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Abstract 

Identification of signaling pathways and therein drugable targets, to manipulate stem 

cell behavior in vivo is a major focus of regenerative medicine. This dissertation focuses 

on the role of Ca2+ channels in stem cell differentiation and regeneration in a simple in 

vivo model, the planarian flatworm. These animals maintain a totipotent population of 

stem cells that give rise to all the cell types in the worm. Previously, we discovered that 

the isoquinoline drug praziquantel (PZQ) caused a robust (100%) and complete 

duplication of the entire anterior-posterior (AP) axis during flatworm regeneration to 

yield two-headed (bipolar) organisms. My studies mechanistically dissect these 

observations to show that PZQ subverted regeneration via activation of a specific 

neuronal voltage-gated Ca2+ channel (VGCC) isoform (Cav1A). Surprisingly, another 

isoform Cav1B was found to play opposing roles in axis formation to promote tail 

regeneration, suggesting a delicate interplay between Ca2+ signals critical for nervous 

system regeneration. Further dissection of the downstream pathway showed that RNAi of 

Cav1A blocked PZQ-evoked bipolar regeneration, Ca2+ entry and decreases in Wnt levels, 

the output of Hedgehog signaling. Thus, these data demonstrated that calcium signaling 

regulated regeneration through modulating Hedgehog signaling, a pathway that has been 

shown to regulate neuronal stem cell behavior, patterning and growth in diverse 

development processes. Taken together, these findings add new insights into the 

mechanisms that govern planarian regeneration. 

Additionally, my work on intracellular Ca2+ release channels in this system led to the 

identification of the planarian inositol 1, 4, 5-trisphosphate receptor (IP3R). Studies 
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designed to elucidate the biological significance of this protein by in vivo RNAi 

knockdown led to the discovery that sexual planarians underwent severe defects of laying 

eggs in the absence of IP3R, although it failed to produce an obvious phenotype in 

asexual worms. Thus, these data provided genetic evidence that IP3R plays an important 

role in regulating reproductive physiology in planarian flatworms.  

In summary, the data obtained in this thesis have revealed essential roles of Ca2+ 

signaling in regulating planarian stem cell differentiation and reproductive physiology. 
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Chapter I 

Introduction 

1. Planarian biology 

1. 1. Planarians as an in vivo model system for studying regeneration  

Regenerative medicine, a field holding promise for regenerating lost, damaged or 

inoperative tissues, is now a major focus of biomedical research. The successful in vitro 

reprogramming of differentiated cells into inducible pluripotent stem cells (iPS cells) (12, 

175) offers tremendous opportunities to treat diseases and injuries requiring regenerative 

therapies. However, this technology represents only the first step in the long march and 

there are many foreseeable hurdles on the way still needing to be tackled in order to 

successfully regenerate functional body parts, such as problems concerning the regulation 

of polarity, cellular identity, and the scale and proportion of regenerating tissues. There is 

no definitive solution yet to many of these questions. Fortunately, the natural world 

provides considerable insights into these problems by providing examples of organisms 

with extraordinary regenerative ability, including cnidarians such as Hydra, annelids, 

molluscs, nemertean worms, platyhelminthes such as planarians, and certain chordates 

including some vertebrates (86, 88). Among these, planarians are a key model system for 

dissecting the underlying mechanisms governing the regenerative biology (7, 201).  

Planarians are freshwater flatworms, belonging to the class Turbellaria, which is in 

turn grouped under the phylum Platyhelminthes together with three parasitic groups: 

Cestoda, Trematoda and Monogenea (198). Planarians consist of thousands of different 

species, but only several are well characterized, including Schmidtea mediterranea, 

