at 14 

days (yellow arrowhead, Fig. 21A3) and by day 28, the ablated and control eyes were nearly 

identical with regards to size and shape (Fig. 21A4, 21B3). In Xenopus, the ablated eye was 

similar to the intact control eye by 5 days after ablation (data not shown, personal 

communication Dr. Tseng, UNLV). 

 These results show that after eye ablation, Xenopus and planarians are both able to 

completely regenerate all eye tissues.  Although the regeneration of individual eye tissue has 

been documented in other animals, the ability to regenerate the entire eye is very rare and, to our 

knowledge is limited to animals with eye talks, such as the mystery snail (Bever and Borgens, 

1988), and planarians and Xenopus. Therefore, these two evolutionarily divergent animals are 

ideal for investigating conserved mechanisms of eye regeneration. 

 

V-ATPase is Required for Eye Regeneration in Planarians 

Our primary goal was to elucidate conserved mechanisms required for eye regeneration 

in both Xenopus and planarians. The proton pump, V-ATPase, has been shown to be involved in 

both eye development and regeneration (Adams et al., 2007; Monteiro et al., 2014; Nuckels et 

al., 2009; Pyza et al., 2004). Therefore, we decided to investigate V-ATPase as a potential 

conserved mechanism for eye regeneration.  Following head amputation in planarians, V-

ATPase activity was pharmacologically inhibited by exposing animals to either bafilomycin A1   
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Figure 21. Characterization of Planarian Eye Regrowth Following Eye Ablation. (A-D) 

Planarian eyes were similar to control by 14 days. Eye tissues visualized with hematoxylin and 

eosin staining. n≥15 for each. Yellow arrowheads = regenerating eye. Red arrowheads = ablation 

site.  
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 or concanamycin A and regeneration was examined 7 dpa.  

Exposure to 50 nM concanamycin (Fig. 22A2) resulted in significantly disrupted eye 

regeneration in planarians, with treated animals having much smaller eyes that frequently 

regenerated within the pigment of the old tissue instead of the blastema. In addition, these 

animals regenerated with smaller blastemas than controls. The same phenotype was also 

observed using a different V-ATPase inhibitor, bafilomycin. Again, after 7 days of exposure to 

450 nM bafilomycin, a significant number of animals regenerated with both smaller eyes and 

blastema (Fig. 22A3).  Similar to planarians, inhibition of V-ATPase with concanamycin in 

Xenopus also impairs eye regeneration (data not shown, personal communication Dr. Tseng, 

UNLV). Together, this data suggests that V-ATPase is a conserved mechanism required for eye 

regeneration in both Xenopus and planarians. 

Our data revealed that when V-ATPase is inhibited, eye regeneration is disrupted. One 

possibility for how V-ATPase affects eye regeneration could be through its regulation of 

membrane voltage. V-ATPase is a proton pump that on the plasma membrane functions to pump 

positive hydrogen ions out of the cell (Pamarthy et al., 2018). A net negative charge inside the 

cell leads to hyperpolarization, while depolarization results from a net positive charge. 

Therefore, it is possible that the role of V-ATPase during eye regeneration involves 

hyperpolarization. Membrane voltage has been shown to be required for eye induction during 

Xenopus embryogenesis, as modulation either inhibits eye formation (with depolarization) or 

produces ectopic eye formation (with hyperpolarization) (Pai et al., 2012). Therefore, we decided 

to examine the role of membrane voltage during eye regeneration.   
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Figure 22. V-ATPase and Hyperpolarization Are Required for Eye Regeneration (A) 

Planarian eye regeneration was significantly impaired 7 dpa with V-ATPase inhibition using either 

50 nM concanamycin A (n=15, p<0.01)(A2) or 450 nM bafilomycin A1 (n=30, p<0.0001)(A3) 

compared to DMSO vehicle controls (n>19 for each group)(A1). (B) Ectopic hyperpolarization 

with H+,K+-ATPase RNAi resulted in ectopic eye formation (B2). In contrast, depolarization 

