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Abstract 
 
 

The parasitic infection schistosomiasis afflicts over 200 million people and is clinically 

treated by a single drug – praziquantel (PZQ).  Despite the fact that PZQ has served as a 

stalwart of anti-helminthic therapy for over three decades, it’s molecular basis of action 

remains poorly understood.  This roadblock prevents the rational design of alternative 

therapies and highlights the need for new approaches to study the parasitic flatworms that 

cause schistosomiasis. 

 

Towards this end, my thesis work has advanced the free living, non-parasitic planarian 

Dugesia japonica as an accessible laboratory model organism for studying flatworm gene 

function, identifying candidate druggable targets, and screening anti-parasitic lead 

compounds.  The utility of this species derives in part from an unexpected phenology 

between regenerative outcomes in free living flatworms and lethality in parasitic species.  

These phenotypes were initially discovered through studies on the existing anti-

schistosomal therapy, praziquantel, and I demonstrate that this phenology holds for a 

range of anti-schistosomal compounds with varying molecular targets and mechanisms of 

action.  Capitalizing upon this phenology, experiments on the planarian D. japonica have 

yielded new insights into praziquantel's mechanism of action by linking the drug’s 

efficacy to modulation of bioaminergic driven flatworm mobility.   

 

Expanding upon these initial findings in planarians, bioaminergic signaling was 

interrogated via pharmacological and genetic screens, revealing novel druggable targets 
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(serotonin receptors) and lead compounds (ergot alkaloid derivatives) capable of 

subverting both planarian regeneration and parasite muscle function.    

 

Finally, given the predictive value of planarian regenerative outcomes in studying anti-

parasitic therapies, I focused on understanding the regenerative patterning events that 

occur shortly after wounding.  These studies demonstrate a crucial role for the CNS in 

determining regenerative outcomes, implicating a voltage operated Ca2+ channel isoform 

(Cav1B) and serotonin as key mediators of both “head” verses “tail” formation and 

flatworm muscle function.    

 

Collectively, the work presented in this thesis demonstrates the utility of a multi-species 

approach to resolve questions regarding the mechanism of action of the orphan drug 

praziquantel and to identify routes for novel anti-schistosomal drug development. 
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Chapter One 

 

Introduction 

A brief overview of the flatworms (Platyhelminthes).  The flatworms, comprising the 

phylum Platyhelminthes (Figure 1.1A), are distributed across four classes which exhibit 

distinct life histories and morphologies; the predominantly free living Turbellaria, the 

ectoparasitic Monogenea, and the endoparasitic Trematoda and Cestoda.  Turbellaria, 

Latin for “turbid water” in reference to the disturbance caused by their locomotive motile 

cilia, are ancestral to the parasitic classes.  Ectoparasitism arose as a subset of free living 

worms evolved the ability to parasitize the surface of vertebrates, giving rise to the 

Monogeneans 1.  Their name, translated as “single generation,” describes an entire life 

cycle spent on the surface of a single aquatic vertebrate.  Subsequently, these worms gave 

rise to endoparasites, which evolved the ability to invade their hosts, giving rise to many 

organisms which today have become important disease causing human pathogens.  The 

name Trematoda, literally “pierced with holes”, describes the manner in which this class 

of animals penetrates the host’s skin, burrowing and migrating throughout the body to 

occupy their favored niche.  Tapeworms, aptly named Cestoda, Latin for “ribbon” in 

reference to it’s uncanny resemblance to the morphology of the adult life stage, utilize a 

more direct route, arriving via ingestion to inhabit the gastrointestinal tract.  However, 

despite these classes’ radically divergent morphology and life cycles, one shared 

characteristic emerges - the amazing capacity of these animals to reproduce. 
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This fecundity is driven by pluripotent somatic stem cells.  Also called neoblasts, these 

cells allow free living planarians to regenerate their entire body from fragments as small 

as 1/279th of the original organism 2-5.  This robustness is mirrored in endoparasitic 

flatworms 6-9, whose stem cells drive the recovery of damaged body structures after sub-

curative doses of drug therapy and support the production of hundreds, if not thousands, 

of eggs per day.  The devastating effect of this ability can be appreciated by considering 

the tenacity of a schistosome infection.  Individual parasites can survive for decades 

inside their host, evidenced by patients diagnosed with schistosomiasis nearly forty years 

after emigrating from countries with endemic infection 10.   

 

This work will present experiments focused on identifying novel therapies for treating 

parasitic flatworm infections  Specifically, these studies utilize resources available across 

two species, a free living planarian, Dugesia japonica (Figure 1.1B), and the parasitic 

human blood fluke, Schistosoma mansoni (Figure 1.1C), capitalizing upon strengths of 

each organism to screen for and advance druggable targets and lead compounds.   

 

The neglected human parasite Schistosoma mansoni.  Of the 11 parasitic neglected 

tropical diseases highlighted by the World Health Organization for their role in driving 

chronic poverty and impairing development, four are caused by flatworm pathogens 11.  

The most devastating of these is the trematode Schistosoma mansoni, the causative agent 

of schistosomiasis.  Schistosomiasis infects over 200 million people, and it’s cost as 

measured in disability adjusted life years (DALYs) is estimated to exceed either 
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HIV/AIDS or tuberculosis, placing it second only to malaria 12,13.  The disease’s 

morbidity results from the parasites’ high rate of egg production - mature females can 

generate hundreds per day, sustained over many years of infection (Figure 1.1C).  Half of 

these eggs are expelled in feces or urine, while half embed in internal organs, resulting in 

granuloma formation and eventual irreversible organ damage.  Despite the clear need for 

new therapies to combat the disease, our understanding of these organisms has been 

hampered by their experimental intractability.  Schistosomes require passage between an 

intermediate mollusk host (aquatic snails) and a permissive mammalian definitive host 

(usually mice in a laboratory setting).  However, rapid morbidity resulting from the 

disease burden of schistosomes in the mouse host prevents long term studies of chronic 

infection in vivo and limits the ability of researchers to study the mature adult life stage 

most relevant to disease.  Analysis of basic flatworm biology and gene function is further 

confounded by the lack of robust RNAi protocols for these animals.  Collectively, these 

deficiencies highlight the potential for a free living flatworm model organism to advance 

our understanding of Platyhelminths more broadly. Towards this end, I propose that the 

non-parasitic planarian Dugesia japonica may be co-opted to serve a function similar to 

that of free living C. elegans in the study of parasitic nematode infections.  Two 

longstanding problems that planarians are particularly suited to address are (i) resolving 

the poorly understood mechanism of the existing frontline clinical therapeutic used to 

treat flatworm infections, praziquantel (PZQ), and (ii) identifying new druggable targets 

and lead compounds to develop improved antiparasitic agents.    
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Free living planarians – “immortal under the edge of the knife.”5 The ability of 

planarians to regenerate their entire body plan from almost any fragment has fascinated 

biologists for hundreds of years 2-5, raising questions such as what are the mechanisms for 

conveying positional identity so that the animal knows which missing structures to 

replace at the wound site?  What signals instruct and coordinate the regenerative events 

required to produce nearly an entire new animal de novo?  Can a single, clonal organism 

be propagated in perpetuity, and, if so, how does it bypass cellular senescence?  

Molecular resources such as genomic sequencing projects 14 and the development of tools 

such as RNA interference (RNAi) to assess gene function 15,16 are being directed towards 

these questions, establishing the planarian as a model organism to study development and 

stem cell biology 17.  Planarians are easily maintained in the lab - the worms reproduce 

asexually, and excised tissues rapidly regenerate new animals within a week (Figure 

1.2A).  This process is amenable to manipulation by small molecules (Figure 1.2B) or 

genetic disruption (RNAi, Figures 1.2C-E).  These characteristics make planarians an 

accessible laboratory model, especially compared to parasitic worms which require 

propagation through multiple life cycles, dissection of animal hosts and in vitro culture 

for experimental manipulation.  Despite the superficial differences between free living 

and parasitic flatworms, recent sequencing data reveals a high degree of gene 

conservation and protein homology 14,18-22.  Therefore, using a free living species to gain 

insight into questions of basic flatworm biology and gene function may circumvent the 

barriers inherent to working on parasitic animals.  
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Praziquantel – an orphan drug serving as the frontline anti-helminthic.  The 

antecedent of the drug praziquantel (PZQ) was initially developed in 1972 by Merck 

while screening for compounds with tranquilizer properties 23.  PZQ arose from a 

compound that lacked sedative properties but was remarkably effective against parasitic 

flatworms 24,25.  Curative at a single dose costing just $0.07 per treatment, PZQ has 

become the front line therapy used to treat schistosomiasis in many areas of endemic 

infection 12,26-29.  PZQ has shown remarkable durability compared with other anti-

helminthics, but incidences of decreased drug efficacy have been reported in both the 

laboratory 30,31 and the field 32,33, raising concerns that PZQ-resistant strains of 

schistosomiasis will emerge as eradication initiatives increase distribution of the drug 29.  

The development of alternative therapies has been hampered by the fact that, despite 

more than three decades of clinical use, the target of PZQ remains undefined and 

structural derivatives have all proven less efficacious 34-37.  

 

The Ca2+ hypothesis of PZQ activity. While the molecular basis of PZQ activity 

remains poorly understood, the drug’s efficacy is thought to be linked to its ability to 

perturb flatworm Ca2+ homeostasis.  Early studies on the effects of PZQ on schistosomes 

revealed the drug caused muscle contraction and tonic paralysis.  PZQ-evoked 

contraction was dose dependent, rapid (maximum tension < 1 minute) and inhibited by 

incubation in media with reduced [Ca2+] 38,39.  Analysis of radioisotopic Ca2+ flux 

revealed the PZQ-evoked muscle contraction was accompanied by a rapid and sustained 

uptake of 45Ca2+ from external media 38,40-42.  Intracellular Ca2+ mobilization is also 
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involved in the tonic contractile response, consistent with a functional relationship 

between Ca2+ entry and Ca2+-induced Ca2+ release from intracellular Ca2+ stores 39,43.  

Supporting the hypothesis that PZQ’s mechanism of action relies on disruption of Ca2+ 

homeostasis, certain strains of S. mansoni that show a therapeutic resistance to PZQ are 

also less responsive to PZQ in 45Ca2+ uptake and contractile assays 42.  PZQ is also the 

treatment of choice to eliminate other species of parasitic flatworms, and the drug has a 

similar effect on Ca2+ flux in these organisms 24. 

 

In addition to causing paralysis, PZQ disrupts the exterior surface of the parasite.  Unlike 

free living turbellarians, which are covered by a layer of epithelial cells, parasitic 

platyhelminths possess a unique exterior, or tegument, consisting of a double-bilayer 

membrane that forms a cellular syncytium around the entire animal and interfaces with 

the host environment.  PZQ results in a rapid (as little as 30 seconds) lesion or ‘blebbing’ 

of the tegument in many cestodes and trematodes 44-46.  In schistosomes, tegument 

disruption is also Ca2+ dependent, as PZQ has no effect on the surface of worms 

incubated in Ca2+ free media 47, and tegument disruption is also attenuated in parasites 

which show a therapeutic resistance to PZQ 48.  

 

Given the circumstantial link between PZQ, Ca2+ flux and parasite elimination, there has 

been an intense focus on Ca2+ channels as the possible target of PZQ.  Particular focus 

has been paid to voltage operated Ca2+ (Cav ) channels, as these highly conserved 

proteins play a critical role in regulating the activity of excitable cells (neuronal 
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depolarization or muscle contraction, for example) 49-52.  These channels are comprised of 

a transmembrane spanning, pore-forming α subunit (also referred to as Cav1, 2 or 3 – 

depending on the isoform) and accessory β and α2δ subunits that play a role in the 

trafficking and gating of the channel.  As their name suggests, these channels are 

activated by cellular depolarization, or changes in voltage, resulting in a cytoplasmic 

influx of extracellular Ca2+.  Schistosomes have functional Cav channels that mediate 

muscle contractility 53,54, and a role for a these channels in PZQ efficacy is supported by 

observations that PZQ potentiates inward Ca2+ currents through recombinantly expressed 

Cav channel complexes (a mammalian Cav2.3 channel coexpressed with a flatworm-

specific accessory Cavβvar isoform from either S. mansoni or S. japonicum) 55.  This is 

consistent with observations that PZQ activates Ca2+ entry in whole parasites, and may 

provide insight into the selectivity of PZQ against flatworms, as this property was not 

exhibited by the other schistosome Cavβ subunit or mammalian Cavβ subunits unless two 

serine residues were mutated to mimic residues in Cavβvar 56,57.  

 

These findings indicate that PZQ acts via a flatworm Cav channel complex, but the 

identity of the pore-forming Cavα subunit responsible for drug efficacy remained 

unresolved until studies were performed in free living flatworms.  An RNAi screen of all 

Cavα subunits in the planarian D. japonica found that knockdown of just one isoform, 

Cav1A, attenuated PZQ activity in either regenerative assays or measurements of drug-

evoked 45Ca2+  uptake.  Another isoform, Cav1B, was identified and found to oppose PZQ 

and Cav1A function.  Intriguingly, the relative expression of these Cav1 isoforms across 
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different life stages of flatworm parasites correlates with the therapeutic efficacy of PZQ.  

An important clinical aspect of PZQ is that the drug is incapable of clearing immature 

parasites until after approximately one month after infection 58.  This can render PZQ 

ineffective as curative agent in the field if high reinfection rates ensure patients regularly 

harbor a population of this treatment resistant life stage 59.  Notably, the expression of 

PZQ susceptible Cav isoforms relative to PZQ insensitive isoforms (Cav1A versus Cav1B, 

Cavβvar versus Cavβ) in immature and mature parasites correlates with the acquisition of 

PZQ susceptibility - that is, PZQ insensitive isoforms have a greater relative abundance 

in juvenile life stages, but in mature adults that are PZQ sensitive both Cav1A and 

Cavβvar are predominant (Figure 3).  A correlation between PZQ efficacy and Cav1A 

expression has also been suggested in the tapeworm Echinococcus multilocularis, where 

Cav1A is not expressed in the PZQ refractory larval metacestode life stage 60.  

Collectively, these studies across free living and parasitic flatworms imply a key role for 

a Cav complex consisting of Cav1A and Cavβvar in PZQ function.  However, downstream 

effectors linking PZQ-evoked Ca2+ entry to drug outcomes (i.e. parasite clearance or 

perturbation of planarian regeneration) remain unidentified, hindering the development of 

alternative anti-helminthic therapies.  

 

Prospects for novel anti-schistosomal drug development.  New anti-helminthic drugs 

are needed to limit the emergence of PZQ resistant strains of schistosomiasis and to 

provide a therapeutic tool capable of targeting juvenile worms within the human host. 

When we consider the similarities between free living and parasitic flatworms, research 
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into three main areas of planarian biology stand out as having particular relevance to 

disease; (i) the nervous system, (ii) the germ line, and (iii) somatic stem cells. 

 

The nervous systems of free living and parasitic flatworms share an expansive repertoire 

of neuronal signaling molecules, including but not limited to bioaminergic 61-71, 

cholinergic 72,73, and peptide based signaling 74,54,70,71.  These molecules appear to have 

been functionally conserved as well.  For example, dopamine inhibits movement in both 

planarian 61,75 and schistosomes 66,76, while serotonin has the opposite effect (chapters 

two and three, 69,76-78).  The expression pattern of these neuronal populations is also 

similar across classes of flatworms – serotonin (5-HT) is abundant throughout the 

cephalic ganglia and longitudinal nerve cords of both trematodes 70,79 and planarian 80-82, 

as are neuropeptides 70,79,81-84, and markers of cholinergic signaling 72,79.  Many of these 

molecules act on G-protein coupled receptors (GpCRs) 85, and their second messenger 

mediated affects are similar in parasites and planaria.  In both animals 5-HT is an agonist 

for Gs coupled receptors 68,86,87, and elevated cAMP phenocopies exogenous 5-HT while 

PKA loss of function impairs mobility 86,88-90.  Similarly, dopamine is coupled to cAMP 

production and locomotion 61,65,75,91-95. 

 

It is important to remember that the morbidity and mortality resulting from 

schistosomiasis is not due to the presence of the worms themselves, which are highly 

effective at evading the host immune system 96.  Rather, the disease manifests as a result 

of the enormous and sustained egg production of the female worms.  Therefore, research 
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into the pathways regulating egg production has the potential to attenuate the burden of 

schistosomiasis.  Recent work by our lab has demonstrated that RNAi of an intracellular 

Ca2+ channel impairs germ line development and subsequent egg production in free living 

animals, and the identification of single transduction pathways involved in planarian 

germ line specification, maturation and function is a productive area of research74,97-101.    

Finally, an essential role for stem cells in planarian biology is clear from their remarkable 

regenerative capacity.  However, there is a growing appreciation that other flatworms 102-

104, including parasitic varieties 6,7,9, also possess these pluripotent somatic stem cells.  In 

many ways these stem cells are similar to human embryonic stem cells 105, and a large 

amount of work has been done on planaria with the hope of achieving advances in 

regenerative medicine 106,107.  However, in parasitic worms the power of these same stem 

cells can contribute to human disease.  For example, in larval cestode infections these 

cells drive the disease’s cancer like properties, driving the animals’ growth in the form of 

invasive cysts 108.  A better understanding of flatworm stem cells may allow for more 

efficient chemotherapy targeting these infections 108,109, perhaps by capitalizing on 

differences between human and flatworm biology 110. 