Dugesia japonica and Girardia tigrina. The model planarian Schmidtea mediterranea is 

diploid with a small genome size of ~4.8x108 base pairs while the other commonly used 

planarian Dugesia japonica is triploid with a bigger-sized genome (10). Planarians share 

key traits with vertebrates such as bilateral symmetry, three germ layers (ectoderm, 

mesoderm and endoderm) and dorsoventral (DV) and anterioposterior (AP) polarities that 

perhaps serve as platforms for further evolution into the more complex and highly 
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organized tissues and organs found in higher organisms. The planarian organs are 

distributed along the anterior-posterior axis symmetrically, including the eyes, a brain, a 

pharynx acting as a mouth and anus in the middle portion of the body and a gut 

throughout the body (Fig. 1.1). The central nervous system is composed of bi-lobed 

cerebral ganglia at the anterior end and two longitudinal nerve cords underlying the 

ventral body-wall musculature (191). A sub-muscular nervous plexus runs beneath the 

body-wall musculature and connects to the main nerve cords (4, 157, 232). The eyes are 

located at the anterior of the animal with sensory structures communicating with the 

cephalic ganglia, the planarian brain that is responsible for signal processing and 

decision-making in response to various environment stimuli (44). On the other hand, 

flatworms lack respiratory and circulatory systems and instead rely on diffusion to obtain 

oxygen and remove carbon dioxde. 

In contrast to other model organisms (Drosophila, mouse and zebrafish), which have 

only limited regenerative abilities or lack them entirely (C. elegans), the planarian 

flatworm is a master of regeneration, and can regenerate a whole animal (including a 

functional brain) from any part from the planarian body within days. Thomas Hunt 

Morgan in 1898 demonstrated that a trunk fragment as small as 1/279th the size of a 

planarian body could regenerate a complete individual (227). This remarkable ability 

results from correct reestablishment of AP and DV polarity. For example, after 

amputation, a trunk fragment of an intact worm will regenerate a new head at the anterior 

blastema, and a tail from the posterior blastema (191).  

There exist in nature two forms of planarians as distinguished by the presence of 

sexual organs (Fig. 1.1) (123). The ones with gonads (sexualized planarian) reproduce by 

mating, whereas those without gonads (asexual planarian) reproduce by self-fission 

(170). Conversion from an asexual state to a sexual state, known as sexualization (123), 

is possible, depending on many factors such as season, population density, temperature, 

and size of the animal and light-dark cycles. In general, low population density, higher 

temperature, large animal size and darkness strongly favor fission over mating and vice 
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versa (191). In any case, both sexual and asexual forms have proven easy to rear in the 

laboratory and easy to manipulate experimentally (110, 126). 

The breakthrough of several important technologies in recent years has significantly 

facilitated the planarian field in studying in vivo stem cell biology and regeneration. The 

development of whole-mount in situ hybridization protocol in planaria was one such 

turning point, which made it possible to analyze the expression pattern of a specific gene 

in vivo (4, 196). Next, the establishment of in vivo RNAi methods by bacterial feeding 

has greatly paved the way for large-scale genome-wide RNAi screens (190), which 

helped identify genes with roles in regeneration, patterning and proportion regulation in 

planarians (169, 200). Third, the recently completed genome sequencing of the laboratory 

strain Schmidtea mediterranea has revealed essential genomic information (10, 195). 

This worm has a genome of about 800Mb distributed on four chromosomes, which 

accounts for about 30,000 predicted genes. Some of these genes are absent in the 

genomes of Caenorhabdities elegans (C. elegans) and Drosophila melangaster, but 

present in Homo sapiens (7, 41). Furthermore, most planarian genes (~80%) have human 

orthologs often showing greater similarity to vertebrate over invertebrate sequences (10, 

85). The genome sequencing of another laboratory strain Dugesia japonica lead by a 

Japanese group is currently under way. When the information is available, it will be 

possible to compare the genome information between planarian species and construct a 

comparative regeneration gene network. In the long run, these planarian genome projects 

will help analyze and study the evolution of genes, gene pathways and biological 

processes between invertebrates and vertebrates and facilitate discovering the common 

regeneration mechanisms among animals, which may one day be used to endow humans 

with enhanced regenerative ability. 

Overall, the advantages presented above have made planarians a highly attractive 

system to address questions regarding regeneration, development and reproduction. 

1.2. Mechanisms that govern planarian regeneration  

Planarian regeneration is controlled by neoblasts. The remarkable plasticity in 

planarian regeneration is driven by a population of pluripotent stem cells known as 
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neoblasts, which are distributed throughout the planarian body (5, 168). The neoblasts are 

the only mitotically active cells in planarian, and can differentiate into 40 different types 

of cells or tissues. Neoblasts can be specifically labeled by the thymidine analogue 

bromodeoxyuridine (BrdU) during the S phase of the cell cycle (168, 196). These stem 

cells show remarkable ability to reestablish AP and DV polarity no matter wherever the 

cut or wound is. This raises a basic question: how do the stem cells know whether to form 

a head or tail? Since the stem cells in the blastemas essentially originate from the same 

region of the wound, the decision to form heads or tails clearly depends not on the 

neoblasts, but rather on the relationship of the wound to an antero-posterior gradient of 

positional information that is required to signal the stem cells.  