(using 1 µM ivermectin) following eye ablation inhibited planarian eye regeneration (B4). Yellow 

arrowheads = ectopic eye growth. Red arrowheads = eye regrowth inhibition. 
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We found that similar to Xenopus embryogenesis, hyperpolarization via H+,K+-ATPase 

inhibition led to ectopic eye growth in planarians (Fig. 22B1, 22B2). Additionally, depolarization 

(via ivermectin treatment) inhibited eye regeneration (Fig. 22B3, 22B4). A similar phenotype is 

observed with hyperpolarization in Xenopus where overexpression of a voltage-gated sodium 

channel also results in ectopic eye growth (data not shown, personal communication Dr. Tseng, 

UNLV). These results are consistent with V-ATPase playing a hyperpolarizing role during eye 

regeneration since inhibition of V-ATPase led to a reduction of eye regeneration.  

 

Notch is Required for Eye Regeneration 

Another mechanism that has been shown to be involved in both the visual system and 

regeneration is the Notch signaling pathway. The Notch signaling pathway is a highly conserved 

cellular communication pathway that is involved in cell fate determination, differentiation, and 

patterning in a wide variety of developmental processes (Artavanis-Tsakonas et al., 1999). The 

Notch pathway is initiated when the extracellular region of the Notch receptor binds with Delta 

or Serrate/Jagged ligands on neighboring cells. Following binding, the receptor is cleaved for 

activation by γ-secretase, which generates the Notch intracellular domain (NICD) (Lai, 2004). 

The NICD then translocates into the nucleus to modify transcription of target genes (Kopan, 

2002).  

Notch signaling is important for eye development in several different animals. For 

example, Notch is required for the determination of glia cells in the retina of rodents and 

zebrafish (Furukawa et al., 2000; Scheer et al., 2001), regulating eye disc development in 

Drosophila (Cagan and Ready, 1989), and is also involved in cell fate specification in the 

developing Xenopus retina (Dorsky et al., 1995). It addition to the visual system, Notch has also 
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been shown to play a fundamental role during regeneration. Notch is required for blastema 

proliferation and differentiation during zebrafish fin regeneration (Münch et al., 2013), is 

required for retina regeneration in both goldfish (Sullivan et al., 1997) and newts (Kaneko et al., 

2001), and also plays a role in hydra head regeneration (Münder et al., 2013).  

Due to its function in eye development and regeneration, we next investigated the role of 

Notch in planarian eye regeneration. We found that Notch inhibition with 10 µM MG-132 

caused 90% of the animals to regenerate with markedly reduced eyes and blastema size (Fig. 

23A, 23B). Although this phenotype was similar to V-ATPase inhibition, in contrast, the eyes 

typically regenerated in the blastema instead of in the old tissue as was observed with V-ATPase 

inhibition (Fig. 22A3). Additionally, we found that when Notch was inhibited using a different 

drug, 200 µM LY411575, there was also a significant number of worms with reduced eye 

regeneration (Fig. 23C). However, the phenotype with LY411575 exposed animals was slightly 

different than previously observed phenotypes. The eyes that regenerated were considerably 

smaller than control and several of these tiny eyes regenerated in the middle of the head in the 

shape of a line. Also, the blastema appeared slightly larger than with other drug treatments. 

These results are likely due to differences in the mechanism of Notch inhibition between the 

drugs. 

Similar to planarians, it has also been found that Notch inhibition disrupted eye 

regeneration in Xenopus. When Xenopus were exposed to MG-132 following eye ablation, there 

was significant reduction of eye regrowth (data not shown, personal communication Dr. Tseng, 

UNLV). Together, these results suggest that Notch is a conserved signaling pathway required for 

eye regeneration in both Xenopus and planarians. 
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Figure 23. Notch is Required for Eye Regeneration. (A-C) Seven days following decapitation, 

planarian eye regeneration was impaired when Notch was inhibited with 10 M MG-132 (n=20, 

p<0.0001) or 200 M LY411575 (n=20, p<0.01) (DMSO control, n=20 per drug). Red 

arrowhead = eye growth with inhibitor treatment.   
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Apoptosis is Required for Eye Regeneration 

Although it may seem counterintuitive, apoptosis, or programmed cell death, also plays a 

critical role in many regenerative contexts. Apoptosis is driven by a family of cysteine proteases, 

called caspases, that can cleave cellular substrates and ultimately leads to the death of the cell 

(Elmore, 2007). Regeneration of damaged or lost tissue often requires compensatory 

proliferation within surviving tissue and multiple studies have shown that the initiation of 

apoptosis commonly drives this increase in mitotic activity (Fogarty and Bergmann, 2017). 