 

The following chapters present my work using free living planarian to address questions 

relevant to parasitic flatworm infections.  The first chapter is primarily focused on 

flatworm neuromuscular signaling, capitalizing on it’s unexpected link to stem cell driven 

regenerative outcomes in the planarian D. japonica.  This work reveals new insight into 

the mechanism of PZQ and routes for discovering novel anti-helminthic therapies.  
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Chapter two explores flatworm bioaminergic signaling pathways and pharmacological 

means of intervening in these processes, transferring this knowledge back to juvenile and 

adult S. mansoni.  Finally, chapter three concludes with an investigation of the 

mechanisms of regenerative patterning in free living worms in order to gain insight into 

the molecular basis for the phenology between regenerative outcomes and locomotion in 

free living and parasitic worms. 
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Figure 1.1. Platyhelminthes – a phylum of free living and parasitic flatworms. 
(A) Overview of the phylum Platyhelminthes, comprising four classes that are free living (green), 
ectoparasitic (blue) and endoparasitic (red).  (B) A representative turbellerian species, the 
planarian Dugesia japonica.  (C) A representative trematode species, the human parasite 
Schistosoma mansoni, which has the following life stages in the human definitive host: (i) 
Cerceria (c) penetrate human skin, shedding their tail and transforming into juvenile 
schistosomula (s), which then mature into (ii) adult male (left) and female (right) worms. (iii) 
Adult worms pair, with the female living inside the ventral groove of the larger male, (iv) 
producing hundreds of eggs per day (arrowed). (v) Magnification of a single egg with its 
characteristic barbed structure.  
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Figure 1.2.  Pharmacological and genetic assays on the free living planarian. 
(A) Schematic of a D. japonica regenerative assay; amputating the head and tail (left) yields a 
trunk fragment which regenerates all missing structures within one week (right).  (B) Two-headed 
regenerative phenotype resulting from a trunk fragment (A) treated with an anteriorizing 
compound.  Example of RNAi phenotypes resulting in (C) the loss of photoreceptors following 
knockdown of Dj-six-1, (D) the loss of mobility (red worms) relative to control (green) following 
Dj-PC2 knockdown, and (E) ectopic head regeneration following knockdown of Dj-βcatenin-1.  
FFxFx denotes iterative cycles of feeding dsRNA (F) and amputation (x) performed as in (A) to 
execute RNAi knockdown. 
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 Dugesia japonica Schistosoma mansoni 
Adult size ~0.5-1cm ~0.5-1cm 
Life cycle Entirely free living Endoparasite – obligate 

mollusk & vertebrate hosts 
Reproduction Predominately asexual; 

although individuals 
spontaneously develop as 
sexual hermaphrodites 

Sexual; males and females 
display noted dimorphism 

Life span Indeterminate given 
asexual, clonal reproduction 

Potentially decades within a 
human host 

Regenerative 
capacity 

Robust; regenerate from 
nearly any fragment 

Do not regenerate missing 
structures 

Stem cell system Pluripotent Pluripotent 
Musculature Circular (outer), diagonal 

and longitudinal (inner) 
layers. 

Circular (outer), diagonal 
and longitudinal (inner) 
layers. 

Nervous system Cephalic ganglia and 
longitudinal nerve cords 

Cephalic ganglia and 
longitudinal nerve cords 

 
Table 1.1.  Comparison of free living (planarian) and parasitic (schistosome) 
flatworm biology.  Features of the planarian (D. japonica) and parasitic (S. mansoni) 
species of flatworms studied in this thesis.    
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Figure 1.3.  Increased expression of praziquantel sensitive Cav subunits in juvenile versus 
adult S. mansoni.  Left - Read mapping data from the transcriptomes of various life S. mansoni 
life cycles reveal that the relative expression ratios of PZQ sensitive α (Cav1A:Cav1B, black 
boxes) and β (Cavβvar:Cavβ, open boxes) subunits increases as animals mature and acquire drug 
susceptibility.  FPKM values retrieved from the following GENEDB sequence IDs: Cav1A, 
Smp_020270; Cav1B, Smp_159990; Cavβ, Smp_135140; Cavβvar, Smp_141660.  Right - 
Schematic of Cav complex with an α subunit comprised of four pore forming domains of six 
transmembrane spanning helixes (D1-4) and a cytoplasmic accessory β subunit.  
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Introduction 

 
Over a third of the world’s population is estimated to be infected with parasitic worms. 

One of the most burdensome infections is the neglected tropical disease schistosomiasis, 

caused by parasitic flatworms of the genus Schistosoma.  The debilitating impact of 

schistosomiasis results from the host’s immune response to schistosome eggs, which are 

deposited in prolific numbers in the liver, intestine and/or bladder where they elicit 

granuloma formation and fibrosis 111.  Clinical outcomes span gastrointestinal and liver 

pathologies, anemia, undernutrition, growth retardation, genitourinary disease and a 

heightened risk for co-morbidities.  This burden encumbers third world economies with 

an annual loss of several million disability-adjusted life years 12,13,28. 

 

The key treatment for schistosome infections is the drug praziquantel (PZQ). PZQ is a 

synthetic tetracyclic tetrahydroisoquinoline derivative discovered over 30 years ago to 

confer anthelminthic activity 37,112,113 by evoking tonic paralysis in adult worms 38.  The 

low cost (~$0.07/tablet) yet high cure rate associated with PZQ underpins current 

strategies for increasing PZQ distribution to reduce the burden of schistosomiasis 27, but 

obviously continued efficacy of PZQ is critical for the success of these initiatives.  From 

a drug development perspective, it remains problematic that despite three decades of 

clinical use, the target of PZQ remains ambiguous and synthesized structural derivatives 

prove consistently less efficacious 34,35,37,112,113.  Resolution of the target and effector 
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mechanisms of PZQ would be massively helpful for identifying new drug targets that 

exploit vulnerabilities within the broader PZQ interactome. 

Recently, we have attempted to bring fresh insight into the mechanism of action of PZQ 

by studying an unusual impact of this drug on the regeneration of a free living planarian 

flatworm (Dugesia japonica), a representative of a model system widely utilized by basic 

scientists as a model for regenerative biology 114,115.  This line of investigation grew from 

the serendipitous finding that PZQ exposure invariably caused regeneration of worms 

with two heads (‘bipolar’), rather than worms with normal anterior-posterior (‘A-P’, head 

to tail) polarity 36.  The capacity of PZQ to evoke a complete duplication of the anterior 

axis was phenocopied by several Ca2+ signaling modulators, a relationship underpinned 

by the demonstration of PZQ-evoked Ca2+ uptake in native planarian tissue 36,116.  The 

tractability of planaria to in vivo RNAi methods allowed mechanistic interrogation of 

various Ca2+ entry pathways, and this approach revealed the bipolarizing efficacy of PZQ 

depended on the expression of neuronal voltage-operated Ca2+ channel (Cav1) isoforms 

36,116.  These observations were intriguing in the context of schistosome biology, as PZQ 

is well documented to cause Ca2+ entry in schistosomes 38,39,117 and PZQ has been shown 

to activate Ca2+ entry via modulation of a heterologously expressed schistosome Cav 

accessory subunit 55,57.  But how Ca2+ entry engages acute and chronic 118-120 downstream 

signaling pathways in either planaria or schistosomes is less clear, with resolution of this 

broader PZQ interactome key for identifying new druggable targets and vulnerabilities 

for chemotherapeutic exploitation 117. 
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Here, we evidence a Ca2+-dependent phenology of PZQ action between these two quite 

different models.  We propose the same Ca2+ entry and downstream pathways are 

engaged by PZQ in planaria and schistosomes, and the mechanistic interrelationship 

underpinning these different outcomes (death in schistosomes, axis duplication in 

planaria) augers predictive value for discovery of new anti-schistosomal agents.  For 

example, in planaria, we demonstrate the planarian A-P axis duplication phenotype 

results from coupling of Cav1A activity to bioaminergic signaling.  Modulators of 

regenerative polarity which impact dopaminergic and serotonergic pathways in planaria 

are effective against schistosomes, and reciprocally recently discovered drug leads active 

against schistosomes (for example, PKC and GSK3 modulators) regulate A-P 

specification in planaria.  As unexpected phenologs 121, this discovery underscores the 

utility of basic research on axis patterning mechanisms in the tractable planarian system 

for the discovery of novel anti-schistosomal drug leads, and more broadly mechanistic 

insight into the signaling pathways engaged by PZQ, a key human therapeutic. 

 

Materials and Methods 

Planarian husbandry.  A clonal line of Dugesia japonica (GI strain) was maintained at 

room temperature and fed strained chicken liver puree once a week 122. Regenerative 

assays were performed using 5 day-starved worms in pH-buffered Montjuïch salts 

(1.6mM NaCl, 1.0mM CaCl2, 1.0mM MgSO4, 0.1mM MgCl2, 0.1mM KCl,1.2mM 

NaHCO3, pH 7.4 buffered with 1.5mM HEPES) as described previously 122.  Drugs were 

sourced as indicated in Table 2.1, and used either at the highest concentrations which did 



 

 22 

not impact worm viability, or at lower concentrations if such treatments elicited an effect 

of maximal penetrance.  Planarian regenerative phenotypes were archived using a Zeiss 

Discovery v20 stereomicroscope and a QiCAM 12-bit cooled color CCD camera. 

 

Cloning strategies and RNAi.  Total RNA was isolated from 50 intact planaria using 

TRIzol® and poly-A purified using a NucleoTrap® mRNA mini kit.  cDNA was 

synthesized using the SuperScript™ III First-Strand Synthesis System (Invitrogen).  

Gene products were amplified by PCR (LA Taq™ polymerase), ligated into the pGEM®-

T Easy vector (Promega) for sequencing, and subcloned into the IPTG-inducible 

pDONRdT7 RNAi vector transfected into RNase III deficient HT115 E. coli.  In vivo 

RNAi was performed by feeding 122, and a Schmidtea mediterranea six-1 (Smed-six-1) 

construct, which did not yield a phenotype in D. japonica, was used as a negative control.  

RNAi efficiencies varied between different genes, but mRNA knockdown typically 

ranged anywhere between 20-80%.  Targeted sequences: tyrosine hydroxylase (NCBI 

accession numbers AB266095.1, 136-1657bp), tryptophan hydroxylase (AB288367.1, 4-

1623bp), tyramine beta-hydroxylase (671-1629bp), tyrosine/histidine decarboxylase 

(FY934632.1, 26-685bp), glutamate decarboxylase (AB332029.1, 154-1937bp), choline 

acetyltransferase (AB536929.1, 74-1175bp), prohormone convertase 2 (PC2 (1–2285bp), 

Cav1A (HQ724315.1, 2229-4133bp), Smed-six-1 (AJ557022.1, 1-506bp).  Protein kinase 

C (PKC) sequences and DAGK were cloned from planarian ESTs displaying homology 

to Schistosoma mansoni PKC isoforms - cPKC (FY950278.1, FY947802.1, 
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FY970060.1), aPKC (FY933556.1, FY941429.1), nPKC (FY934640.1) and DAGK 

(FY953983, FY959647.1, and BP187372.1). 

Schistosomula isolation.  Biomphalaria glabrata snails exposed to mirarcidia (NMRI 

Puerto Rican strain of Schistosoma mansoni) were obtained from the Biomedical 

Research Institute (Rockville, MD) 123 and maintained at 26°C for 4 to 6 weeks.  Matured 

cercaria were shed into aged tap water (40 ml) by exposure to light (1.5 hrs) and 

subsequently transformed into schistosomula 124.  Briefly, cercaria were separated from 

debris by filtration (47 µm) and then captured onto a 25 µm filter prior to resuspension in 

aged tap water with an equal volume of DMEM.  Cercaria tails were sheared by three 

rounds of vortexing (45 sec), each followed by incubation on ice (3 min) prior to tail 

removal by Percoll column centrifugation (24 ml Percoll, 4 ml 10x Eagle’s minimum 

essential medium, 1.5 ml penicillin-streptomycin, 1 ml of 1 M HEPES in 0.85% NaCl, 

9.5 ml distilled water) at 500g (15 mins, 4°C).  The tail-containing supernatant was 

discarded and the pellet-containing bodies were washed three times in DMEM (400g for 

10 mins), resuspended in modified Batch’s media 125 and transformed into schistosomula 

(incubation at 37°C, 5% CO2).  

 

Schistosomula contractility assays.  For contractility assays, drugs were solubilized in 

DMSO and diluted in pre-warmed modified Batch’s media.  While detailed protocols for 

quantifying aspects of worm dynamics in adult worms 119, or higher throughput screening 

of schistosomula 126 have been developed, the effects on schistosomula activity were 

simply quantified here using a custom written plugin (wrMTrck) in ImageJ to resolve 
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schistosomule body length (major axis of an ellipse) over time following drug exposure 

(30 min), as in 65. Videos were captured using a Nikon Coolpix 5700 camera affixed to a 

Nikon Eclipse TS100 microscope.  Typically, for a single video ~7-10 schistosomula 

were measured within the field of view (10x microscope objective) over a 2 minute 

recording period.  Data represent means for analysis of results from three independent 

treatments.  

 

Radioligand binding assays.  Planarian membrane fractions were prepared by 

homogenizing worms on ice (~1000 worms / prep) in HEPES (20 mM) supplemented 

with cOmplete™ protease inhibitor cocktail (Roche). Cellular debris was pelleted by 

centrifugation (8000g for 5 mins) and the resulting supernatant was centrifuged (56,000g 

for 45 mins) to yield a pelleted membrane fraction.  This material was resuspended (20 

mM HEPES, with protease inhibitors) to a final protein concentration of ~5 µg / µl and 

stored at -80°C. Binding assays were performed on planarian membrane protein (50 µg) 

with 26 nM 3H-dopamine (specific activity 21.2 Ci / mmol, Perkin Elmer).  Indirect 

binding assays were performed with various ligands (bromocriptine, 10 µM; haloperidol, 

100 µM; apomorphine, 10 µM) in TE buffer (1 mM EDTA, 50 mM Tris-HCl, pH 8.3; 

final volume of 500 µl).  Samples were incubated on ice for 15 minutes, after which time 

500 µl PEG (30%) and 20 µL IgG (25 mg / ml) were added and samples centrifuged 

(20,000g for 5 mins).  The resulting pellet was washed (PEG, 15%), centrifuged (20,000g 

for 5 mins) and solubilized in TE (200 µL, containing 2% Triton X-100).  Displacement 

was measured by liquid scintillation counting and nonspecific binding assessed by 
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subtraction of values in samples incubated with cold dopamine (1 mM).  All 

centrifugation steps were performed at 4°C. 

HPLC analysis of neurotransmitters.  Thirty planarian trunk fragments were amputated 

and incubated with or without specific drugs for 24hrs, after which time media was 

removed and replaced with ascorbic acid (300 µl, 1% m/v).  Samples were then lysed by 

three successive freeze-thaw cycles and cellular debris pelleted by centrifugation 

(10,000g for 5 mins).  The resulting supernatant was then filtered (0.45 µm filter plate, 

Millipore) by centrifugation (3,000g for 10 mins) and the filtrate (180 µL) supplemented 

with 0.5M HClO4 (20 µl, 500 mM final concentration).  The samples were mixed and 

injected by an autosampler into an Agilent 1200 HPLC apparatus, with a 5 µm, 4.6 x 150 

mm Eclipse XDB C18 column attached to a Waters 2465 electrochemical detector with a 

glassy carbon-based electrode.  The current range was set at 50nA with a working 

potential of 0.7 V versus an in situ Ag/AgCl reference electrode.  The mobile phase 

mixture (13 mg / L of the surfactant sodium octylsulfate, 170 µL / L dibutylamine, 55.8 

mg / L Na2EDTA, 10% methanol, 203 mg / L sodium acetate anhydrous, 0.1 M citric 

acid, and 120 mg / L sodium chloride) was ran at a flow rate of 2 ml / min.  The area 

underneath the peaks was analyzed for total amount of serotonin and dopamine.  Results 

were normalized to sample protein concentration determined by Bradford assay (Thermo 

Scientific). 
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Data analysis.  Data were analyzed using two-tailed, unpaired t-tests, and presented as 

mean ± standard error of the mean from at least three independent assays, except where 

indicated.  Differences were considered significant at p<0.05 (*), p<0.01 (**).  