Wnt/β–catenin signaling regulates the AP polarity. Recent studies have revealed 

that the tail formation requires canonical Wnt/β–catenin signaling, a pathway that is 

evolutionarily conserved and has been shown to control the posterior identity during the 

development of vertebrates and invertebrates (Fig. 1.2) [for review see ref. (183)]. 

Silencing of β–catenin or disheveled (a Wnt transducer), resulted in the regeneration of a 

head instead of a tail at the posterior blastemas, whereas RNAi of adenomatous polyposis 

coli (APC), which encodes a protein that normally facilitates the degradation of β–

catenin, caused the regeneration of a tail at the anterior blastemas (99, 182). Furthermore, 

knockdown of β–catenin is sufficient to transform the tail of uncut adult animals into a 

head, while the effect of silencing APC depends on β–catenin (99, 182). These 

observations suggest that β–catenin acts as the downstream molecular switch to 

determine and maintain AP identity during regeneration and homeostasis in planarians. 

Similarly, depletion of Wntless (also known as smed-evi in planarians), a gene required 

for Wnt secretion, or of WntP-1, a gene encoding Wnt growth factors, causes the Janus-

heads phenotype as well as tail-less regeneration (3, 184). Together, these observations 

suggested that the canonical Wnt signaling is required in tail formation. 

Hedgehog signaling regulates Wnt gene expression. Hedgehog (Hh) signaling is 

one of the key regulators of animal development, which is evolutionarily conserved from 

fruit flies to humans, and was recently identified to act as an upstream regulator of Wnt 
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(194, 255). The Hh signaling functions via a series of repressive interactions (Fig. 1.3). 

The binding of Hedgehog to its receptor patched (Ptc) relieves the patched-mediated 

repression of smoothened (Smo), a signaling transducer. Smo is subsequently activated 

by phosphorylation, which leads to the dissociation of a transcription regulator Gli from 

its repressor SuFu, resulting in translocation of Gli to the nucleus where it activates 

hedgehog target gene expression (Fig. 1.3) [see review (136)]. Evidence has shown that 

depletion of Hh by in vivo RNAi inhibited tail regeneration (194, 255). Activating the Hh 

pathway with patched RNAi caused overexpression of WntP-1 and regeneration of tails 

instead of heads (255). In addition, knockdown of planarian Gli resulted in Janus-heads 

formation with the generation of ectopic eyes and loss of the tail identity in the posterior 

blastemas, as well as absence of Wnt expression in the posterior ends of regenerants 

(255). Double knockdown of WntP-1 and Patched reversed the Hh signaling phenotype 

and caused regeneration of heads at both ends, suggesting that Hh acts as an upstream 

regulator of Wnt signaling (255). 

Notum promotes head regeneration by inhibiting Wnt function. Notum is a α/β-

hydrolase that inhibits Wnt signaling in fruit flies by cleaving the 

glycosylphosphatidylinositol anchors required for glypicans to promote Wnt signaling 

(91, 101). A recent study of planarian regeneration has revealed that notum functions to 

inhibit Wnt function at anterior-facing wounds to promote head formation (185). RNAi 

knockdown of notum blocked the head formation but not the ability to regenerate tails, 

accompanied by the increased expression of Wnt1 and frizzled-4 at the anterior facing 

wounds. Double RNAi knockdown of notum and β–catenin or Wnt1 resulted in a 

phenotype identical to that of β–catenin RNAi alone: head regeneration at both ends, 

suggesting that notum inhibits Wnt signaling (185). On the other hand, notum expression 

is itself controlled by Wnt signaling, suggesting that regulation of feedback inhibition 

controls the binary head-tail regeneration outcome (185). 