Apoptosis-induced proliferation is required for both tail and eye regeneration in Xenopus (Kha et 

al., 2018; Tseng et al., 2007), Hydra head regeneration (Chera et al., 2009), and also plays a role 

in wound healing and liver regeneration in mice (Li et al., 2010).  

During planarian regeneration, there are two main waves of apoptosis. The first apoptotic 

peak is part of the generic wound response and does not appear to regulate proliferation 

(González-Estévez and Saló, 2010; Pellettieri et al., 2010). However, the second apoptotic wave 

that occurs 3 days post amputation is required for apoptosis-induced proliferation and 

regeneration (Beane et al., 2013).  

Previous studies have already shown that apoptosis is required for eye regeneration in 

Xenopus (Kha et al., 2018). Therefore, we examined the role of apoptosis in planarian eye 

regeneration. We found that when apoptosis was pharmacologically inhibited with 10 µM 

NS3694 for 7 days following amputation, planarians regenerated with a phenotype similar to 

what was observed with V-ATPase and Notch inhibition where both eyes and blastema 

regenerated much smaller than control (Fig. 24A). Furthermore, we also saw that like V-ATPase 

inhibition, several of the eyes regenerated in the old tissue instead of within the regenerating 

blastema. These results suggest that, like Xenopus, planarian eye regeneration requires apoptosis.   
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Figure 24. Apoptosis, Notch, and V-ATPase are Required for Proposed Eye Regeneration 

Signaling Pathway (A) Planarian eye regeneration is reduced at 7 days when apoptosis is 

inhibited with 10 M NS3694 (n=49) (DMSO control, n=19). P <0.05. Red arrowhead = eye 

growth with inhibitor treatment. (B) Proposed signaling pathway required for eye regeneration in 

both planarian and Xenopus. 
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Discussion 

The results from this study confirm our previous work showing that adult planarians 

(Deochand et al., 2016) and Xenopus embryos (Kha et al., 2018) are capable of eye regeneration. 

Targeted removal of the eye in planarians results in complete eye repair after 14 days (Fig. 21). 

Furthermore, we identified several mechanisms that were required for eye regeneration, 

including the ion channel, V-ATPase (Fig. 22), Notch (Fig. 23), and apoptosis (Fig. 24A).  

Our results suggest that V-ATPase, Notch, and apoptosis are conserved mechanisms of 

eye regeneration since pharmacological inhibition of each inhibits eye regeneration in both 

planarians and Xenopus (data not shown, personal communication Dr. Tseng, UNLV). 

Furthermore, the current body of literature indicates a relationship exists between these 

mechanisms. Based on this information, we propose the following cell signaling pathway is 

involved in eye regeneration: eye removal activates V-ATPase ion channels (and subsequent 

hyperpolarization of tissue), which causes Notch upregulation. Notch then signals an increase in 

apoptosis that leads to apoptosis-induced proliferation of cells needed for eye regeneration (Fig. 

24B).  

Although further experiments will be needed to confirm the epistatic relationship 

between V-ATPase, Notch, and apoptosis during eye regeneration, there is already evidence that 

V-ATPase activity is upstream of Notch. V-ATPases have a known role in regulating signaling 

pathways, especially in pathways that depend on the endolysosomal route, like the Notch 

signaling pathway (Le Borgne, 2006). Following ligand binding, the Notch receptor is taken into 

the cell via endocytosis and studies have shown that V-ATPases are needed to produce an acidic 

environment for γ-secretase activity and Notch cleavage (Vaccari et al., 2010; Yan et al., 2009). 
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Additionally, V-ATPases are required for Notch receptor degradation in lysosomes (Baron, 

2012).  