 
 

Results & Discussion 

Profiling planarian neurotransmitter families.  Exposure of excised trunk fragments to 

PZQ caused regeneration of viable, two-headed flatworms (Figure 2.1A), an effect 

previously shown to relate to modulation of neuronal voltage-operated calcium (Cav) 

channels 36,116).  Given the role of Ca2+ entry in synaptic and dendritic exocytosis 127,128, 

we hypothesized that PZQ-evoked Ca2+ entry impacted neurotransmission and thereby 

stem cell behavior, consistent with a ‘neurohumoral’ model for regulation of planarian 

stem cell proliferation proposed two decades ago 129.  To test this idea, we used loss-of-

function (in vivo RNAi) and pharmacological methods to interrogate whether different 

planarian neurotransmitters mimicked the PZQ-evoked bipolarity effect.  Figure 2.1B 

schematically summarizes the major neurotransmitter classes in flatworms 63,130,131, of 

which neuropeptides predominate by number.  A recent characterization of planarian 

bioactive peptides revealed >50 prohormone genes, the vast majority being neuronally 

expressed with over 250 discrete peptides generated from these precursors 74.  Further, 

bioinformatic prediction supports at least 130 planarian neuropeptide targeted G protein 

coupled receptors (GpCRs) 85.  This expansive neuropeptidergic arsenal co-exists with 

several ‘classic’ neurotransmitter families more familiar to mammalian 

neurophysiologists.  The largest group of these transmitters are the biogenic amines, a 
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group of protonated amines including serotonin, histamine, catecholamines (notably 

dopamine) as well as tyramine and octopamine, two phenolamines widely used as 

invertebrate neurotransmitters 63,66.  Roles for acetylcholine (ACh) and amino acids 

(glutamate, GABA) are also evidenced 63,66.  To test the involvement of these different 

neurotransmitter families as PZQ effectors, we used in vivo RNAi to knockdown key 

enzymes involved in their synthesis. Knockdown of prohormone convertase 2 (PC2 132), 

an enzyme required for motility 15 and neuropeptide processing 74, failed to impact the 

penetrance of PZQ-evoked bipolarity (Figure 2.1C).  Similarly, knockdown of glutamate 

decarboxylase (GDC, to decrease planarian GABA levels 133), and choline 

acetyltransferase (CAT, to deplete ACh 72), failed to modulate the penetrance of PZQ 

(Figure 2.1C).  Negative results were also obtained following RNAi of tyramine-β-

hydroxylase (TBH) and tyrosine/histidine decarboxylase (T/HDC).  These data were also 

consistent with the outcomes of pharmacological experiments where application of the 

phenolamines tyramine and octopamine failed to perturb A-P polarity (Table 2.1). 

 

In contrast, results with other biogenic amines were more intriguing – knockdown of 

tyrosine hydroxylase (TH) attenuated the ability of PZQ to evoke two-headed worms, 

whereas knockdown of tryptophan hydroxylase (TPH) increased PZQ-evoked bipolarity 

(Figure 2.1C).  TH is the rate-limiting enzyme of catecholamine synthesis, catalyzing the 

conversion of tyrosine to L-dihydroxyphenylalanine (L-DOPA), whereas TPH converts 

tryptophan to 5-hydroxytryptophan, the first step in 5-HT synthesis.  Knockdown of TH 

in D. japonica decreases dopamine without impacting 5-HT production 61, while 
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knockdown of TPH decreases 5-HT but not dopamine 62.  These RNAi results suggest 

that PZQ activity is mimicked by dopaminergic activity (TH RNAi) to promote head 

regeneration, and this action is opposed by serotonergic signaling (TPH RNAi).  

 

On the basis of this hypothesis, we proceed to screen modulators of dopamine and 5-HT 

receptors: dopaminergic stimuli should phenocopy the bipolarizing activity of PZQ, 

while PZQ action should be opposed by serotonergic agonists.  While this is a reasonable 

approach, care must be taken in assuming the specificity of agents established in mammal 

models transfers to flatworm systems.  Flatworms may express more bioaminergic 

receptors than humans 85, and the few flatworms receptors that have been successfully 

expressed and pharmacologically profiled 65 underscore the risks of assuming similar 

drug activities to those assigned in mammals.  Keeping this caveat in mind, we 

nevertheless used a pharmacological approach but accrued evidence with multiple ligands 

and used secondary validation assays to best mitigate this problem.  Below, we first 

describe results of drug assays assuming specificities based upon mammal data, and then 

we return to the issue of validating ligand specificity against particular neurotransmitter 

pathways.  

 

A range of compounds were screened for effects on A-P polarity (Table 2.1), and these 

investigations yielded the following observations.  First, the exclusion of individual 

neurotransmitter families on the basis of RNAi results (Figure 2.1C) received further 

support from pharmacological screening, as most modulators of adrenergic, GABAergic, 
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glutaminergic, histaminergic and cholinergic pathways failed to impact regenerative 

polarity (Table 2.1).  Second, bromocriptine, a potent D2 agonist in mammalian systems, 

produced two-headed regenerants at high penetrance (maximal effect ~85 ± 5% bipolar, 

Figure 2.1D&E), with an EC50 of 220 nM compared with an EC50 of ~40 µM for PZQ 

(Figure 2.1F).  Other dopaminergic modulators yielded a low, but robust, proportion of 

two headed worms including apomorphine (a non-selective dopaminergic agonist in 

mammals) and dopamine itself (Figure 2.1D&E).  Third, haloperidol, a traditional 

antipsychotic and known inhibitor of dopaminergic signaling in planaria 134, blocked the 

bipolarizing activity of both bromocriptine and PZQ (Figure 2.1F, inset).  Fourth, 5-HT 

blocked head regeneration, an effect observed with 5-HT, the synthetic ligand 8-OH  

DPAT (a mammalian 5-HT1A agonist) and a serotonin-specific reuptake inhibitor (SSRI, 

fluoxetine, Figure 2.1D&E), all of which blocked the bipolarizing effect of PZQ (IC50 

~147 µM, 111 nM and 230 nM, Figure 1G).  In contrast, mianserin (a 5-HT antagonist in 

flatworm 135-137 and mammalian systems) yielded a small proportion of two-headed 

worms (Figure 2.1D&E).  

 

Given the effects of bromocriptine, we further investigated the characteristics of 

bromocriptine efficacy in planaria.  First, bromocriptine exhibited a similar kinetic action 

to that observed with PZQ (Figure 2.2A), suggesting a similar action early in 

regeneration. Second, while knockdown of Cav1A attenuated PZQ-evoked bipolarity, 

bromocriptine-evoked bipolarity persisted in Cav1A RNAi worms (Figure 2.2B).  This 

surprising result is consistent with the idea that bromocriptine activation of head 
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signaling pathways occurs downstream of Cav1A function.  For example, if PZQ-evoked 

Ca2+ entry 116 activates neurotransmitter release, then the bipolarizing efficacy of 

bromocriptine should persist at downstream receptors even if Ca2+ entry is impaired. 

Third, given concerns about presumptions of similar pharmacological effects between 

mammalian and flatworm systems, we investigated whether bromocriptine exhibited 

affinity for dopaminergic systems in planaria by performing 3H-dopamine displacement 

assays. Specific 3H-dopamine binding, defined by complete displacement with cold 

dopamine (IC50= 1.5±0.5 µM), was inhibited by bromocriptine and other head-promoting 

agents (haloperidol and apomorphine, Figure 2.2C). The extent of 3H-dopamine 

displacement by maximally effective concentrations of haloperidol and apomorphine was 

greater (>80% of specific binding) than observed with bromocriptine (~40% of specific 

binding at 10 µM). This indicated bromocriptine may exhibit selectivity for only a subset 

of dopaminergic targets compared to the broader and more complete binding inhibition 

observed with the other agents.  Finally, we investigated the impact of agents presumed 

to impact neurotransmitter levels (reserpine, fluoxetine) via HPLC.  Figure 2.2D shows 

that fluoxetine (a 5-HT reuptake inhibitor on the basis of mammalian and schistosome 

literature 67,138) increased 5-HT levels in regenerating planarian trunk fragments, 

consistent with the inhibitory effects of 5-HT (and fluoxetine) on head regeneration 

(Figure 2.1G).  In contrast, reserpine exposure depleted 5-HT in regenerating fragments 

(Figure 2.2C), an opposing outcome consistent with the differential polarity effects of 

these drugs on head regeneration (reserpine vs. fluoxetine, Figure 2.1D&E). 
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Collectively, these pharmacological data support the model derived from RNAi data 

(Figure 2.1C) where dopaminergic signaling mimics and serotonergic activity opposes 

PZQ action.  The distinct phenotypic outcomes of dopaminergic and serotonergic 

modulation are also consistent with observations that these neurotransmitter networks in 

planaria are morphologically discrete 130. 

 

Relevance to schistosomiasis.  These discoveries piqued our interest since dopaminergic 

and serotonergic ligands have recently emerged as hits in drug screens against various 

schistosome life cycle stages 139,140.  Figure 2.3A collates examples of recent drug 

screening data to show how efficacious drug hits are distributed relative to the functional 

representation of drugs screened 139,140.  The top three functional categories represent 

dopaminergic and serotonergic ligands followed by regulators of ion channel activity, 

notably Cav channel modulators.  This triumvirate parallels the PZQ-engaged 

components in planaria in this study (bioaminergics, Figure 2.1) and previously (Ca2+ 

channels, 36,116).  As such, we propose the distinct phenotypes - PZQ-evoked bipolarity in 

planaria and PZQ-evoked toxicity against schistosomes - represent unexpected yet 

orthologous phenotypes (‘phenologs’, 121) resulting from engagement of the same 

fundamental Ca2+-triggered interactome in each system.  Although PZQ-evoked Ca2+ 

entry is evoked via similar mechanisms (Cav1A) it is harnessed in the two organisms to 

yield differential outcomes (‘death’ versus ‘axes’).  The utility of this phenology is its 

predictive value.  As both outcomes derive from the same effector network, basic 

research on axis patterning in planaria may harbor potential for discovering new agents 
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effective as anti-schistosomals.  This assertion can be tested by asking whether other anti-

schistosomals cause planarian bipolarity, and reciprocally, whether bipolarizing agents in 

planaria are active against schistosomes. 

Effects of anti-schistosomals on planarian regeneration.  Do other anti-schistosomal 

compounds cause planarian bipolarity?  To test this, we identified the next most prevalent 

category from the schistosome drug screening datasets, which was the ‘phosphorylation’ 

category (Figure 2.3A).  The predominant group of compounds within this category were 

several drugs that target protein kinase C (PKC), and a couple of singleton kinase 

inhibitors, including one targeting glycogen synthase kinase-3 (GSK3).  We investigated 

the role of both kinases to resolve any impact on planarian regenerative polarity (Figure 

2.3A).  First, the PKC activators phorbol-12-myristate-13-acetate (PMA), phorbol-12,13-

dibutyrate (PDB) and oleoyl-acetyl-glycerol (OAG) all produced bipolar worms 

(penetrance ~5-55% respectively, Figure 2.3B), while the PKC inhibitor calphostin C 54 

inhibited PZQ-evoked bipolarity (Figure 2.3C).  To complement the pharmacological 

data with molecular insight, we cloned several planarian PKC isoforms and 

diacylglycerol kinase (DAGK) and investigated their roles in PZQ-evoked bipolarity by 

RNAi.  Knockdown of DAGK, which opposes PKC activity via the degradation of DAG, 

potentiated the penetrance of sub-maximal doses of PZQ; while RNAi of a conventional 

PKC isoform, but not a novel and atypical PKC, attenuated PZQ evoked bipolarity  

(Figure 2.3C).  The involvement of a  Ca2+-regulated PKC was also consistent with the 

observation that the penetrance of PMA in yielding bipolar regenerants was Ca2+ 

dependent (Figure 2.3D).  Similarly, alsterpaullone (ALP), a GSK-3 inhibitor also 
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phenocopied PZQ in regenerative assays, producing a low frequency of two headed 

worms and synergistically potentiating sub-maximal doses of PZQ (Figure 2.3E).  The 

small molecule GSK3 agonist DIF-3 141 displayed the opposing action, inhibiting PZQ-

evoked bipolarity (Figure 2.3E).  Therefore, both these targets in the ‘phosphorylation’ 

category prioritized from the schistosomal screening literature (Figure 2.3A) were 

resolved to miscue planarian A-P polarity during regeneration. 

 

Efficacy of bipolarizing compounds against schistosomula. Are drugs that miscue 

planarian regeneration deleterious to schistosomes? To investigate this issue, 

schistosomula (juvenile parasites) were exposed to compounds first identified in 

planarian regenerative assays (Figure 2.4A).  Schistosomula normally exhibit a basal 

level of spontaneous contractile activity (Figure 2.4B), which provides a simple 

phenotype for assaying drug action and paralysis, an outcome integral to the elimination 

of schistosome infections 139.  Bromocriptine caused a rapid paralysis of schistosomula, 

an effect that phenocopied the action of PZQ (Figure 2.4B).  This effect was dose-

dependent (Figure 2.4B&C).  Other compounds that yielded planarian bipolarity were 

also found to impair schistosomula contractility, including apomorphine, mianserin and 

reserpine (Figure 2.4B).  In contrast, application of exogenous serotonin and other 

ligands that inhibited planarian head regeneration (e.g. 8-OH DPAT and fluoxetine) 

resulted in hyperactivity (Figure 2.4C).  Quantification of the action of these agents 

which inhibited and stimulated schistosomula activity is collated in Figures 2.4D&E 

respectively.  Therefore, not only were both classes of bioaminergic compounds 
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efficacious against schistosomula, but the dopaminergic and serotonergic ligands evoked 

divergent phenotypes in each model: paralysis versus hyperactivity (schistosomula), 

compared with ‘two-headed’ versus ‘no-head’ regenerants (planaria).  

PZQ activity in flatworm models shares a Ca2+-dependent phenology.  Beyond the 

conservation of single genes as nodes in a signaling pathway, broader network 

architectures are conserved between diverse organisms.  While the phenotypic outputs of 

these networks are diverse, their common architecture provides the mechanistic basis for 

predictive phenology 121.  We suggest these divergent PZQ-evoked outcomes (death 

versus axes) represent unexpected Ca2+-dependent phenologs initiated by small molecule 

activation of a signaling node (Cav1A) within a shared bioaminergic interactome (Figure 

2.5A).  This conservation infers reciprocal predictive value for both discovery of new 

anti-schistosomal compounds, and reciprocally new signaling pathways impacting 

anterior-posterior signaling in planaria.  We illustrate this principle here by highlighting 

de novo new compounds effective against schistosomula (bromocriptine) and new 

druggable targets (bioaminergic signaling) as the downstream PZQ-evoked interactome is 

revealed in the more tractable planarian model. PZQ engages similar pathways in these 

different platyhelminths such that chemical / functional genetic approaches in planaria 

can assist in discovering next generation anti-schistosomals and resolving their molecular 

action.  This line of reasoning is analogous to a longer history of studies exploiting C. 

elegans for comparative insight into new drugs targeting parasitic nematodes, and this 

experience underscores both the utility of this approach but also the frustration in 
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harvesting viable clinical leads from a large number of efficacious compounds in both 

nematode models 142,143.  

 

Reciprocally, this unexpected phenology can reveal new modulators of A-P patterning 

from the schistosome screening literature (e.g. PKC, GSK3).  Such insight from 

schistosome life cycle drug screens will be of utility for understanding the process of in 

vivo stem cell differentiation and CNS regeneration in response to injury that are inherent 

to the remarkable regenerative prowess of planaria.  Indeed, resolution of the coupling of 

specific neuronal Cav channels to defined neurotransmitters integrates our studies of 

PZQ-evoked Cav activity 36,116 with an older literature supporting a role for bioamines in 

planarian regeneration 144. 

 

But how is small molecule activation of Cav1A in one organism deleterious, but the same 

Ca2+ influx process harnessed physiologically in another to regulate polarity during 

regeneration?  We speculate the same PZQ-evoked interactome differentially couples to 

these outcomes because of the different ionotropic channel portfolio supporting cellular 

excitability in the two organisms.  Planaria express a surprisingly broad array of voltage-

gated entry channels - five unique Cav channels in addition to Nav channels (Figure 2.5B).  

This broad channel repertoire likely permits subfunctionalization of Cav1A activity 

within a broad organismal complement of voltage-gated channels in planaria to yield a 

physiological exploitable Cav1A dependent Ca2+ influx.  In contrast, schistosomes 

express a more limited portfolio of voltage-sensitive channels, lacking both Nav and LVA 
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Cav channels (Figure 2.5B).  The more limited gene repertoire of these parasites imparts a 

dependency and thereby vulnerability to Cav1A activity within their smaller ionotropic 

channel portfolio.  In this context, it is intriguing that both muscle contraction and 

tegumental damage are Ca2+ triggered phenomena in adult schistosomes (reviewed in 117), 

such that Ca2+ dysregulation may serve as a common nexus predictive of in vivo anti-

helmintic activity.  Further insight into this problem will be provided by understanding 

how acute Ca2+-dependent effects evoked by PZQ in different schistosome tissues 

regulate both acute downstream targets (bioaminergic receptors and their second 

messenger coupling) and the relevance of more chronic Ca2+ dependent transcriptional 

effects 118,120, e.g. CamKII 119, that have emerged from recent mRNA profiling analyses.  