In summary, convincing evidence has suggested that the Wnt/β–catenin signaling 

serves as a key pathway controlling the AP polarity during planarian regeneration, and 

hedgehog signaling and notum are modulators of Wnt signaling. However, it is not 
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known whether other factors are required for regenerative patterning formation. This 

dissertation concerns the role of another conserved pathway, calcium signaling, in 

planarian regeneration, and its interplay with these above signaling modules.  

2. Calcium signaling 

Calcium is a ubiquitous intracellular signaling molecule that operates throughout the 

life of a typical organism, beginning with fertilization, cell proliferation, early 

development, body axis formation, continuing through differentiation to perform very 

diverse control functions until cell death in a variety of specialized cells in both 

vertebrate and invertebrate [see review (24, 137, 243)]. Mounting evidence has shown 

that Ca2+ signaling is involved in a variety of physiological processes such as secretion, 

motility, gene expression, muscle contraction, membrane trafficking, learning and 

memory, synaptic transmission, cell division and apoptosis (23, 28, 38, 137, 241, 243, 

244). Considering the importance of cytoplasmic Ca2+ for cellular function, it is not 

surprising that Ca2+ signals are precisely regulated in both time and space as repetitive 

oscillations and as propagating waves in cells (24, 26, 68, 243). The universal 

intracellular calcium signals are generated from both an extracellular source and/or from 

intracellular stores. The Ca2+ influx from extracellular space depends on voltage-gated 

Ca2+ channels (VGCCs), receptor-operated Ca2+ channels and store-operated Ca2+ 

channels on the plasma membrane (Table 1.1). In contrast, Ca2+ release from intracellular 

stores is mediated through either the IP3 receptors (IP3Rs) or ryanodine receptors (RyRs), 

which are ligand-gated ion channels primarily localized to the ER membrane (Table 1.1). 

After Ca2+ has carried out its signaling functions, it is rapidly removed from the 

cytoplasm by plasma-membrane Ca2+ ATPase (PMCA) and Na+/ Ca2+ exchangers at the 

cell surface, and sarco (endo) plasmic reticulum Ca2+-ATPase (SERCA) pumps in the 

endoplasmic reticulum and acidic lysosomal-type compartment Ca2+/H+ exchangers and 

mitochondrial uniporters, which transport Ca2+ to lysosomes, other acidic organelles and 

mitochondria. 
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2.1. Voltage-gated Ca2+ channels (VGCCs)  

2.1.1 Structure of VGCC channels 

The plasma-membrane voltage-gated calcium channels (Cav) comprise a family of 

multisubunit transmembrane proteins that control cellular calcium entry in response to 

membrane depolarization. In vertebrates, ten types of Ca2+ currents have been identified 

that fall into two categories: high-voltage-activated (HVA) and low-voltage-activated 

(LVA) (Table 1.2) (47). HVA currents can be further subdivided into L-type currents 

(Cav1s, sensitive to 1,4-dihydropyridines, DHPs), and non-L-type currents that are DHP-

insensitive (Cav2s) (70, 79, 174). The high-voltage activated channels (HVA) Cav1s and 

Cav2s are multi-protein complexes (Fig. 1.4A) composed of a pore-forming subunit 

Cavα1(170kDa) (218) together with associated auxiliary subunits, Cavβ (52kDa) (218), 

Cavα2δ (α2 subunit, 150kDa and δ subunit, 17-25kDa) (213), and in skeletal muscle, the 

Cavγ subunit (32kDa) (219). The low-voltage activated channels (LHA) Cav3s require 

only Cavα1 subunit to function (73, 181). 

Cavαααα1 subunit. The Cavα1 subunits (α1 subunits) are the pore-forming subunits, 

which determine the main biophysical and pharmacological properties of the VGCC 

channels. Cavα1 contains at least 10 isoforms that are coded by distinct genes in 

vertebrates (Table 1.2), and can be further classified into three structurally and 

functionally related families (Cav1, Cav2, and Cav3) [for review see (47, 70)]. The L-type 

Ca2+ currents are mediated by Cav1 type of α1 subunits, which share about 75% amino 

acid identity within the family. The Cav2 type (non-L-type) Ca2+ channels form a distinct 

subfamily and share <40% amino acid sequence identity with Cav1 type but >70% amino 

acid sequence identity among themselves (210). The T-type α1 subunits are only 

distantly related to the other known homologues with <25% amino acid sequence identity 