Examples for the requirement of V-ATPase in Notch signaling have been reported in 

Drosophila eye discs (Yan et al., 2009), the developing mouse cortex (Lange et al., 2011), and 

astrocytes found in the optic nerve in rats (Valapala et al., 2013). V-ATPase has also been shown 

to play a role upstream of apoptosis. In fact, V-ATPase inhibitors have been a target in cancer 

research for many years due to their known role in apoptosis and tumor reduction (Izumi et al., 

2003). This evidence is consistent with our proposed V-ATPase signaling pathway where V-

ATPase is required for upregulation of Notch and subsequent increased apoptosis. 

We further hypothesize that Notch is acting upstream of apoptosis during planarian and 

Xenopus eye regeneration based on current research implicating Notch in regulating apoptotic 

cell death in the eyes and nervous system of other animals. For example, in the developing 

retinas of both Drosophila (Miller and Cagan, 1998) and zebrafish (Scheer et al., 2001), Notch 

activation promotes apoptosis. Similarly, inhibition of Notch during mouse development results 

in reduced apoptosis of early neural progenitor cells (Yang et al., 2004). Together, these studies 

support a hypothetical signaling pathway where V-ATPase activates the Notch pathway, which 

in turn signals apoptosis and cell proliferation. 

One of the most important issues in regenerative medicine is finding conserved 

mechanisms of regeneration in many different animals with the ultimate goal being able to 

understand these processes so that they can be applied to human health matters. Historically, 

studies tend to compare regenerative mechanisms between two closely related species. In 

contrast, we hypothesize that identifying conserved mechanisms between extremely different 

organisms (a vertebrate and an invertebrate) is more likely to identify mechanisms that will 
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translate into a wider range of species. Understanding ancestral processes involved in directed 

eye repair could ultimately assist in developing treatments to stimulate eye regeneration in 

humans with degenerative eye disease or severe eye injuries. 
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CHAPTER VI: GENERAL DISCUSSION AND FUTURE DIRECTIONS 

 

 

Summary of Results 

 The eyes are sensitive organs that are highly susceptible to traumatic injury. In the 

United States, 2.4 million ocular injuries occur every year, making traumatic eye injury the 

leading cause of unilateral blindness (McGwin and Owsley, 2005; Scruggs et al., 2012). 

Understanding the mechanisms that are required for eye regeneration is critical if we want to 

promote eye regeneration in non-regenerative species, like mammals. 

Although some vertebrates can regenerate individual eye tissues (Brockerhoff and 

Fadool, 2011; Henry and Tsonis, 2010), the ability to regenerate the entire eye organ is limited to 

only a few animal models, including planarians. Planarians make excellent models for studying 

eye regeneration for many reasons. In addition to their regenerative abilities, planarians share 

many of the same eye developmental genes as vertebrates (Lapan and Reddien, 2012), they are 

small and relatively easy to care for in the lab, and some species such as S. mediterranea have a 

completely sequenced genome (Robb et al., 2015). Although much work has been done in 

determining the genes that are involved in planarian eye regeneration, there was still some 

critical foundational knowledge that was lacking regarding the planarian visual system. The 

purpose of this work was to increase our understanding of the basic properties of the planarian 

visual system, as well as develop some essential tools that were needed to effectively study eye 

regeneration in planarians.  

A major problem in previous eye regeneration studies was the use of white light to 

determine functional recovery of the eyes. White light consists of many different wavelengths 
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and these studies did not take into consideration that different wavelengths could affect 

behaviors. Therefore, in our work from chapter III, we developed an easily reproducible 

behavioral assay and found that planarians do possess differential behavioral responses to 

different wavelengths of light, including UV and IR. Furthermore, we found that these behaviors 

have an inverse relationship with wavelength where the shortest wavelengths (UV) caused the 

most intense photophobic responses while the longest wavelengths resulted in no response (red) 

or even an opposite photophilic response (IR). These results demonstrate the importance of 

spectral composition on planarian behavior and suggest that the previous use of white light in 

regeneration studies may be masking complex behaviors or even confounding results. 