 

In conclusion, exploitation of this Ca2+ dependent phenology should rekindle interest in 

drugs such as bromocriptine, and the druggability of their cognate bioaminergic 

receptors, as an avenue for resolving novel anti-schistosomals and modulating in vivo 

stem cell behavior during regeneration. 
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Figure 2.1. Biogenic amines differentially modulate praziquantel evoked bipolarity.   
(A) Anterior posterior (A-P) polarity in normal (left, control) and PZQ-treated (75 µM, 48 hrs) D. 
japonica (right) after 7 days of regeneration, with regenerative outcomes clearly evidenced by the 
appearance of photoreceptors (►) within the original and ectopic head structures.  This result 
derived from incubation of trunk fragments (white box, amputation of head and tail structures) in 
drug-containing solution during early regeneration.  (B) Diversity of flatworm neurotransmitters.  
Shading identifies different flatworm neurotransmitter families with branching reflecting 
molecular diversity.  Key synthetic enzymes targeted by RNAi (white circles) were: CAT, 
choline acetyl transferase; PC2, prohormone convertase 2; GDC, glutamate decarboxylase; TH, 
tyrosine hydroxylase; HDC, histidine decarboxylase; TDC, tyrosine decarboxylase; TBH, 
tyramine-β-hydroxylase; TPH, tryptophan hydroxylase.  (C) Effect of RNAi targeting 
neurotransmitter synthetic pathways on PZQ-evoked bipolarity, n≥3 independent trials. 
Abbreviations are as described in ‘B’.  (D) Pharmacological screening of monoaminergic drugs 
revealed compounds that promote and inhibit head regeneration. Representative images of 
regenerative phenotypes observed using (i) PZQ (75 µM), (ii) bromocriptine (1 µM), (iii) 
dopamine (500 µM), (iv) apomorphine (750 nM), (v) mianserin (10 µM), (vi) reserpine (10 µM), 
(vii) fluoxetine (2 µM), (viii) 5-HT (1 mM), (ix) 8-OH DPAT (10 µM).  In all cases, trunk 
fragments were treated for 48 hrs.  (E) Penetrance of monoaminergics at evoking two-headed 
(black) or no-headed worms (open).  (F) Bipolarity evoked by PZQ (solid) and bromocriptine 
(open) was antagonized by haloperidol (inset, co-incubation with 1.5 µM for 24 hrs).  (G) 
Inhibition of PZQ-evoked bipolarity (90 µM, 24 hrs) by various concentrations of serotonergic 
ligands.   
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Class 

Drug Activity Phenotype [X], source  
Neuropeptides FMRFamide agonist - 1 mM, 1 
Neuropeptides Spantide antagonist  100 µM, 2 

Adrenergic Epinephrine agonist - 5 mM, 1 
Adrenergic Norepinephrine agonist - 5 mM, 1 
Adrenergic L-phenylephrine agonist - 100 µM, 1 
Adrenergic Propranolol antagonist - 10 µM, 1 
GABAergic GABA agonist - 10 mM, 1 
GABAergic Piperazine agonist - 1 mM, 1 
GABAergic Baclofen agonist - 500 µM, 1 
GABAergic Carbamazepine agonist - 250 µM, 1 

Glutaminergic L-glutamic acid agonist - 500 µM, 1 
Glutaminergic NMDA agonist - 1 mM, 1 
Glutaminergic AMPA agonist - 1 mM, 1 
Glutaminergic Topiramate antagonist - 10 µM, 1 

Cholinergic Acetylcholine agonist - 1 mM, 1 
Cholinergic Nicotine agonist - 1 mM, 1 
Cholinergic Levamisole agonist 2-head (7%) 100 µM, 1 
Cholinergic Muscarine agonist - 100 µM, 1 
Cholinergic Atropine antagonist - 500 µM, 1 
Cholinergic Tubocurarine antagonist - 100 µM, 1 
Cholinergic α-Bungarotoxin antagonist - 10 µM, 3 

Biogenic amines Octopamine agonist - 10 mM, 1 
Biogenic amines Tyramine agonist - 100 µM, 1 
Biogenic amines Histamine agonist - 5 mM, 1 
Dopaminergic Bromocriptine agonist 2-head (64%) 2 µM, 1 
Dopaminergic Dopamine agonist 2-head (5%) 500 µM, 1 
Dopaminergic Apomorphine agonist 2-head (4%) 750 nM, 1 
Dopaminergic Haloperidol antagonist 2-head (5%) , no-head (4%) 

 
()(4(4%)(4%) 

5 µM, 1 
Dopaminergic Bupropion DAT antagonist 2-head (10%) 1 µM, 1 
Dopaminergic SKF 38393 agonist 2-head (4%) 

D1-like partial agonist 
50 µM, 1 

Dopaminergic Trifluoperazine antagonist 2-head (15%) 
 

10µM, 1 
Dopaminergic Pergolide agonist - 100 µM, 1 
Dopaminergic Ropinirole agonist - 100 µM, 1 
Dopaminergic SCH 23390 antagonist - 10 µM, 1 
Dopaminergic ±Sulpiride antagonist - 250 µM, 1 
Dopaminergic GBR 12909 DAT antagonist - 1µM, 1 
Serotonergic 5-HT agonist No-head (17%) 1 mM, 1 
Serotonergic 8-OH DPAT agonist No-head (20%) 10 µM, 1 
Serotonergic Fluoxetine SSRI  No-head (5%) 2 µM, 1 
Serotonergic Mianserin antagonist 2-head (6%) 

 
10 µM, 1 

Serotonergic m-CPP agonist - 10 µM, 1 
Multiple targets Reserpine  2-head (7.5%) 10 µM, 1 
Multiple targets Amitriptyline  2-head (3%) 7.5 µM, 1 
Multiple targets Pindolol  2-head (3%) 200 µM, 2 
Multiple targets Bafilomycin A1  2-head (3%) 10 nM, 1 
Multiple targets Lobeline  2-head (3%), no-head (3%) 7.5 µM, 1 
Multiple targets Clozapine  2-head (5%) 1 µM, 1 
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Table 2.1. Dopaminergic and Serotonergic ligands miscue regeneration.  Results from 
pharmacological screen investigating the impact of different agents that modify 
neurotransmission on planarian regenerative polarity.  Each ligand within the different classes 
was tested up to the indicated concentration after first performing toxicity assays to identify the 
concentration range over which worm viability was unaffected.  In each test, drug exposure was 
for one day using cohorts of n≥30 worms for n=3 trials.  A lack of effect in regenerative polarity 
is indicated by ‘-‘, whereas polarity defects (phenotype and penetrance) are described.  Drugs 
were sourced as follows: 1Sigma Aldrich, 2Tocris Bioscience, 3Invitrogen. 
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Figure 2.2. Analysis of drug action and selectivity in the planarian system.   
(A) Similar kinetics of bromocriptine and PZQ-evoked bipolarity.  Number of bipolar 
regenerants after exposure of trunk fragments to PZQ (75 µM, solid) or bromocriptine (1.5 
µM, open) for the indicated durations.  Fragments were amputated at t=0.  (B) Bromocriptine 
acts downstream of PZQ-evoked Ca2+ entry. Cav1A RNAi inhibits PZQ but not 
bromocriptine-evoked bipolarity.  (C) Displacement of 3H-DA from planarian membrane 
fractions by various ligands, including dopamine (ctrl), bromocriptine (10 µM), haloperidol 
(100 µM), and apomorphine (10 µM).  Inset, 3H-DA displacement assay at various 
concentrations of bromocriptine, expressed as a fraction of total specific 3H-DA binding.  Data 
represent average of at least three independent replicates.  (D) Effect of reserpine and 
fluoxetine on 5-HT and dopamine levels in regenerating trunk fragments.  Regenerating trunk 
fragments were exposed to of either reserpine (10 µM) or fluoxetine (10 µM) for 24hrs prior 
to electrochemical HPLC analysis of 5-HT (open) and dopamine (closed) levels.  Data 
represent analyses from multiple samples from at least two independent biological replicates, 
mean ± standard deviation. 
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Figure 2.3. Small molecules efficacious as anti-schistosomals miscue planarian A-P 
polarity.  (A) Left, Schematic representation of ‘hits’ versus drug representation in 
Schistosoma mansoni drug screens.  The number of drug hits in different functional classes 
(pie chart categories reflect LOPAC1280 pharmacological action ontology) were represented as 
appropriately scaled circles, allowing simple visual inspection of drug categories over/under 
represented as phenotypic outcomes.  Blue circles highlight the top four drug categories 
(dopaminergics, serotonergics, Ca2+ signaling, phosphorylation) and red circles the 
proportional representation of other classes.  For simplicity, drugs with ‘unknown’ mechanism 
of action classifications, and generalized anti-infective agents were not represented.  Right, 
translation of hits (PKC, GSK3) in the phosphorylation category (*) from the schistosome 
screening literature to the planarian regeneration assay.   (B) Images of regenerated worms 
after treatment with PKC modulators: (i) PMA (15 nM), (ii) 4-α PMA (inactive analog, 15 
nM), (iii) OAG (100 µM), (iv) PDB (25 µM).  (C) Involvement of PKC in PZQ-evoked 
bipolarity.  Left, PKC inhibition using calphostin C (10 nM) attenuated PZQ (90 µM) evoked 
bipolarity.  Middle, RNAi of DAGK potentiated low dose PZQ-evoked bipolarity (50 µM).  
Right, knockdown of a cPKC isoform attenuated PZQ-evoked bipolarity (90 µM).  (D) Effect 
of Ca2+ on PMA-evoked bipolarity.  Effects of indicated Ca2+ concentration on the 
bipolarizing ability of the PKC agonist PMA (solid squares, 15 nM) and the inactive analog 4-
α-PMA (open squares, 15 nM).  (E) The GSK-3 inhibitor ALP (5 µM) potentiated PZQ-
evoked bipolarity (25 µM), while the GSK3 activator DIF-3 (1.75 µM) blocked PZQ action 
(50 µM).  
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Figure 2.4.  Compounds that miscue planarian polarity regulate schistosomule 
contractility.  (A) Compounds transferred from planarian regenerative assay to schistosomule 
screen.  (B) Top, image sequence showing periodic basal contractile activity of a 
schistosomule. Bottom, body length versus time plots for individual schistosomula treated 
with small molecules (low dose, grey; high dose, black).  Drug concentrations (30 minute 
exposures) were: bromocriptine (BRM, 1 µM; 10 µM), praziquantel (PZQ, 1 µM; 10 µM), 
apomorphine (APM, 1 µM; 10 µM), mianserin (MSN, 5 µM; 10 µM), reserpine (RES, 10 µM; 
50 µM), 5-HT (10 µM; 100 µM), fluoxetine (FLX, 1 µM; 10 µM), 8-OH DPAT (1 µM; 10 
µM).  (C) Dose-response relationship showing the effects of increasing concentrations of 
bromocriptine on schistosomule contractility.  (D&E) Cumulative dataset from experiments 
such as those shown in ‘B’ for compounds active in the planarian regenerative bioassay parsed 
into compounds that (D) inhibit and (E) stimulate schistosomule contractility.  Drug 
concentrations were the higher dose of values reported in (B).  Dashed line, basal level of 
contractility.  
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Figure 2.5. Death and axes: phenologous responses evoked by praziquantel in different 
organisms.  (A) Proposed model depicting phenology between PZQ-evoked outcomes in 
planaria (brown) and schistosomes (grey, adult worm depicted).  In both organisms, we 
suggest PZQ evoked Ca2+ entry (blue) couples to dopaminergic signals that promote outcomes 
(green, head regeneration / paralysis) that are antagonized by serotonergic signals coupling to 
opposing phenotypes (red, tail regeneration/hyperactivity).   (B) In planaria (bottom), a broad 
array of voltage-gated entry channels permits subfunctionalization of PZQ-evoked Cav1A 
activity (blue) to yield a physiological exploitable Ca2+ influx.  In contrast, schistosomes (top) 
are more vulnerable to PZQ-evoked Cav1A activity, as these parasites possess a more limited 
repertoire of voltage-sensitive influx channels, lacking Nav and LVA Cav channels.  Sequence 
identifiers - Dugesia japonica: Cav 1A (AEJ87267), Cav 1A (AEJ87268), Cav 2A (AEJ87269), 
Cav 2B (AEJ87270), Cav3 (AEJ87271), Nav1 (FY933419), Nav2 (FY957659). Schistosoma 
mansoni: Cav 1A (Smp_020270), Cav 1B (Smp_159990), Cav 2A (Smp_020170) & Cav2B 
(Smp_004730). 
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Introduction 

Schistosomiasis is a neglected tropical disease that infects over 200 million people 

worldwide, burdening economies with an annual loss of several million disability-

adjusted life years 12,13,28.  The disease is caused by parasitic flatworms of the genus 

Schistosoma, and treatment is largely reliant on a single drug - praziquantel (PZQ).  

Despite nearly four decades of study, the mechanism of action of PZQ remains 

unresolved.  This longstanding roadblock impairs rationale design of next generation 

anti-schistosomals needed to counter the likely emergence of PZQ-resistant isolates 145.   

Resolution of the pathways engaged by PZQ in vivo is therefore a key priority.  Fresh 

perspective to this longstanding problem came from the discovery of an unusual axis-

duplicating effect of PZQ during the regeneration of free living planarian flatworms 36,116.  

The striking phenotype of PZQ-evoked bipolarity, coupled with the genetic tractability of 

this system for RNAi 16,146,147 and its predictive value against parasitic flatworms 148, 

provides a novel platform for identifying relevant PZQ effectors in vivo and has 

highlighted the value of studying the flatworm nervous system to yield new avenues for 

research into anti-helminthics 148.  

 

As genomic and transcriptomic resources 85,149,150 have paved the way for functional 

profiling of individual proteins 64-67,73,77,151-153, bioaminergic signaling has emerged as an 

important regulator of flatworm neuromuscular function and development 69,76,78,154,155.  

Various bioaminergic compounds were identified as hits in a recent small molecule 

screen for drugs that either phenocopied or opposed the activity of praziquantel in free 
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living and parasitic flatworms 148, with ergot alkaloid and serotonergic ligands proving 

particularly efficacious and meriting more expansive study.  

 

The work described in this chapter has paired the experimental resources available in free 

living planaria (Dugesia japonica) and parasitic flatworms (Schistosoma mansoni) to 

study the interplay between serotonergic signaling and anti-helminthic outcomes.  These 

data provide new insight towards two longstanding questions; (i) what is the molecular 

basis for praziquantel efficacy against parasitic flatworms, and (ii) what new druggable 

targets or lead compounds may be identified to bolster the limited arsenal of therapies 

available to combat these diseases? 

 

Materials and Methods 

Planarian husbandry.  Planaria were maintained as described in chapter two.  Briefly, a 

clonal line of Dugesia japonica was maintained at room temperature in spring water 

(Kandiyohi, Premium Waters), fed strained chicken liver, and starved for at least five 

days prior to use in experimental assays. 

 

Cloning strategies and RNAi.  RNA was isolated from 50 starved, intact planaria using 

TRIzol® and poly-A purified using a NucleoTrap® mRNA mini kit. cDNA was 

synthesized using random hexamer primers and the SuperScript™ III First-Strand 

Synthesis System (Invitrogen), and candidate serotonergic receptors were amplified by 

PCR (LA Taq™ polymerase), ligated into the pGEM®-T Easy vector (Promega) for 
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sequencing, and subcloned into the IPTG-inducible pDONRdT7 RNAi vector transfected 

into RNase III deficient HT115 E. coli. In vivo RNAi was performed by feeding 122, and a 

Schmidtea mediterranea six-1 (Smed-six-1) construct, which did not yield a phenotype in 

D. japonica, was used as a negative control.  

 

qPCR validation of RNAi knockdown.  Knockdown was assessed by quantitative RT-

PCR.  Total RNA was isolated from 10 intact planaria, treated with DNAse I (Invitrogen) 

and cDNA was synthesized using oligo(dT) primers and the SuperScript III First-Strand 

Synthesis System.  No RT controls were produced by using the same procedure but 

substituting DEPC-treated water for SuperScript RT enzyme.  TaqMan qPCR reactions 

were performed using a custom-designed TaqMan Gene Expression Assay (Applied 

Biosystems) and cycled in a StepOnePlus Real-Time PCR System (Applied Biosystems). 

 

Planarian regenerative assays.  Drugs were sourced from Tocris Bioscience or Sigma-

Aldrich and reconstituted in DMSO, producing stock solutions which were diluted in pH-

buffered Montjuïch salts for regenerative assays which were performed as outlined in 122.  

Regenerative phenotypes were archived using a Zeiss Discovery v20 stereomicroscope 

and a QiCAM 12-bit cooled color CCD camera.  In regenerative experiments, as well as 

flatworm mobility assays, data is presented as mean (±) standard error of at least three 

independent experiments, with significance at p<0.05 (*) or p<0.01 (**) as determined by 

unpaired, two-tailed ttests relative to control cohorts. 
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Planarian mobility assays.  Starved worms were exposed to drug / vehicle for five 

minutes, after which 10 animals were placed in the middle of a glass watchglass (50 mm 

diameter, Fisher Scientific) centered over a LED backlit light (Edmund Optics, #83-873).  