(181). In contrast to vertebrates, most of the invertebrates studied to date have been found 

to encode only single representatives of the Cav1, Cav2, and Cav3 subfamilies, including 

the worm C. elegans and the fruit fly Drosophila (Table 1.2) (74, 118, 127, 265). The 

only exception is the flatworm Schistosoma mansoni, which possesses two genes 

encoding non-L-type Ca2+ channels (Cav2A, Cav2B) (Table 1.2) (127).  
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Cavα1 subunit is made up of a single polypeptide of ~1600-2400 amino acids with 4 

homologous domains (I, II, III and IV). Each domain contains 6 membrane-spanning 

helices (S1-S6) (Fig. 1.4B). The channel pore, through which the ions flow, is composed 

of the S5 and S6 segments and the membrane-associated loop (P-loop) between them. 

The specificity of the pore is governed by a motif (EEEE) composed of four glutamate 

residues (104) in HVA calcium channels. Each of these four residues resides in a 

different domain (I, II, III and IV), which is situated in the loop between S5 and S6 and 

highly conserved in all vertebrate HVA α1 subunits (105, 252). The same also holds true 

in invertebrates [for review see (119)]. For example, this EEEE motif was found in all 

three isoforms of HVA α1 subunits in the flatworm Schistosoma (127). On the other 

hand, the pore of LVA α1 subunits differs only slightly, with aspartates in place of 

glutamates at two sites (EEDD), which is also regarded as essential to the Ca2+-selective 

channel (75). The voltage-sensitive domain of the channel (voltage sensor) contains a 

region composed of the S4 helix, known as the paddle due to the shape. It has 5-6 charges 

(K and R) such that a high positive charge outside the cell repels the helix, keeping the 

channel in its closed state. Depolarization of the cell causes the helix to move, inducing a 

conformational change that allows ions to flow through the channel (82). 

The α1 subunit intracellular domains contain highly conserved structures that are 

implicated in protein interaction and that serve to modulate the channel activity. 

Particularly, the Cavα1 I-II loop harbors the high affinity Cavβ binding site, known as α-

interaction domain (AID)  (Fig. 1.4) (51, 233). The consensus sequence present in both 

L-type calcium channels is QQxExxLxGYxxWIxxxE (193). Three amino acids in AID 

(Y437, W440 and I441) were found essential for the Cavβ binding, which are highly 

conserved in vertebrates and invertebrates, including the flatworm Schistosoma mansoni 

(127). The C-terminal cytoplasmic tail is involved in interactions with Ca2+ and CaM, the 

latter of which is a calcium sensor protein that has a central role in intracellular Ca2+ 

signaling and is responsible for driving two opposing Cav feedback modulation 

processes: calcium-dependent inactivation (CDI) and calcium-dependent facilitation 

(CDF) (113, 253). A domain, termed IQ, some 150 amino acids downstream the 
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transmembrane segment S6, is the main site for Ca2+/ CaM binding  (Fig. 1.4B) (77, 100). 

The domain has a consensus sequence IQxxxRGxxxR in which isoleucine and glutamine 

are highly conserved (77, 100). Another domain termed E-F hand is the site for Ca2+ 

binding. This structure consists of a calcium-binding loop flanked by two α-helices and is 

situated between the IQ domain and the S6 membrane segment (156).  

In addition, the loop between S5 and S6 in domain III and domain IV is important 

for the channel function. A drug, nifedipine in the class of 1,4-dihydropyridine (DHP), 

was found to strongly antagonize the channel activity by binding to this loop (83). This 

finding forms the basis for the earlier subtype classification of high voltage-gated 

channels and also lead to the isolation of purified voltage-gated calcium channels. 16 

residues that are required for DHP interaction have been identified (938T, 1043Q, 
1152YIxxIxFFMMxxxV 1165, and 1460IxxYMxxxxxIIN 1472) in rats (109, 239). Compared to 

vertebrates, the invertebrate counterparts appear nonconserved in the DHP-binding site 

with frequent substitution or deletions (256, 265). For example, the flatworm 

Schistosoma mansoni only present 11 residues of the 16 amino acid residues that have 

been shown to be necessary for dihydropyridine binding in vertebrates (127). In addition, 

the conserved residues of S5-S6 loop in L-type channels are not present in non-L type 

channels, which may explain why the L-type channel is sensitive to DHPs (96, 221).  