Another fundamental characteristic of the planarian visual system that was never taken 

into consideration in regeneration assays was their ability to respond to light using mechanisms 

outside of the eye, or extraocular photoreception. This might be partly due to the fact that 

historical studies show conflicting evidence for planarian extraocular photoreception. While 

early studies found that eyeless planarians are negatively phototactic (Parker, 1900; Steven, 

1963; Taliaferro, 1920), more recent studies failed to observe behavioral responses to white light 

following eye removal (Arees, 1986; Azuma and Shinozawa, 1998). We found that similar to 

leeches (Jellies, 2014a), Drosophila (Xiang et al., 2010), and C. elegans (Edwards et al., 2008), 

planarians do respond to UV wavelengths using mechanisms outside of the eye. Furthermore, we 

found that these extraocular responses are mediated in part by the TRPA1 ion channel. The 

results of this study might help to explain the contradictory results from older studies as the 

white light composition in some experiments, but not others, may have extended into the UV 

range. In future studies, we can now make sure this is taken into account so that dermal 

responses can be excluded when testing for functional eye recovery during regeneration.  
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The ultimate goal of our work was to look at mechanisms involved in regenerating eyes 

in situ. Although we know a lot about the genes involved in stem cell differentiation during eye 

regeneration (Lapan and Reddien, 2012), this alone does not explain all the important details 

involved in the complex process of regeneration. For example, following decapitation how do 

planarians know to regenerate two eyes in the correct location? This relatively new field, called 

regenerative morphology, describes how an animal reestablishes overall shape during 

regeneration. Regenerative morphology is completely distinct from the signaling pathways that 

are more commonly studied but is just as important to consider when examining how 

regeneration is established.  

Although it may not seem immediately apparent, regenerative morphology is critical for 

planarian eye regeneration. Following decapitation, the eyes have to regenerate completely de 

novo. This means that the animal must decide which specific tissue to regenerate (eyes and brain, 

not tail or pharynx), produce the correct number of new cells, position the new eyes in the 

correct location, make sure the eyes are the correct shape and are scaled to the appropriate size, 

and know when to stop regenerating. If the eyes do not regenerate with the correct shape or 

number of cells, this could disrupt their ability to detect the direction of incoming light, which is 

critical for an animal with very few defenses.  

Our data suggests that one of the mechanisms that planarians might use to regenerate 

eyes in the correct location is V-ATPase and hyperpolarization. Our results showed that when V-

ATPase is inhibited, (most likely causing depolarization), eye regeneration is disrupted and eyes 

do not regenerate in the correct location. These data suggest that just understanding the genes 

involved in stem cell differentiation is not sufficient for understanding all of eye regeneration 

and it is critical to also consider regenerative morphology and how these mechanisms interact. 
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Future Directions 

 

Electrophysiological Recordings 

In chapter III, we found that planarians display differential behavioral responses to 

different wavelengths of light, including UV and IR. However, our data did not provide direct 

evidence that photophobic responses were a result of the activation of a phototransduction 

cascade within the eye. Therefore, it would be interesting to take electrophysiological recordings 

during exposure to different wavelengths, in particular UV and IR, to determine if the behavioral 

responses we observed were actually from the detection of photons of light or from a secondary 

variable that the light produced (i.e. heat or ROS)). Our results show that planarians are intensely 

photophobic to UV wavelengths and can also respond to UV using mechanisms outside of the 

eye. Therefore, it is possible that all negative phototactic behavior observed to UV light was a 

result of extraocular mechanisms. Examination of action potentials produced within the eye 

during UV light exposure would show us if the planarian eye has opsins capable of detecting UV 

wavelengths.  

Electrophysiological recordings would also be useful for examining how the planarian 

eye responds to IR wavelengths. We found that planarians actually preferred IR light to dim 

background lighting but, again, we do not know if this was actually due to light detection or 

another mechanism. For example, the control background lighting was not completely dark, and 

it is possible that IR wavelengths could function to reduce opsin activation, making the IR light 

appear darker. Another possibility is that the IR energy could be producing a small amount of 
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heat that the animals might prefer. This could also be tested by developing an assay to examine 

temperature preference. 