Movement was captured using a digital video camera (Canon VIXIA HF R400) over a 2 

minute period (30 frames per second).  The resulting videos were processed using custom 

written algorithms in Ctrax to track the motility of individual worms 156,157.  Errors in 

tracking were corrected using the Fix Errors Matlab Toolbox and descriptive statistics 

were computed using scripts in the Behavioral Microarray Matlab Toolbox and custom 

written algorithms in MATLAB 156.  Motion was scored by quantifying total distance 

travelled (mm) over the fixed recording interval.  Representative images of this assay are 

displayed as minimal intensity z-projections (ImageJ) to provide a qualitative visual 

readout of experimental manipulations.  Data represents the mean (±) standard error of at 

least three independent experiments.  

 

Transcriptome assembly and bioinformatics. Total RNA from regenerating and intact 

D. japonica was harvested in Trizol and mRNA was purified by hybridization to 

oligo(dT) beads (Dynal).  RNA-seq libraries were prepared according to the Illumina 

mRNA-Seq Sample Prep kit and Illumina TruSeq kit manufacturer protocols.  Libraries 

were sequenced on Illumina HiSeq 2000 machines, producing 100bp paired end reads.  

Adapter sequences were trimmed and reads were passed through a sliding window 

quality filter (window size = 4, minimum average quality score = 25) using Trimmomatic 

version 0.22 158.  Paired-end reads and singletons ≥ 50 bp in length were retained. 
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Overlapping paired-end reads were merged using FLASH 159.  Surviving reads were 

combined and fed into the Trinity pipeline for de novo assembly 160.  Final assembly was 

carried out with a minimum k-mer coverage of 2 and the default k-mer size of 25.  

Complex graphs that proved unresolvable within a 6 hour window were manually excised 

to allow the assembly to proceed.  The minimum contig or transcript length for both 

assembly pipelines was set to 200 nt.  The statistical software package R was used to 

evaluate assembly statistics.  Candidate D. japonica 5-HT receptor sequences were 

selected based upon homology to receptors predicted in the planarian Schmidtea 

mediterranea 85.  Alignments were performed on amino acid sequences in SeaView 

(version 4.5.1) using MUSCLE.  Maximum likelihood phylogenies were generated using 

PhyML at 500 bootstrap replicates and visualized using FigTree (version 1.4.0). 

 

Isolation of adult Schistosoma mansoni.  Female CD1 mice were infected with 

approximately 300 cercaria and adult worms were harvested by portal perfusion 6–8 

weeks post infection as described in 161. Briefly, mice were anesthetized in a CO2 

chamber and killed by cervical dislocation.  Mice were perfused with sodium citrate (25 

mM) and adult schistosomes were harvested from the mesenteric veins.  Schistosomes 

were washed (five washes of five minutes each) in RPMI media containing penicillin 

(1000 units / mL) and streptomycin (1000 µg / mL), and transferred to RPMI complete 

media consisting of RPMI supplemented 2 mM glutamine, 25 mM HEPES and 5% heat 

inactivated FCS.  
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Adult Schistosoma mansoni mobility assays.  Mobility experiments were conducted 

between 24 and 48 hours after harvesting using a compound microscope equipped with a 

digital video camera to acquire video recordings (3 frames per second for 1-2 minutes) of 

worms exposed to various drug treatments. Analysis was performed in ImageJ as 

described in 77. Briefly, files were imported using the Bio-Formats plug-in, and 

differences in illumination were corrected using the stack deflicker function of the 

wrMTrck plugin. Images were processed by converting to binary format, and mobility 

was assayed by measuring the average difference in pixels resulting from subtracting two 

consecutive frames, providing a measurement of the worms displacement over that period 

(~0.3 seconds).  This calculation was performed for each frame in the video, and the 

results were averaged over the length of the recording to provide a metric of worm 

movement. Unless otherwise noted, values reported represent the mean (±) standard error 

of at least three independent experiments.  

 

Schistosomula isolation.  Biomphalaria glabrata snails infected with S. mansoni 

mirarcidia (NMRI Puerto Rican strain) were obtained from the Biomedical Research 

Institute (Rockville, MD) 123.  After 4 to 6 weeks of infection cercaria were shed as 

described in chapter two and reference 124.  Following mechanical transformation into 

schistosomula, worms were cultured at 37°C in modified Batch’s media. 

 

Schistosomula contractility assays.  Schistosomula mobility assays were performed 

within 24 hours after transformation from cercaria.  Drugs were diluted in pre-warmed 
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modified Batch’s media and worms were exposed to various compounds for at least 30 

minutes prior to recording videos of mobility using a Nikon Coolpix 5700 camera affixed 

to a Nikon Eclipse TS100 microscope at 10x objective over a 2 minute period. 

Schistosomula mobility was quantified in ImageJ using the wrMTrck plugin.  Values 

reported represent the average of at least three independent experiments.  

 

Results 

Opposing effects of 5-HT signaling and PZQ in free living planaria.  While chronic 

exposure (24 hrs) of excised trunk fragments to increasing doses of PZQ caused 

regeneration of two-headed worms to complete penetrance (Figure 3.1A&B, 36), acute 

incubation of intact worms with PZQ also produced a phenotype; a reversible impairment 

of worm motility (Figure 3.1D).  Both these long term (polarity) and short term 

(mobility) effects of PZQ effects occurred over similar concentration ranges (EC50 = 38 

µM for bipolar regeneration, EC50 = 23 µM for impairment of mobility, Figures 

3.1B&E).  Given the role of bioaminergic neurotransmitters in regulating flatworm 

regenerative polarity and mobility 75,135,148, we co-treated regenerating trunk fragments 

with PZQ and 250 µM of either serotonin (5-HT), dopamine (DA), octopamine (OCT), 

epinephrine (EPI) or norepinephrine (NE) to see whether these compounds impacted 

PZQ evoked changes in regenerative polarity.  Serotonin was unique in blunting the 

penetrance of PZQ evoked two-headed regeneration (Figure 3.1C) - other biogenic 

amines had no effect on regenerative outcomes at the concentration tested, in the 

presence or absence of PZQ. 
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Given that PZQ evoked regenerative polarity was opposed by 5-HT, we assessed whether 

serotonergic signaling also opposed the effects of PZQ on intact planaria.  While worms 

exposed to PZQ exhibited dose-dependent impairment of mobility, co-treatment with 5-

HT prevented PZQ evoked movement defects.  Therefore, the effects of PZQ in either 

functional assay were reversed by co-incubation with 5-HT, suggesting that PZQ may 

antagonize serotonergic signaling.  A non-selective full agonist of serotonergic G protein 

coupled receptors (GpCRs), o-methylserotonin, produced the same effect as 5-HT in 

regenerative and mobility assays (Figure 3.1) and was used for subsequent planarian 

experiments given (i) its lack of affinity for serotonin gated ion channels (5-HT3 

receptors), and (ii) the replacement of the indole 5-carbon OH with an o-methyl group 

prevents its degradation by deprotonation.  

 

Structure-activity screen of ergot alkaloids.  On the basis of the observation that the 

effects of PZQ on regenerating and intact animals were reversed by exposure to 

serotonergic agonists, we conducted a broader pharmacological screen of agents with 

known affinity for serotonergic receptors.  In particular, we focused on the ergot alkaloid 

class of compounds given our previous finding that bromocriptine, a brominated peptide 

ergot alkaloid with affinity for mammalian D2 and 5-HT receptors 162-167, produced a high 

penetrance of two-headed regenerants (Figure 2.1F).  Surprisingly, numerous ergot 

alkaloids yielded regenerative phenotypes, either phenocopying PZQ to promote bipolar 

head regeneration, or inhibiting head regeneration (Figure 3.2A).  
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Several aspects of the pharmacological screening data merit comment.  First, the broad 

efficacy of ergot alkaloids as a class of compounds permitted structural-activity insight.  

All ergots effective at producing two-headed regenerants exhibited indole ring 

modifications (Figure 3.2).  The indole N-1 hydrogen is a critical hydrogen-bonding 

interface within the orthosteric binding pocket of 5-HT GpCRs 168 and alkylation at the 

N-1 position (as exhibited by five of the seven bipolarizing compounds) is known to yield 

5-HT receptor antagonists 169.  Compounds lacking modifications at this site retain 

agonist activity at serotonergic receptors and impair head regeneration. 

  

Second, the idea that bipolarizing compounds acts as serotonergic blockers is consistent 

with the observation that the ergot alkaloids that promote bipolar head regeneration are 

evidenced to act as 5-HT antagonists in other systems 155,170-172.  In contrast, ergot 

alkaloids that inhibit head regeneration act as 5-HT agonists 169,173,174.  Therefore, in 

regenerative assays PZQ mimics the bipolarizing ability of various serotonergic blockers, 

but is opposed by reported 5-HT agonists. 

 

Third, structurally diverse mammalian 5-HT blockers also cause bipolarity, albeit at a 

lower penetrance than the ergot alkaloids (Table 3.1).  This group includes clozapine, a 

drug which has been validated as a planarian 5-HT receptor blocker 175.  Conversely, 

drugs that stimulate 5-HT signaling (8-OH DPAT and fluoxetine) block head 

regeneration and PZQ action 148.  
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Finally, the ergot alkaloids that promoted bipolar regeneration also phenocopied PZQ in 

mobility assays, impairing mobility (Figure 3.2B).  Therefore, like PZQ, ergot alkaloids 

regulate both planarian regenerative polarity and mobility.   

 

We sought to validate that drug evoked phenotypes (two-headed regeneration and 

impaired mobility) resulted from the pharmacological blockade of 5-HT receptors by 

knocking down planarian serotonergic GpCRs using in vivo RNAi.  In order to 

accomplish this we first had to identify the repertoire of D. japonica serotonergic 

receptors in the absence of a sequenced genome for the species.  Barriers to genomic 

assembly include D. japonica’s mixaploid chromosomes, abundant repetitive elements 

and active retrotransposons 17.  The only sequenced planarian genome reported to date 

belongs to Schmidtea mediterranea, and this resource is highly fragmented with the 

assembly distributed across >40,000 genomic contigs 14.  Therefore, we took the 

approach of generating a de novo transcriptome assembly for the planarian D. japonica 

(Figure 3.3, see materials and methods).  The resulting assembly proved comparable to 

transcriptomes generated for other planarian species 176,177, as well as the predicted open 

reading frames of the S. mediterranea genome 14 (Figure 3.3A&B), indicating that this 

resource is a reliable reference for the prediction and cloning of  D. japonica gene 

products.  The high level of coverage is evidenced by the fact that, of the 983 existing D. 

japonica nucleotide sequences manually cloned and deposited on NCBI, 982 are 

represented in our de novo assembly with a high degree of sequence identity (Figure 

3.3C).   
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Using this assembly, candidate serotonergic GpCRs were identified based on homology 

to previously validated D. japonica 5-HT receptors that cluster with the mammalian 

5HT7 receptor (Figure 3.4C, 77,175,178).  A clade of nine predicted sequences was 

identified, with high conservation of the critical amino acid residues required for 5-HT 

affinity for the orthosteric binding pocket of serotonergic GpCRs 168,179 (Figure 3.4B).  

Isoforms were labeled according to their ranked expression levels in intact planaria.  One 

isoform, 7.1, was by far the most abundantly expressed, accounting for 62% of the total 

FPKM values assigned to the predicated clade of serotonergic receptors (Figure 3.4C).  

Knockdown of this isoform phenocopied both PZQ and serotonergic antagonists, 

impairing planarian mobility (Figure 3.4D) and potentiating PZQ evoked bipolarity in 

regenerating trunk fragments (Figure 3.4E). 

 

5-HT functionally antagonizes PZQ’s effects on parasitic flatworms.  Given that PZQ 

antagonized 5-HT signaling in two separate planarian assays, we asked whether PZQ 

might act similarly in parasitic flatworms.  Measuring the change in the mobility of adult 

S. mansoni in response to various biogenic amines (100 µM), we found that serotonin 

was unique in eliciting a robust increase in flatworm mobility (Figure 3.5B&C).  This is 

consistent with previous reports that 5-HT stimulates contraction in both intact worms 

and isolated muscle fibers 69,77, and these observations are logical considering the 

physiological environment which S. mansoni inhabit - adult worms live in the mesenteric 

veins, in close proximity to the enterochromaffin cells that produce ~95% of human 5-HT 

180.  For subsequent experiments, we focused on single sex female populations based on 
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the results from our initial screen that female worms are more active than males, and the 

fact that adult S. mansoni are often found paired in copula (Figure 3.5A) with the female 

tucked inside the ventral groove of the larger male, complicating the analysis of male 

populations.   

  

Exposure to PZQ (0.3 µM - well within clinical plasma levels 181) produced the opposite 

effect of serotonin – worms rapidly coiled into a tonically contracted state (Figure 3.5D).  

This effect was reversed in a dose-dependent manner following the addition of 5-HT to 

the media, eventually resulting in complete restoration of normal mobility (Figure 3.5D), 

clearly demonstrating that 5-HT functionally antagonizes the acute effects of PZQ in 

parasitic flatworms.  

 

A notable characteristic of PZQ is that clinically, parasites are refractory to treatment 

until approximately four to six weeks of maturation within the host 58,182, rendering the 

drug ineffective against recent infections.  Comparative transcriptome analysis across 

various S. mansoni life stages has revealed that several predicted 5-HT receptors are 

significantly up regulated in juvenile schistosomula relative to mature adults.  Therefore, 

we were interested in whether serotonergic ligands with activity against free living 

flatworms might be effective lead compounds targeting the juvenile life stage of S. 

mansoni.  We tested a panel of serotonergic agonists and antagonists selected based on 

their activity in planarian regeneration assays and found that serotonergic agonists 

produced a dose-dependent increase in mobility, while antagonists inhibited mobility 
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(Figure 3.6).  These data suggest that ligands targeting 5-HT GpCRs, and ergot alkaloids 

in particular, may be promising candidates for anti-schistosomal drug development or as 

adjuvants to PZQ therapy.  

 

Discussion 

Despite the fact that the anti-schistosomal drug PZQ has been in clinical use for over 

three decades 183 and is the sole broad spectrum anti-schistosomal agent in use across 

many endemic areas 29, the molecular basis for the drug’s efficacy remains poorly 

understood.  PZQ resistance has been reported both in the lab and in the field 29,48,184,185, a 

concern that will be exacerbated with the execution of mass drug administration 

programs targeting the eradication of schistosomiasis.  This highlights the need to (i) 

better understand PZQ’s mechanism of action, (ii) identify new druggable targets and (iii) 

advance lead compounds towards therapeutic development.  In order make progress 

towards these aims, we present data indicating that free living planarian flatworms are a 

promising model to study questions related to their more experimental intractable 

parasitic cousins.  Specifically, we have demonstrated (i) that PZQ is opposed by 

serotonergic signaling in both regenerative and movement assays, (ii) that genetic 

knockdown of a single serotonin receptor also impairs worm mobility while potentiating 

bipolar regenerative outcomes, and (iii) that serotonergic ligands, and ergot alkaloids in 

particular, have potent activity against parasitic schistosome flatworms.   
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A relationship between PZQ activity and serotonin signaling has been alluded to by 

previous work on adult schistosomes focusing on carbohydrate metabolism 186,187.  

However, the fact that PZQ impairs schistosome tegument integrity has precluded 

drawing conclusions on whether this reflects genuine cross talk between PZQ and 5-HT 

signaling or is merely consequence of long term mechanical damage to the worm.  Free 

living planaria are uniquely suited to address this unresolved relationship, because the 

presence of a tegument is an exclusively a parasitic feature.  Our data from genetic and 

pharmacological studies on both regenerating and intact planarian demonstrate that PZQ 

is functionally opposed by serotonergic signaling (Figure 3.1), that PZQ is phenocopied 

by serotonergic loss of function (Figures 3.2 and 3.3), and that this relationship is also 

borne out in adult S. mansoni, where PZQ evoked contractile paralysis shows a dose-

dependent reversal following the addition of exogenous 5-HT.  These data suggest that 

PZQ may act as a serotonergic blocker in vivo.  Such activity may not be incompatible 

with the hypothesis that PZQ acts on a voltage operated Ca2+ (Cav) channel 188, as several 

canonical Cav ligands have high affinity for mammalian 5-HT receptors, perhaps 

enhancing their clinical efficacy as anti-migraine medications 189.  In fact, the possibility 

that PZQ, like many ergot alkaloids, may be a polypharmacological compound 190-192 

could explain its unique efficacy and longevity as an anti-helminthic 193.  

 

When we consider the changes in schistosome biology that occur over the course of 

infection, a rational explanation for why serotonergic signaling may prove a particularly 

effective target for therapeutic intervention comes into focus.  Parasite mobility is driven 
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by serotonergic signaling (chapter two, Figure 3.5C) 69,77, and transcriptome analysis 

across the S. mansoni life cycle reveals that key components of serotonergic signaling are 

differentially expressed between cerceria, schistosomula or adult parasites 194.  These 

changes in gene expression correlate to biological and environmental transitions 

experienced by the parasite.  For example, upon infecting a human, juvenile 

schistosomula are required to be much more mobile relative to sedentary adults as they 

migrate through the definitive host, and several serotonergic GpCRs are most abundant at 

this stage.  On the other hand, adult worms live in a 5-HT rich environment, where they 

are thought to acquire a large amount of their 5-HT from the human blood stream 180,195.  