Cavββββ subunit. The gene product of Cavβ is a cytoplasmic protein with four isoforms 

that are found in mammalian cells encoded by distinct genes (69). Notably, all four 

isoforms are expressed in the brain but differentially expressed in other tissue types 

(122). X-ray crystallographic structural analysis revealed that Cavβ has two folded, 

conserved domains: an Src homology 3 (SH3) domain fold and a guanylate kinase (GK)-

like domain separated by a flexible loop (51). The Cavβ domain structure is related to a 

class of scaffolding proteins (membrane-associated guanylate kinases), but has number of 

key differences. First, the Cavβ SH3 domain lacks key residues required for polyproline 

binding for which SH3 domains are well known (51). Second, in SH3 domain the surface 

used for polyproline binding is blocked by an α-helix (51). Third, one β-strand forming 

the central SH3 core is right adjacent to the GK domain, which results in an 
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interdependence of the SH3 and GK domains that is crucial for Cavβ to modulate Cavα1 

function (233). The C-terminal GK domain is responsible for high affinity association 

with Cavα1 subunit via binding to the AID motif (233). The function of SH3 domain in β 

subunits is uncertain but it is believed to play a regulatory role because the GK domain 

alone cannot function exactly like intact β subunits when the SH3 domain is removed 

(233). 

The primary function of Cavβ subunit is to regulate the expression of α1 subunit on 

the cell surface and modulate the biophysical properties of calcium channel. A number of 

studies (20, 53, 167) have shown that Cavβ subunits aid the trafficking of α1 to the 

plasma membrane, partly by masking an ER retention signal within the cytoplasmic I-II 

linker in the α1 subunit (31). An alternative possibility is that additional trafficking 

signals exist in the N- and C-termini of Cavα1 subunit (57, 90). A recent study showed 

that β subunit binding to the I-II loop caused a global rearrangement of intracellular 

domains, shifting a balance of power between export signals on the I-II loop and 

retention signals elsewhere on the channel (78). In addition, another study suggested that 

Cavβ increases Cavα1 expression on the plasma membrane by preventing its degradation 

(8). It also has been reported that the AID-GK domain interaction is necessary for Cavβ 

subunit to stimulate Ca2+ surface expression, and GK domain alone can carry out this 

function (103). In addition to its role in membrane trafficking, β subunits modulate the 

biophysical properties of the calcium channels via the α1-β interaction. For example, all 

four isoforms of β subunits hyperpolarize the voltage dependent activation (VDA) of all 

HVA calcium channels (122). On the other hand, β1, β3 and β4 subunits speed up the 

inactivation kinetics of Cav channels by hyperpolarized the voltage-dependent 

inactivation (VDI) of calcium channels (93, 107, 167).  

Cavαααα2δδδδ subunit. α2δ subunit is a heavily glycosylated 175 kDa protein that is post-

translationally cleaved to yield a disulfide-linked α2 and δ proteins. The δ domain anchors 

α2 subunit to the membrane via a single transmembrane segment whereas the 

extracellular α2 domain is essential for trafficking Cavα1 subunits to the plasma 
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membrane and increasing calcium currents (70). The α2δ subunits both enhance calcium 

channel expression and also influence the properties of the channels. For example, it has 

been reported that α2δ subunits increase the expression of HVA channel α1 subunit on 

the plasma membrane in Xenopus oocytes (62). The evidence for the latter came from the 

studies showed that α2δ subunits increased Cav1.2, Cav2.1 and Cav2.2 currents in both 

Xenopus oocytes and mammalian cells (42, 43, 61, 89). Recent studies have also linked 

α2δ subunits to some diseases. α2δ-2 gene knockout mice showed epileptic and ataxic 

phenotype (17, 115). In addition, upregulation of α2δ subunits has been found in 

neuropathic pain (81). 

2.1.2. Role of VGCC in neuronal stem/progenitor cell differentiation 

Although VGCCs were identified in excitable cells 60 years ago, our understanding 

of their role in neuronal stem cell differentiation and proliferation have been appreciated 

only recently. The first detailed report on calcium signaling pathways in mouse 

embryonic stem cells (mESCs) revealed an activity of IP3R rather than voltage-gated 

calcium channels (251). Depletion of Ca2+ stores by thapsigargin (the SERCA calcium 

pump blocker) induced a store operated calcium influx, but no induction of voltage-gated 

calcium channels. However, two other studies performed by using a different mESC line 

reported the presence of both voltage-gated calcium channels and ryanodine receptors 

(RyRs) on mESCs (142, 203). The discrepancy may stem from a difference in cell lines. 