 

Wavelength and Eye Regeneration 

Since we know that planarians display different behavioral responses to individual 

wavelengths, it might also be interesting to examine if eye regeneration is also affected by 

different wavelengths. This would be a relatively easy experiment where we would either 

decapitate or remove only eye tissue then place animals under a specific wavelength. After 1-2 

weeks we could examine eye regeneration both morphologically and functionally (to see if 

wavelength-specific responses are affected). It is possible that, similar to our behavioral results, 

regenerative capacity when exposed to different wavelengths could occur in a hierarchy and be 

correlated with wavelength (highly regenerative under IR light and inhibited under UV light). IR 

wavelengths have been shown to increase stem cell proliferation during planarian regeneration 

(Wu and Persinger, 2011). It seems as though under stressful conditions, like UV light exposure, 

proliferation and eye regeneration could very well be compromised.  

 

TRPA1 Activation by H2O2 and ROS 

Our results from chapter IV show that planarians behaviorally respond to UV light using 

extraocular photoreception and this response is mediated in part by the ion channel TRPA1. 

Although it has been known for some time that UV light generates cellular ROS (including 

H2O2), it has also been demonstrated that in Drosophila, UV light-induced H2O2 production 

activates TRPA1 channels (Guntur et al., 2015). Furthermore, a recent study in planarians found 

that the activation of Smed-TrpA (planarian homologue of TRPA1) is mediated by H2O2 and 
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ROS (Arenas et al., 2017). I think it would be interesting to expand on these results by directly 

exposing planarians to a concentrated stream of H2O2 to see if they react with a similar 

behavioral response as UV light exposure (tail thinning). We could also use a general oxidative 

stress indicator dye, 5-(and-6) chloromethyl-2’,7’- dicholorodihydrofluorescein diacetate, to 

examine ROS production during UV light exposure. Additionally, it might also be possible to 

pharmacologically inhibit ROS using the drug diphenyleneiodonium chloride (DPI) then 

examine if this reduces extraocular responses to UV light in a similar manner as Smed-TrpA 

RNAi.  

 

Role of V-ATPase, Notch, and Apoptosis During Eye Regeneration 

The results of our data show that V-ATPase, Notch, and apoptosis are mechanisms that 

are required for regeneration and correct morphology during eye regeneration in planarians. I 

think an important next step would be to confirm the roles of V-ATPase and Notch during eye 

regeneration by inhibiting each with RNAi to provide us with an alternative mechanism of 

inhibition. Therefore, if RNAi produces the same eye phenotype as we observed in chapter V 

during regeneration, we can be confident that pharmacological inhibition did not cause any 

secondary cytotoxic effects. 

Another future direction to confirm the roles of V-ATPase, Notch, and apoptosis during 

eye regeneration will be to determine innervation and visualize photoreceptor cells using anti-

arrestin staining. This will be important because our current results are limited to overall 

morphology and since we can only directly observe pigment cells, we do not know how the 

regeneration of photoreceptor neurons are affected by pathway inhibition.  
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V-ATPase Signaling Pathway 

Although our current data suggests a role for V-ATPase, Notch, and apoptosis 

individually, additional experiments will be needed to determine the epistatic relationship 

between them. Following planarian decapitation, each mechanism will be inhibited individually 

(V-ATPase, Notch, and apoptosis), then we will examine if the other pathway components are 

present with in situ hybridization. For example, if our hypothesis is correct that V-ATPase is 

upstream of Notch, which is upstream of apoptosis, then inhibiting Notch should not affect V-

ATPase expression, but will cause a decrease in apoptosis (determined by caspase staining) 

compared to expression levels in regenerating controls. 

 

Eye Regeneration and Hyperpolarization 

Finally, we would like to further investigate the role of membrane voltage during eye 

regeneration using a voltage-sensitive dye called DiBAC4(3). The dye consists of negatively 

charged molecules that enter and bind to a positively charged membrane in depolarized cells. 

When the membrane is negative, or hyperpolarized, the molecules leave the cell and are no 

longer fluorescent (Adams and Levin, 2013). This will allow us to track the relative membrane 

voltage in control animals and during regeneration. Our data suggests that membrane 

hyperpolarization is needed for eye regeneration and the proton pump V-ATPase may be 

required for hyperpolarizing cells. To confirm this, we will examine eye regeneration and 

membrane voltage using DiBAC4(3) when V-ATPase is inhibited and compare this to the 

membrane voltage during eye regeneration in control animals (not V-ATPase inhibited). 
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