Accordingly, in mature adult worms the synthetic enzyme tryptophan hydroxylase (TPH) 

is down regulated from its peak in larval, highly mobile infectious stages to nearly 

undetectable levels 196, while the 5-HT transporter SERT is in turn massively up-

regulated 195.  This reliance on 5-HT signaling in parasite biology is not unique to 

trematodes.  For example, cestodes have been shown to rapidly uptake 5-HT from their 

environment 197,198, utilize 5-HT in neuromuscular control 199, and rely on changes in host 

5-HT levels as they migrate throughout the organism 200,201.  In fact, the proposal that 5-

HT receptors may be an effective target in treating parasitic flatworms predates much of 

our molecular understanding of these signaling transduction pathways 202.  

 

Similarly, the therapeutic utility of ergot alkaloids has been known for decades, if not 

centuries.  Broadly, this class of ligands is known to target bioaminergic receptors due to 

the structural similarity of the indole ring contained in the drugs pharmacophore to 



 

 64 

endogenous neurotransmitters.  We present structure-activity data indicating that, in 

flatworms, modification of this indole ring at the N-1 or C-2 position results in 

phenotypic outcomes consistent with serotonergic antagonism.  These modifications are 

consistent with previous structure-activity relationships characterized against mammalian 

serotonin receptors 169.   

 

Importantly, many of the ergot alkaloid derivatives we have identified as active against 

flatworms are also FDA approved therapies for existing conditions (bromocriptine- 

parkinsonian syndromes and type II diabetes; methylergometrine - postpartum 

hemorrhage; ergotamine and dihydroergotamine - migraine; nicergoline - vascular and 

cognitive disorders).  While many ergot alkaloids have been shown to cross the blood-

brain barrier - this is empirically evident from hallucinogenic effects that preclude 

therapeutic development of some ergoline derivatives (i.e. Lysergic acid, or LSD) - 

pharmacokinetic studies have shown that the concentration of drug remains significantly 

higher in blood plasma than in the cerebrospinal fluid 203-206.  This may allow for lower 

dosing given that schistosomes (“blood flukes”) primarily inhabit the host circulatory 

system.  For example, the maximum dosage of bromocriptine used for type II diabetes is 

~20 times less than that used to target parkinsonian symptoms in the CNS.  Additionally, 

anti-helminthics are generally not administered as long term therapies, a feature which 

may reduce or eliminate the risk of cardiac side effects reported with chronic 

administration of some ergot alkaloids 169,207. 

 



 

 65 

Given that several drugs initially developed to eliminate parasitic helminth infections are 

now being repurposed to treat non-infectious human diseases 208,209, it is not surprising 

that the reverse would be true and that compounds not initially intended for infectious 

disease are also being repurposed against parasites 210,211.  Collectively, these data 

demonstrate the utility of using both free living and parasitic flatworms to study 

druggable targets and identify lead compounds or candidates for repurposing, 

highlighting bioaminergic signaling and ergot alkaloids as promising new approaches in 

tackling schistosomiasis.    
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Figure 3.1. Opposing effects of praziquantel and serotonin on free living planaria.  (A) 
Schematic of regenerative assay and phenotypes resulting from exposing trunk fragments to 
PZQ and PZQ + 5-HT, with head structures clearly identifiable by photoreceptors (►).  (B) 
Dose-response curve of PZQ in a regenerative assay producing 2-headed animals. (C) Co-
treatment of regenerating fragments with PZQ (75 µM) and biogenic amines (250 µM) reveals 
5-HT inhibits 2-headed regeneration. (D) Top- overlay of 2 minute recordings of intact 
planaria (n=10) exposed to increasing concentrations of PZQ.  Bottom- representative 
phenotypes for ctrl, PZQ exposed, and PZQ washout animals.  (E) Quantification of 
movement shown in (D) relative to no-drug control group. (F) Inhibition of movement 
resulting from PZQ (75 µM) exposure is attenuated by o-methyl 5-HT (100 µM) co-treatment 
(left – quantification, right – image overlay of recordings). 



 

 68 

 



 

 69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Pharmacological manipulation of planarian serotonergic signaling impacts 
polarity and mobility.  (A) Excised trunk fragments exposed to reported serotonergic 
antagonists (b-h) regenerated into 2-headed animals, while exposure to reported serotonergic 
agonists (i-m) produced animals with inhibited head regeneration. Tryptamine portion of the 
ergoline pharmacophore is shown in blue, N1 or C2 modification in red.  (B) Ergot-alkaloid 
serotonergic antagonists phenocopy PZQ by impairing movement in mobility assays. Left - 
quantification of movement. Right - overlay of 2 minute recordings.  
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Class Drug Activity Phenotype [X], source  

Spiro- butyrophenone Spiperone 
Antagonist  
(5HT2A) 2-head (4%) 10 µM, 1 

Tricylic dibenzodiazepine Clozapine 
Antagonist 

(5HT2A2C) 2-head (7%) 1 µM, 2 

Tetracyclic dibenzazepine Mianserin 
Antagonist 

(5HT2A/2C) 2-head (6.7%) 10 µM, 1 

Heterocyclic dibenzothiepin Methiothepin 
Antagonist  

(5HT1A/5A/6/7) 2-head (18%) 2.5 µM, 1 

Cinnamate Cinanserin    
Antagonist 

(5HT2A/2C) 2-head (5%) 10 µM, 2 

Quinazolinone / Piperidine Ketanserin 
Antagonist 
(5HT2A) 2-head (7%) 10 µM, 1 

Heterocyclic indole Sertindole 
Antagonist 

(5HT2A/2C) 2-head (5%) 5 µM, 1 

Tetrahydrobenzindole DR 4485 
Antagonist 

(5HT7) 2-head (21%) 1 µM, 2 

Heterocyclic indole Dimebon 
Antagonist 

(5HT1/2B/2C/5A/6) 2-head (50%) 10 µM, 1 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1. Non-ergot alkaloid serotonergic antagonists producing 2-headed 
regenerants. Structurally diverse ligands with activity as mammalian serotonergic 
antagonists produce 2-headed worms in planarian regenerative assays. 1Sigma 
Aldrich, 2Tocris Bioscience.  
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Figure 3.3. de novo assembly of the D. japonica transcriptome.  (A) Descriptive statistics 
for the transcriptome of D. japonica (black) relative to assemblies reported for three other 
planarian species (G. tigrina, D. lacteum, S. mediterrenea) and the predicted open reading 
frames from genome of S. mediterrenea.  (B)  Length distribution for the contigs in various 
planarian assemblies. t,g denote transcriptome and genomic assemblies of S. mediterrenea.  (C) 
Coverage of the D. japonica transcriptome as assessed by BLAST of 983 reported sequences 
(NCBI tax. ID 6161).  
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Figure 3.4. RNAi of a putative serotonin receptor phenocopies praziquantel.  (A) Rooted 
maximum likelihood phylogenies of predicted D. japonica 5-HT GpCR isoforms alongside 
validated S. mansoni biogenic amine receptors.  Human rhodopsin used as an out-group. (�) 
Denotes receptors validated by heterologous expression.  Planarian nomenclature based on 
ranked expression levels.  (B) Alignment of the 5-HT orthosteric binding pocket in human and 
predicted D. japonica serotonergic GpCRs.  Human isoforms and UniProt entry ID numbers; 
5HT1A, P08908; 5HT1B, P28222;  5HT1D, P28221; 5HT1E, P28566; 5HT1F, P30939;  5HT2A, 
P28223;  5HT2B, P41595;  5HT2C, P28335;  5HT4R, Q13639;  5HT5A, P47898;  5HT6R, 
P50406;  5HT7R, P34969).  Residue position identified as by Ballesteros-Weinstein 
numbering.  (C) FPKM values of predicted 5HTRs, revealing a single predominantly 
expressed isoform, 7.1.  (D) Effect of 5-HTR RNAi on planarian mobility (overlaid images 
from 2 min video recordings).  (E) Effect of 5-HTR RNAi on PZQ evoked bipolarity, 
expressed relative to control RNAi 2-head percentage.  (F) Change in 5-HT receptor 
expression during tail regeneration, symbols pair with those in (E) to denote isoforms.  (G) 
Effect of PZQ on expression of the predominant 5-HT receptor isoform (7.1). 
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Figure 3.5. Serotonin opposes the effects of praziquantel on parasitic flatworm mobility. 
(A) Representative paired parasitic S. mansoni flatworms, shown with the female residing 
within the ventral groove of the male. (B) Effects of various biogenic amines on male (open 
box) and female (solid box) movement.  Data are average of two independent experiments.  
(C) Dose-response curves for female S. mansoni exposed to 5-HT.  (D) Mobility of worms in 
the absence of any drug (open box), following PZQ exposure (0.3 µM – solid boxes), and the 
addition of 5-HT to media. Right- representative frames from videos used for quantification of 
mobility.  
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Figure 3.6. Effect of serotonergic ligands on juvenile S. mansoni.  Dose response curves 
illustrating the fold change in the mobility of immature S. mansoni  schistosomula (shown 
upper left) exposed to reported ergot alkaloid serotonergic agonists and antagonists. 
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Wound Evoked CNS Signals Instruct Early Planarian Regeneration 
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Introduction 

Planarian flatworms have long been used as a model for studying regenerative biology 

because of their inherent ability to regenerate and rejuvenate their tissues 114.  Over the 

last decade, considerable progress has been made in defining the signaling pathways and 

stem cell populations that underpin this ability 114,115,212,213 and allow experimental 

manipulation of the animal’s regenerative capacity 176,214,215.  While this work has 

resolved many of the signals involved in body plan organization and repatterning 216, as 

well as the differentiation of particular tissues / organs such as photoreceptors 217, the 

excretory system 218, feeding / digestive structures 219,220, and motile cilia 135, there has 

been less progress in understanding the acute, wound evoked signals that precede these 

developmental events.  That is, while data is coalescing to describe the mechanisms by 

which planarian execute regenerative modules (i.e. ERK signaling confers “head” 

identity, FoxA drives “trunk” identity, and the Wnt / β-catenin pathway promotes “tail” 

identify), we still understand very little about the very early wound events that initiate 

these programs.  

 

When considering these questions, it may be informative to reference another classical 

model organism in regeneration - the newt.  In urodele amphibian models (newts and 

salamanders), limb amputation results in a series of well described events, each of which 

must occur in a stepwise fashion to allow execution of subsequent programs restoring lost 

structures (reviewed in 221).  Epidermal wound closure occurs rapidly after injury 222, and 

the resulting epithelial cap cues the proliferation and migration of cells to the site of 
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amputation.  Signals from nervous tissues are then required to sustain this proliferative 

response, and a blastema forms as cells migrate to site of injury 223-226.  These poorly 

understood “neurotropic factors” are critical for subsequent regenerative events 224,227-229, 

as de-innervation of tissues arrests this response and results in scar formation 230.  Finally, 

from the regenerating blastema, growth and pattern formation is executed utilizing many 

of the same pathways as during embryonic development 231.   

 

While our current knowledge of early regenerative events in planarian is more piecemeal, 

if we zoom out we can graft many events that occur during planarian regeneration onto a 

framework established in other models.  As in newts 232,233, amputation of planarian 

tissues results in wound depolarization 234 and changes in Ca2+ homeostasis necessary for 

subsequent regenerative events to occur.  During this time, there is an increase in mitotic 

activity in tissues proximal to the wound, and these stem cells, or neoblasts, migrate to 

the site of injury to form a regenerative blastema within ~18 hours 235.  While both the 

neoblasts’ niche and the cues that recruit them to proliferate and migrate remain poorly 

understood, sub-lethal irradiation experiments reveal a subset of proliferative cells that 

emerge near the nerve cords of the CNS to repopulate the animal 236.  Following neoblast 

migration, serotonergic projections emerge from the nerve cords to re-innervate the 

wound site near the forming blastema 81,82, and anterior-posterior (A-P) polarity is re-

established using pathways shared in embryonic development 237,238.   
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Given the role of Ca2+ signaling in both planarian regeneration36,116 and muscle function, 

we were interested in studying the role of a planarian voltage-operated Ca2+ channel 

isoform (Dj-Cav1B), RNAi of which causes both mobility and anterior-posterior 

patterning defects.  Additionally, serotonin (5-HT) is a known regulator of flatworm 

mobility, and recent data shows that pharmacological and genetic manipulation of 

serotonergic signaling also biases regenerative outcomes (chapters two and three)148.  

These two observations suggest a link between Cav1B and 5-HT signaling, supporting a 

hypothesis that defects in Cav1B cause serotonergic impairment and indicating a role for 

both early in planarian regenerative patterning. 

 

Materials & Methods 

Planarian husbandry and regenerative assays.  An asexual clonal strain of Dugesia 

japonica (GI; Gifu, Iruma river) was maintained (~10,000 worms in 15L of spring water) 

at room temperature and fed strained chicken liver puree (~10 ml) weekly 36.  

Regenerative assays were performed using 5 day-starved worms (n≥30) in pH-buffered 

artificial water at 22°C (1×Montjuïch salts: 1.6 mM NaCl, 1.0 mM CaCl2, 1.0 mM 

MgSO4, 0.1 mM MgCl2, 0.1 mM KCl, 1.2 mM NaHCO3, pH 7.0 buffered with 1.5 mM 

HEPES) as detailed in 122.  Drugs for regenerative assays were sourced from Sigma 

Aldrich, USA. Phenotypes were scored and archived using a stereomicroscope (Zeiss 

SteREO Discovery.V20) fitted with a QiCAM 12-bit cooled color CCD camera.  Drug 

effects were examined using unpaired t-tests, with differences considered significant at 

p<0.05. 
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In situ hybridization.  Planaria were fixed in Carnoy’s solution for 2hrs on ice and then 

processed for whole-mount hybridization as described previously 36.  Hybridization was 

carried out at 55˚C for 36hrs.  Digoxigenin-labeled riboprobes were synthesized using in 

vitro RNA polymerase (Roche).  Probe regions, and accession numbers for related genes 

were as follows: Cav1A (1027-1865bp; 2229-4133bp, HQ724315); Cav1B (2722-4010bp; 

4380-6059bp, HQ724316); Cav2A (120-962bp, HQ724317); Cav2B (21-1150bp, 

HQ724318); Cav3 (1856-2870bp, HQ724319); PC2 (1-2285bp); ndk (122-1692bp); Hh 

(59-1370bp from AB504739.1); wnt1 (1-1162bp); wnt11-5 (1-1050bp). 

 

In vivo RNAi.  In vivo RNAi was performed as described previously 15,36.  Targeted 

sequences were amplified using gene specific primers and cloned into the IPTG-inducible 

vector pDONRdT7 15 using Gateway BP Clonase (Invitrogen).  Sequences were: Cav1A 

2229-4133bp, Cav1B (4380-6059bp), Cav2A (120-962bp), Cav2B (21-1150bp) and Cav3 

(1856-2870bp).  As a control for RNAi assays, a gene from a related planarian species 

Schmidtea mediterrania was used as a negative control (Smed-six-1 clone).  Worms were 

fed a mix of chicken liver and bovine red blood cells containing transformed HT115 

bacteria induced to express individual dsRNA constructs over several feeding and 

regeneration cycles.  To assess the efficiency of knock-down, quantitative real-time PCR 

(qPCR) was performed using SYBR GreenER qPCR SuperMix Universal (Invitrogen).  

cDNA (not containing the RNAi targeted sequence) for each gene was cloned into 

pGEM-Teasy vector (Promega) and used as a template to create gene-specific standard 
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curves for assessing mRNA levels in samples isolated at equivalent regenerative time 

points from different worms.  The mRNA levels of specific genes were compared with 

controls using planarian β-actin to normalize RNA input. 

 

HPLC measurement of 5-HT content.  Thirty planaria were amputated as shown in 

Figure 4.1A and the resulting fragments were allowed to regenerate for up to 24hrs, after 

which time media was removed and replaced with ascorbic acid (300 µl, 1% m/v).  

Samples were lysed by successive freeze-thaw cycles (3x), debris pelleted by 

centrifugation (10,000g for 5 mins), and the supernatant was filtered (0.45 µm filter plate, 

Millipore) by centrifugation (3,000g for 10 mins).  The resulting filtrate (180 µL) was 

supplemented with 0.5M HClO4 (20 µl, 500 mM final concentration), and samples were 

mixed and injected by an autosampler into an Agilent 1200 HPLC apparatus with a 5 µm, 

4.6 x 150 mm Eclipse XDB C18 column attached to a Waters 2465 electrochemical 

detector with a glassy carbon-based electrode.  The current range was set at 50 nA with a 

working potential of 0.7 V versus an in situ Ag / AgCl reference electrode.  The mobile 

phase mixture (13 mg / L of the surfactant sodium octylsulfate, 170 µL / L dibutylamine, 

55.8 mg / L Na2EDTA, 10% methanol, 203 mg / L sodium acetate anhydrous, 0.1 M 

citric acid, and 120 mg / L sodium chloride) was ran at a flow rate of 2 ml / min.  The 

area underneath the peaks was analyzed to determine total serotonin content.  Results 

were normalized to sample cytosolic protein concentration determined by Bradford assay 

(Thermo Scientific). 
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Results 

RNAi of the neuronal Cav1B channel uniquely anteriorizes regeneration.  The 

planarian Dugesia japonica possesses five voltage-operated Ca2+ channel α subunits 

(Cavα) (Figure 4.1B).  These Cavα subunits comprise four isoforms with homology to 

high-voltage activated Ca2+ channels (HVA; Cav1A, Cav1B, Cav2A, Cav2B) and one low-

voltage Ca2+ channel subtype (LVA; Cav3).  Previous in vivo RNAi analysis revealed that 

knockdown of the two Cav1 subunits differentially regulated the ability of a drug 

(praziquantel, PZQ) to subvert regeneration to yield viable, two-headed animals 116. 

Specifically, Cav1B RNAi increased the number of worms regenerating with two heads in 

the presence of PZQ, whereas Cav1A RNAi blocked PZQ-evoked bipolarity 116.  How 

knockdown of the neuronally expressed Cav1B channel acts to potentiate the number of 

bipolar regenerants is unknown, as is the uniqueness of this effect to the Cav1B isoform.  

For example, both Cav2B and Cav3 also localize within the planarian nervous system 239, 

but their impact on PZQ efficacy is unresolved.   

 

In order to address these questions, we examined the ability of PZQ to anteriorize trunk 

fragment regeneration in worms where each of the five Cav subunits was individually 

suppressed by in vivo RNAi.  Quantification of the ability of PZQ to yield bipolar worms 

was examined both in the absence and presence of drug in these different RNAi cohorts 

(Figure 4.1C).  Knockdown of Cav1A attenuated PZQ-evoked bipolarity (decreased from 

35±2% to 20±2%), whereas knockdown of Cav1B increased the number of two-headed 

worms (from 35±2% to 83±3%) evoked by a submaximal concentration of PZQ (70 µM, 
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24 hrs), as observed previously 116.   Knockdown of Cav2A, Cav2B or Cav3 failed to 

modulate PZQ efficacy at producing bipolar regenerants, as the number of two headed 

worms was similar between control (35±2%) and experimental RNAi cohorts (33±2% for 

Cav2A, 38±7% for Cav2B and 35±5% for Cav3; Figure 1D).  The lack of effect of 

knockdown of these Cav channels was not due to inefficient RNAi as the in vivo RNAi 

feeding protocol resulted in a decrease in the levels of Cav2A, Cav2B and Cav3 of 

between 50 - 80% as assessed by qPCR measurements (Figure 4.1E).  Therefore, 

individual knockdown of all five planarian Cavα subunits revealed that knockdown of 

Cav1B uniquely potentiated PZQ-evoked bipolarity. 

 

In situ hybridization revealed an expression pattern for Cav1B consistent with CNS and 

sub-epidermal tissues.  CNS expression was evident anteriorly in the planarian brain, or 

bi-lobed cephalic ganglia, and ventrally in the nerve cords (VNC) running longitudinally 

down the length of the animal.  Additionally, Cav1B mRNA was present peripherally, just 

beneath the epidermis.  Consistent with the effects of Cav1B on regenerative polarity, this 

expression pattern within the CNS and subepidermal tissues has been observed with other 

known determinants of planarian A-P polarity 240. 

  

Cav1B knockdown anteriorizes regeneration in a variety of assays.  How pervasive is 

the ability of Cav1B knockdown to perturb regenerative polarity?  There is a long 

literature that different planarian fragments display varying properties in regards to the 

malleability of their regenerative polarity.  For example, the presence of the planarian 
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brain prevents the regeneration of ectopic head structures 241-243, and excised head 

fragments of the worm are refractory to a variety of chemicals reported to induce ectopic 

anteriorization 36,244,245.  

 

To assess whether Cav1B RNAi anteriorized the regeneration of fragment types other 

than trunks, different amputations were performed.  Single-cut fragments were made with 

amputations either just behind the head (‘anterior’ fragment) or toward the tail of the 

worm (‘posterior’ fragment, Figure 4.2A).  In both cases, the original head structures 

were retained, but the posterior blastema was localized either proximal to (‘anterior’ 

fragment) or remotely from the original brain (‘posterior’ fragment).  Consistent with the 

well characterized inhibitory influence of the planarian brain on the regeneration of 

ectopic anterior structures, PZQ exposure (90 µM, 24 hrs) produced a higher proportion 

of two-headed worms from single cut ‘posterior’ fragments where the brain is localized 

further from the regenerative blastema (50±8% bipolar, n=3; Figure 4.2B) compared with 

anterior fragments (6±1% bipolar, n=3) where the original brain is more closely 

juxtaposed.  In Cav1B RNAi worms treated with PZQ, the number of two-headed worms 

regenerating from either single-cut anterior or posterior fragments was significantly 

increased.  For posterior fragments, the proportion of two-headed regenerants was 95±2% 

(~2-fold greater than controls, Figure 4.2B), while for anterior fragments the potentiation 

was greater (60±4% bipolar worms, ~9 fold greater than controls) owing to low levels of 

drug-induced bipolarity in the control cohort (Figure 4.2B).  These data suggest the 

inhibitory effect of existing brain tissue on ectopic head formation was decreased 
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following knockdown of Cav1B, a CNS localized Cav channel.  Although little 

potentiation was observed from trunk fragments under optimal PZQ exposure conditions 

in the same set of experiments (90 µM, 24 hrs; Figure 4.2B), potentiation of bipolarity by 

Cav1B RNAi was observed when either the PZQ concentration was lowered (Figure 

4.1D), or the duration of exposure to PZQ was decreased (Figure 4.2C). Figure 4.2C 

shows that the proportion of two-headed regenerants was higher from trunk fragments 

derived from Cav1B RNAi worms at any duration of PZQ exposure.  The greatest 

potentiation was observed over an early time window (3-6 hrs) following PZQ exposure.  

Overall, we conclude, Cav1B RNAi increased anteriorization from multiple types of 

planarian fragments. 

  

Does Cav1B RNAi increase the effectiveness of other agents that anteriorize 

regeneration?  We have previously described several modulators of Ca2+ homeostasis that 

yielded two-headed regenerants, albeit at varying penetrances 36.  These encompass 

depolarizing agents that activate Cav channels (K+), paradoxically inhibitors of Ca2+ entry 

(EGTA), and cholinergic modulators (donepezil, DPZL).  Further, other bipolarity-

inducing agents have been described in the literature including polyalcohols (octanol, 

C8H18O) 244,245 and alsterpaullone (ALP) 148,246.  Figure 4.2D demonstrates that each of 

these drugs yielded some proportion of two-headed worms in trunk fragment regenerative 

assays.  Retesting the same compounds in a Cav1B RNAi background revealed that 

Cav1B knockdown potentiated the ability of every one of these agents to evoke bipolarity 

(Figure 4.2D), indicating this effect is not unique to PZQ treatment.  Further, within the 



 

 86 

Cav1B RNAi background, bipolar regeneration was evident even for compounds (e.g. 

nicotine, NIC) that failed to yield bipolar regenerants in control RNAi (or naïve) 

backgrounds (Figure 4.2D).  

 

Does Cav1B RNAi anteriorize regeneration in the absence of drug?  Two pieces of data 

support an endogenous role for Cav1B in posterior patterning.  First, although the polarity 

determining mechanisms during regeneration are robust, certain amputation protocols 

elicit bipolarity at extremely low penetrance.  For example, removing the posterior 

blastema of regenerating trunk fragments after 24 hrs can miscue the regenerative 

polarity of the residual trunk fragment.  In our hands, this protocol generated the 

occasional two-headed animal (~1%; Figure 4.2E).  However, the same manipulation in 

Cav1B RNAi worms resulted in a much higher proportion of bipolar worms (17±5%, 

n=3; Figure 4.2E).  Second, Cav1B RNAi (39±5.3% decrease in Cav1B mRNA; Figure 

4.1C) in the absence of drug resulted in a small percentage of two-headed worms 

regenerating from trunk fragments (~3%, Figure 4.1D). 

  

Collectively, these regenerative assays demonstrate that Cav1B RNAi anteriorized 

regeneration from (i) different types of worm fragments treated with PZQ (Figure 4.2A-

C), (ii) from trunk fragments incubated in different pharmacological agents (Figure 4.2D) 

and (iii) genetic bipolarity from a fragment without any drug exposure (Figure 4.2E). We 

conclude that the Ca2+ channel Cav1B supports posterior identity during regeneration, 
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with a Cav1B RNAi background being permissive for anteriorization by varied 

manipulations.  

 

Cav1B knockdown and serotonergic inhibition impair planarian mobility.  In 

addition to compromising the fidelity of planarian regeneration, Cav1B RNAi impaired 

planarian movement (Figure 4.3A).  This hypomotile phenotype is the same as that 

resulting from serotonergic loss of function in planaria (chapter three, 135), and 5-HT is 

also required for normal movement in parasitic flatworms (chapter three, 67,69,77).  Finally, 

both Cav1B and serotonin are unique in that loss of function phenotypes manifest as 

defects in both movement and regenerative polarity (chapters two and three).  To test the 

hypothesis that the planarian Cav1B RNAi phenotype is due to a serotonergic deficit, we 

treated these animals with an agonist for serotonergic GpCRs, o-methyl-serotonin  (o-m-

5HT, 100 µM) to determine whether increased serotonergic signaling would restore 

normal mobility.  Consistent with this hypothesis, Cav1B RNAi worms treated with o-m-

5HT regained the ability to swim freely and this was lost upon removal of the 

serotonergic agonist from the media (Figure 3A&B).  

 

In order to determine whether the Cav1B RNAi phenotypes of reduced movement and 

miscued regenerative polarity were due to impaired serotonin synthesis, we measured the 

concentration of 5-HT in intact and regenerating animals by HPLC and found no 

significant difference between control RNAi and Cav1B RNAi animals.  However, these 

data did reveal a wound evoked increase in serotonin 24 hrs after injury (Figure 4.3C).   
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Ca2+ influx via Cav1B acts rapidly after injury to control posterior identity.  Cav1B is 

expressed throughout the CNS, as shown by in situ hybridization staining of the cephalic 

ganglia and VNCs (Figure 4.1D).  Several studies have implicated a role for the VNCs in 

transporting a posteriorizing factor that defines the polarity of the ‘posterior’ blastema 

245,247,248.  This is based on evidence that impairment of VNC function creates an 

environment permissive for anteriorization, speculated to result from the interrupted 

delivery of a neuronally-transported posteriorizing factor to the regenerative blastema 245.  

This phenomenon is illustrated by surgical trans-sectioning of the VNCs to enhance 

anteriorization stimuli (Figure 4.4A).  The number of two-headed worms regenerating 

from a posteriorly amputated fragment incubated in PZQ is increased when the ventral 

nerve cords are surgically lesioned in this manner (~10 fold potentiation). 

 

This manipulation allows us to address the question of when does CNS signaling instruct 

the posterior wound to establish “tail” identity?  After posterior determination takes place 

and “tail” identity is established, the blastema is no longer competent to respond to 

stimuli that perturb regenerative polarity (PZQ 36 and octanol 245).  We can identify the 

window within which VNC derived signals establish posterior determination by first 

making a posterior amputation, and then at successive time points assay for whether 

polarity has been determined by interrupting the VNCs and presenting the wound with an 

anteriorizing stimulus (PZQ).  The utility of the dual PZQ and VNC lesioning is that 

these treatments can be initiated simultaneously, at any time after amputation, unlike in 

vivo RNAi which takes days/weeks to reach maximal penetrance, precluding time course 
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experiments.  Figure 4.4B reports the result of this experiment and tracks the timeframe 

over which posterior determination occurs by monitoring the effectiveness of this 

intervention (PZQ and VNC lesioning) at various time points after injury. At early times 

after amputation, a high proportion of two-headed worms are produced.  However the 

effectiveness of the same treatment markedly declines after 6 hrs when worms regenerate 

with normal anterior-posterior (A-P) polarity.  These data suggest that at early time 

points, the polarity determining mechanisms are still malleable for subversion.  However, 

the fate of the blastema is committed (delivery of the ‘posteriorizing factor’ is complete) 

by 6 hrs after injury, such that PZQ exposure and VNC interruption is no longer effective 

at anteriorizing regenerating tissue.  In short, the posterior blastema is competent to 

respond to anteriorizing inputs until posterior determination has occurred within 3-6 hrs 

of wounding.  This timeframe coincides with the increased expression of the “tail” 

determinant wnt1 (Figure 4.4C), which has been shown to drive posterior regenerative 

identity 249. 

 

How is this conclusion relevant to Cav1B function?  Cav1B is expressed throughout the 

CNS, and knockdown of Cav1B resembles the effects of VNC lesioning in creating an 

environment permissive for anteriorization.  If an endogenous Ca2+ entry current through 

Cav1B is critical for supporting posteriorization events within an early time window after 

amputation (<6 hrs, Figure 4.4B), then impairing this current over the same timeframe 

should prevent posterior determination and allow the posterior wound to respond to 

anteriorizing stimuli (PZQ).   
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Two experiments suggest this is the case.  Both are based upon manipulations that rescue 

the decreased efficacy of PZQ in anteriorizing regeneration if the drug is not applied to 

regenerating fragments immediately after amputation 36, i.e. in the initial (<6 hrs) period 

where the posterior determining mechanisms occur.  First, while PZQ is less effective at 

anteriorizing regeneration if exposure is offset by 6hrs (6-30 hrs vs. 0-24 hrs), exposure 

to Ca2+-free medium for 6 hrs after amputation prevented this decrease (Figure 4.4C).  

Trunk fragments exposed to Ca2+-free media and then PZQ yielded a higher frequency of 

two-headed animals compared to control worms exposed solely to PZQ (~2.5-fold, 

Figure 4.4D).  Second, knockdown of Cav1B also restored the ability of a delayed PZQ 

exposure to anteriorize regeneration.  The number of two-headed worms evoked by 

delayed PZQ exposure was greater in a Cav1B RNAi background, and equivalent to 

control levels where PZQ was present at the time of amputation (Figure 4.4E).  

Therefore, inhibition of Ca2+ influx (by either chelation or Cav1B RNAi) at early 

regenerative time points (<6 hrs) impaired posterior determination of the tail blastema as 

evidenced by the preserved ability of PZQ to anteriorize regeneration at time points when 

normally inefficacious.  We conclude Ca2+ influx via Cav1B is necessary for posterior 

determination at early time points (<6 hrs) following injury. 

 

Discussion 

Here, we present evidence that Ca2+ influx through a specific neuronal voltage-gated Ca2+ 

channel regulates posterior patterning early during planarian regeneration, that this 
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channel is linked to 5-HT signaling, and that 5-HT is capable of mediating patterning 

cues required for re-establishing A-P polarity along the primary axis.  Vertebrate Cav1 

channels play many roles in the CNS 250: the predominant Cav1 isoform in mammalian 

brain (Cav1.2) is localized postsynaptically in dendrites, dendritic spines and the soma.  

Genetic studies have highlighted the importance of Cav1.2 channels and roles in synaptic 

modulation 251-253.  Other Cav1 isoforms act presynaptically to control transmitter 

exocytosis in specific cell types (Cav1.3, inner ear; Cav1.4, retina) and elsewhere to 

regulate spontaneous neuronal firing 250.  Invertebrate L-type like channels are also found 

in neurons.  The Drosophila (Dmca1D) and C. elegans (EGL-19) L-type channels control 

motorneuron excitability 254,255.  EGL-19 has been further implicated in neuronal 

guidance, glial cell function and transmitter release 256-258.  Therefore, it seems a 

reasonable to assume that planarian Cav1B could regulate neuronal excitability and 

subsequently impact A-P regenerative outcomes. 

 

So how do these results inform our understanding of the early planarian wound response?  

The regenerative assays detailed in this work assessed A-P polarity as an experimental 

endpoint.  Previous work comparing the wound responses of planarian species capable of 

regeneration and species that have lost this ability in their evolutionary history has shown 

that disruption of A-P patterning cues is sufficient to arrest regeneration 176,214.  For 

example, excess activity of the “tail” (Wnt / β-catenin) pathway after wounding 

underpins the lack of an anterior regenerative response in the planarian Dendrocoelum 

lacteum 176.  Similarly, we have found that excess levels of a “tail” promoting neuronal 
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signal (5-HT) abrogates an anterior regenerative response in the planarian D. japonica 

(chapter two and reference 148).  Therefore, it seems that, at least in the planarian model 

organism, early patterning cues (<6 hrs) are intrinsically linked to the subsequent 

execution of the regenerative response.   

 

A dual role for Ca2+ in anterior-posterior patterning.  These results also reveal that 

the role of Ca2+ during regeneration is multifaceted.  We previously executed a 

pharmacological screen that revealed drugs which elevated cytoplasmic Ca2+ anteriorized 

regenerative outcomes 36.  The most penetrant agents (e.g. PZQ) activated voltage-

operated Ca2+ entry via a closely related high-voltage activated Cav channel (Cav1A, 116). 

 

Therefore, during regeneration, voltage-gated Ca2+ entry can engage posteriorization 

(early) and anteriorization programs (later) 177: the early Cav1B-dependent Ca2+ flux 

supports posteriorization and renders anteriorization stimuli ineffective.  However, 

inhibition of the Cav1B current at early timeframes (by EGTA or Cav1B RNAi; Figure 

4.4) impairs posteriorization signaling, and extends the temporal window over which 

regenerative outcomes are receptive to anteriorization. 

 

We can infer a mechanistic explanation for this given that Cav1B and 5-HT are 

abundantly expressed in the CNS, including the nerve cords implicated in long range  

neuronal signaling.  Rather than Ca2+ influx serving as only a cell autonomous link to 

transcriptional changes, distribution of 5-HT ligand may regulate a broader target cell 
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population to impact cellular differentiation.  Previous studies have demonstrated that 

signaling via gap junctions plays a critical role establishing A-P polarity during nearly the 

exact same time frame identified in this study.  However, no candidate signaling 

molecule was identified.  By integrating the results presented in this chapter with the 

literature demonstrating that VNC mediated signaling is a key player in the early 

regenerative response 245,259, we can hypothesize that 5-HT may be the molecule affecting 

“tail” regeneration.  This is supported by a body of literature demonstrating that gap-

junction mediated 5-HT signaling impacts axis patterning in other animal systems 

135,260,261, and that 5-HT impacts regeneration across a wide spectrum of organisms 262-264.  

 

Discovering small molecules competent to direct differentiation in vivo.  The 

identification of pharmacological tools to manipulate endogenous stem / progenitor cell 

populations will be a necessary step if we are to realize advances in regenerative 

medicine 265,266.  Therefore, one advantage to studying conserved aspects of the wound 

response in a simple model organism such as planarian is that they provide a simple 

system for screening small molecules that bias stem cell fate in vivo. That Cav1B 

knockdown creates an environment permissive to anteriorization by small molecules is a 

useful discovery for future pharmacological screens.  For example, the ability of GSK3 

and cholinergic modulators to miscue planarian A-P regenerative patterning (where 

bipolar regenerants were infrequent or non-existent) would have gone unappreciated in 

the absence of Cav1B RNAi, (Figure 4.1D&F).  The Cav1B background is therefore ideal 

for phenotypic scoring of small molecules with weak enhancer/suppressor effects, a 
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manipulation that can now be exploited to reveal other small molecules, and the 

underpinning neurophysiological circuits, relevant to A-P patterning 265.  Research in 

simple model organisms may be an important avenue of research in illuminating 

strategies for in vivo directed differentiation.  

 

In conclusion, these data evidence a functional role for Ca2+ and 5-HT signaling rapidly 

after wounding.  Voltage-gated Ca2+ entry through a specific neuronal Cav channel 

isoform (Cav1B) supports serotonergic signaling to determine posterior identity of 

regenerating tissue at a critical, early phase of wound-induced remodeling.   
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Figure 4.1. A voltage operated Ca2+ channel influences anterior-posterior regenerative 
patterning. (A) Schematic of a chemical-genetic screen for genes involved in A-P 
regenerative patterning, consisting of RNAi via cycles of feeding bacterially expressed 
dsRNA (F) and amputation of the trunk fragment (x), with the final cutting performed in the 
presence or absence of drugs to assay changes in A-P polarity.  Head structures are clearly 
identifiable by the presence of photoreceptors (►).  (B) Maximum likelihood phylogenetic 
tree of voltage operated Ca2+ channels (Cav) present in humans (Hs), the parasitic flatworm 
Schistosoma mansoni (Sm), and the planarian Dugesia japonica (Dj). HVA = high voltage 
activated (red, blue), LVA = low voltage activated (green).  (C) Top - result of chemical-
genetic screen assessing the penetrance of PZQ evoked 2-headed regeneration in various Cav 
RNAi backgrounds. Bottom - decrease in target mRNA levels as measured by quantitative RT-
PCR.  (D) in situ hybridization pattern of Cav1B in whole mount (left) and transverse cross 
sections (right) reveals expression in the cephalic ganglia (CG), ventral nerve cords (VNC), 
and pharynx (Ph). 
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Figure 4.2. Cav1B RNAi anteriorizes regeneration of different amputations and multiple 
drugs. (A) Representative images showing different amputations used in regenerative assays 
(top) and the resultant bipolar phenotypes following incubation with PZQ (75 µM, 48 hrs) 
scored seven days after cutting (bottom).  (B) Dataset showing regenerative bipolarity (‘two-
head’) after PZQ treatment in indicated fragments from control RNAi (open) and Cav1B RNAi 
worms (solid).  (C) Cav1B RNAi increased the incidence of PZQ-evoked bipolarity, with the 
greatest potentiation observed during the first 3-6 hrs following amputation.  (D) Knockdown 
of Cav1B increased bipolar regeneration (‘2-heads’) from trunk fragments in response to many 
pharmacological agents.  Treatment conditions were: PZQ 50 µM, K+ 1 mM, EGTA 1 mM, 
DPZL 10 µM, C8H18O 125 µM, ALP 5 µM, NIC 100 µM.  (E) Cav1B RNAi increases the 
frequency of bipolar worms in the absence of drug treatment.  Left, The small proportion of 
two-headed worms observed from regenerating trunk fragments after amputation of the 
posterior blastema (after 24hrs) was potentiated in a Cav1B RNAi background.  Trunk 
fragments (without further posterior blastema manipulation) taken from the same RNAi 
cohorts did not show any incidence of bipolarity in either control or Cav1B RNAi worms. 
Right, images to illustrate the specific manipulation performed in these assays.  Head 
identifying photoreceptors = ►. 
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Figure 4.3. Cav1B couples to serotonergic signaling to regulate planarian movement.   
(A) Cav1B RNAi impairs motility and this is rescued upon exposure to the serotonergic GpCR 
agonist o-m-5HT (100 µM).  (B) Quantification of distance traveled in Cav1B RNAi animals 
relative to control, (+/-) o-m-5HT.  (C) Cav1B RNAi does not significantly change total levels 
of 5-HT in intact or regenerating animals.   
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Figure 4.4. Planarian CNS and Cav1B signal tail formation rapidly after amputation.  
(A) Fragments containing the original brain and intact ventral nerve cords (VNCs) regenerate 
with a low frequency of miscued regeneration following PZQ treatment (‘posterior cut’), 
while removing the brain (‘trunk’ fragment) or interrupting the CNS (‘posterior and VNC 
cut’) resulted in a higher frequency of bipolar regenerants. CNS drawn in grey.  (B) Neuronal 
signals executing posterior determination are transmitted along the VNC within 3-6 hrs of 
amputation. Two-headed regenerants were scored from a series of posterior cut fragments 
(amputation at time = 0) after which both PZQ addition (75 µM, 24hrs) and VNC lesioning 
were subsequently performed at the time indicated along the x-axis. The posterior blastema is 
unresponsive to the anteriorizing treatment (PZQ) within 3-6 hrs after amputation, indicating 
“tail” polarity has been determined.  (C) Wound evoked increase in the “tail” determinant 
(wnt1) in regenerating trunk fragments relative to uncut animals, as measured by qPCR.  
Delaying PZQ administration (75 µM PZQ from 6 to 24 hrs after amputation) reduced the 
number of two-headed regenerants.  This effect was blunted by (D) incubation of fragments in 
Ca2+ free media (EGTA 1 mM for the initial 6 hrs after amputation) prior to PZQ 
administration or (E) knockdown of Cav1B. 
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Chapter Five 

 

Conclusions 

This work has demonstrated the utility of free living planarian flatworms as a model to 

circumvent some of the problems inherent with the laboratory study of parasitic 

flatworms.  Chapter two evidences the first study using this approach to identify 

alternative drug therapies to praziquantel (PZQ), currently the only available broad 

spectrum anti-schistosomal therapy, while gaining new perspectives into this drug’s 

poorly understood mechanism of action.  The insight that planarian regenerative 

outcomes can serve as orthologous phenotypes (‘phenologs’ 121) for the loss of parasite 

viability brings predictive power.  Drugs that miscued planarian regenerative polarity 

perturb mobility in parasitic worms, while compounds with known anti-schistosomal 

effects evoked bipolar regeneration in planaria.   

 

These initial experiments revealed that modulators of bioaminergic signaling are 

particularly promising candidates for further investigation.  Elaborating upon this finding, 

chapter three focused on flatworm serotonergic signaling – revealing that serotonergic 

agonists functionally antagonize PZQ across multiple assays in both free living and 

parasitic flatworms.  Consistent with this finding, we identified a specific class of 

serotonergic ligands (ergot alkaloids) that are particularly effective at interfering with 

schistosome muscle function.  These findings are significant in that they (i) provide new 
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insight into the mechanism of PZQ, revealing that the drug acts to inhibit flatworm 5-HT 

signaling, and (ii) advance new class of compounds for treating schistosomiasis (ergot 

alkalkoids), revealing a modified ergoline pharmacophore which serves as a potent lead 

for further drug development.    

 

Finally, given the utility of two-headed planaria in predicting anti-schistosomal 

compounds and druggable targets, chapter four focuses on achieving a better 

understanding of the mechanisms that establish anterior-posterior polarity during 

planarian regeneration.  This chapter demonstrated an interplay between Cav1B and 

serotonergic signaling, both of which are required for normal flatworm mobility and 

posterior determination, buttressing the link between muscle function and regenerative 

patterning.  Taken together, these studies demonstrate the advances that can be made by 

transferring knowledge between studies on different classes of flatworms, advocating an 

approach to studying flatworm infections that integrates the unique tools available across 

multiple species and demonstrating the importance of basic science in advancing human 

therapies.  

 

These findings illuminate several interesting opportunities for future research.  Why does 

the drug praziquantel kill schistosomes in vivo but miscue regeneration in planarian?  

And might the targets and lead compounds identified in these studies be effective anti-

schistosomals, especially where the current treatment, PZQ, has failed - mainly, against 

larval and juvenile parasites?  
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Proposed molecular basis of the planarian patterning - parasite lethality phenology.  

While this work has presented evidence that planarian regenerative polarity can be used 

as a phenotypic screen for candidate anti-schistosomal compounds (Figure 5.1A), at first 

glance it is not apparent why this phenology should have any predictive value.  However, 

it should be appreciated that the evolution of parasitism is often accompanied by a paring 

down of redundancies as the organism adapts to its environmental niche.  This ruthless 

efficiency is clearly demonstrated in tapeworms compared to their free living relatives 60, 

where dramatic morphological changes are driven by genomic restructuring that includes 

the dumping of superfluous metabolic and developmental machinery 19,60,267.  In 

schistosomes, this economization is reflected by their repertoire of voltage dependent 

cation channels; S. mansoni lacks low voltage activated (LVA) Cav channels and has lost 

all voltage gated sodium channels (Nav) 149, while planaria and other free living 

flatworms retain an LVA channel and both Nav1 and Nav2 homologs 19,116.  Therefore, 

given that PZQ is proposed to activate cation influx via a high voltage activated (HVA) 

Cav channel shared between the two worms116, we can hypothesize that this has a more 

pronounced effect on parasitic organisms possessing a reduced complement of cation 

channels relative to free living animals with greater ionotropic repertoire 148.  

 

This work also elaborates on the opposing roles of the two Cav1 isoforms shared between 

free living and parasitic worms.  Whereas Cav1A promotes PZQ activity (chapter two, 

116), in the planarian  D. japonica it is clear that Cav1B opposes the effects of the drug 
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(chapter four, 116).  Therefore, the relative expression levels of these two channels may 

influence an organism’s responsiveness to PZQ.  Indeed, Cav1B mRNA has been shown 

to be differentially expressed between juvenile S. mansoni, which are PZQ resistant, and 

adults, which are PZQ susceptible 194.  Similarly, the transcriptome of D. japonica 

(described in chapter three) revealed that Cav1B is expressed at higher levels than Cav1A 

(~4 fold, Figure 5.1B), perhaps allowing for a dampened, sublethal response to PZQ in 

these animals.    

 

So while we can propose a hypothesis for why PZQ may not be lethal against planaria, 

this still leaves open the question of how anti-schistosomal pharmacology results in 

planarian regenerants with multiple heads?  A possible explanation to this question comes 

into focus when we consider that many of the established determinants of planarian A-P 

patterning are expressed in muscle tissue 240.  Amputation results in a Ca2+-dependent 

depolarization at the wound and the dynamic expression of patterning genes within 

muscle cells 234,240.  Perturbing these genes by RNAi miscues regeneration, producing 

two-headed animals 146,147,249,268.  Therefore, muscle cells emerge as a common functional 

node in both the anti-schistosomal (tonic contractile paralysis) and planarian regenerative 

(anteriorized outcomes) effects of PZQ (Figure 5.1C).   

 

New prospects for treating parasitic flatworm infections.  The two main concerns 

arising from the current reliance on a single drug, PZQ, to treat a wide spectrum of 

flatworm infections are the fact that the drug is ineffective against juvenile parasites, and 
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the lack of alternative therapies should resistant strains become more prevalent.  The 

inability of PZQ to clear juvenile schistosomes has been well-documented 58,182, although 

a mechanistic explanation for this effect is still lacking and no broad-spectrum alternative 

therapies exist to address this need.  If we expand the scope of parasitic flatworms treated 

with PZQ outside of the trematodes to also consider cestode infections, the drug becomes 

even more inadequate.  The disease causing agent in many tapeworm infections is not 

actually the adult worm, but the larval stage that causes diseases such as alveolar 

echinococcosis, which is fatal within 8 years of diagnosis without treatment 269.  One 

possibility for juvenile resistance to PZQ is an increased expression of xenobiotic 

transporters 118.  PZQ is a known substrate for these proteins in trematodes 191,270, and 

inhibition of ABC transporters has been shown to enhance PZQ susceptibility 271.  If 

juvenile worms are refractory to PZQ simply due to clearance of the drug, ABC 

transporter inhibitors may prove useful adjuvants to current anti-helminthic therapy 271.   

 

However, it is also possible that juvenile worms simply do not express the drug target at 

high levels (Cav1A 60), or that they actively express gene products that oppose the drugs 

activity.  The latter is a possibility if we consider the effects of Cav1B reported in this 

work (chapter four), and that this Cav1 isoform is significantly up regulated in juvenile 

schistosomula 194.  In fact, Cav1B may serve as a druggable target in its own right, as 

Cav1 antagonists have been reported to be effective against juvenile and larval S. mansoni 

in several medium and high throughput screens 20,21.   
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Another strategy for targeting juvenile parasites is to look for druggable targets that are 

up regulated during this stage in the parasite life cycle.  This is where bioaminergic 

pharmacology becomes an attractive candidate therapy.  Comparing the transcriptomes of 

various life stages across the S. mansoni life cycle reveals that the rate limiting enzyme in 

serotonin synthesis (TPH), several predicted serotonin receptors, a vesicular monoamine 

transporter (VMAT) and a serotonin reuptake transporter (SERT) are differentially 

expressed between cerceria, schistosomula or adult parasites 194.  An important role for 

these gene products in parasite movement and viability is consistent with the 

pharmacological data presented in chapters two and three, demonstrating that inhibitors 

of serotonergic signaling are effective paralytics against juvenile worms and planaria.   

An important outcome of the structure activity screen of various bioaminergic amine 

ligands reported in chapter four is the potential for repurposing existing, FDA approved 

therapeutics to treat parasitic infections.  If we consider the odds that a compound will 

advance from a phase I clinical study towards eventual FDA approval (failure rates 

approaching 95% 272), as well as the ballooning development cost (estimates as high as 

$1.8 billion 273) and protracted timeline (~14.5 years 273), the prospects are slim that a 

novel anti-schistosomal drug will successfully be brought to market.  For example, in 

2013 only 25 new medical entities (NMEs) were approved by the FDA 274, while in 

excess of $50 billion dollars was spend on research and development 275.  These obstacles 

are brought even more sharply into focus by the realization that parasitic helminth 

infections predominantly afflict third world markets where industry has little opportunity 

to recoup their investment.  Taking an existing drug which has been vetted for safety, 
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optimized for efficacy and pharmacokinetic properties, and may even be off patent, has 

the potential to circumvent all of these barriers.   

 

Finally, the data presented in chapters one and two on the mechanism(s) of praziquantel 

activity and particular efficacy of notoriously “dirty” bioaminergic compounds (ergot 

alkaloids) against schistosomes evidences the need to consider that “an effective drug 

target comprises a biochemical system rather than a single molecule” 276.  While it is 

natural to gravitate towards a clean narrative to describe a drug’s mechanism of action, 

and the human aspect of science can lead dueling researchers to get bogged down in 

whether one molecule or pathway is the key to anti-helminthic activity, the reality may be 

that compounds with multiple biological effects, or overlapping fields of fire, may allow 

for the most effective elimination of infectious agents. 
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Figure 5.1.  Proposed model for praziquantel activity in flatworms. (A) PZQ exposure results 
in Ca2+ dependent changes in regeneration (planarian) or loss of viability (parasites). (B) Relative 
abundance of various Cav isoforms in free living (D. japonica) and parasitic (S. mansoni), as 
reflected by FPKM values following read mapping of the mature adult animal transcriptomes.  
Note differing relative abundance of the PZQ sensitive Cav1A isoform. (C) Possible molecular 
basis for PZQ activity in planarian, linking neuromuscular function to regenerative outcomes 
(biasing “tail” or “head” determination), whereby PZQ acts via Cav1A to promote head 
regeneration, while opposing 5-HT derived tail signaling.  
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