In vitro, however, substantial evidence has accumulated to suggest that voltage-gated 

Ca2+ channels do function during the early stages of neurogenesis. Whole-cell calcium 

current measurements of mESC-derived neurons revealed that L-type voltage-gated Ca2+ 

channels are responsible for neuronal differentiation (214). Studies in neural 

stem/progenitor cells (NSCs) revealed that NSC differentiation is strongly correlated with 

the expression of voltage-gated Ca2+ channels, and that Ca2+ influx through these 

channels plays a key role in promoting neuronal differentiation (60, 67, 202). These 

studies also showed that undifferentiated cells exhibited no detectable Ca2+ signals, 

whereas fetal bovine serum-induced differentiated neurons displayed time-dependent 

increase in intracellular Ca2+ transients. Pharmacological experiments revealed that 
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neuronal differentiation from NSCs was strongly inhibited by the Cav1 blocker, 

nifedipine, and increased by the L-type calcium channel agonist, BayK 8644, suggesting 

that L-type VGCCs rather than non-L-type VGCCs promote neuronal differentiation 

(60). Similar results were observed in Xenopus. Patterns of Ca2+ transients generated by 

L-type Ca2+ channels were observed in the dorsal ectoderm but not in the ventral 

ectoderm during the neural induction (133). Furthermore, Ca2+ imaging of intact Xenopus 

embryos reveals that L-type voltage-gated Ca2+ channels appear to be necessary to orient 

the ectodermal cells towards a neural fate (161). Studies on adult hippocampal NPCs 

revealed similar results that excitatory stimuli act directly on adult hippocampal NPCs to 

favor neuron production (141). It is worth mentioning that a recent study suggested that 

both Ca2+ entry and release are required for the activity-induced neurogenesis in mESCs 

(261). In wild-type mESCs, activation of L-type Ca2+ channels and RyRs promoted 

neuronal differentiation, while neurogenesis of type 2 ryanodine receptors (RyR2) 

deficient mESCs were significantly inhibited (261).  

The calcium signaling downstream pathways have also been investigated during 

neuronal stem/progenitor cell differentiation (135, 202). Inhibition of bone morphogenic 

protein (BMP) signaling and activation of fibroblast growth factor (FGF) and 

extracellular signal-regulated kinase (ERK) have been shown to promote neural induction 

[see review (13)]. Recently a neural initiator, neuronatin, was shown to initiate neural 

induction in mESCs through increasing intracellular calcium by antagonizing the function 

of sarco/endoplasmic reticulum Ca2+-ATPase isoform 2 (135). They also showed that 

neuronatin-mediated calcium signaling increases the phosphorylation of Erk1/2 and cross 

talks with FGF/Erk pathway to initiate neural induction (135). 

Taken together, increasing data suggest that voltage-gated Ca2+ channels play a key 

role in development and stem cell biology. 
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2.2. IP3 receptors (IP3Rs) 

2.2.1 Structure and molecular biology of IP3R channels 

Inositol 1, 4, 5-trisphosphate (IP3) receptors (IP3Rs) are intracellular Ca2+ release 

channels that mobilize stored Ca2+ in response to a variety of stimuli, such as hormones, 

neurotransmitters, and growth factors (22, 23). Ca2+ release from intracellular stores is 

activated by the second messenger inositol 1,4,5-trisphophate, a hydrolytic product of 

phosphatidylinositol 4, 5-bisphosphate during the signaling through either the G protein-

coupled receptor/phospholipase C (PLC)-β, or the tyrosine kinase receptor/PLC-γ 

signaling pathway (23, 147). A variety of studies have revealed that IP3 receptors are 

expressed in the endoplasmic reticulum (ER) and outer nuclear envelope (197), as well as 

portions of the Golgi complex (222) and the plasma membrane (65).  

IP3R was originally identified as the glycosylated and phosphorylated membrane 

protein P400 that is abundant in Purkinje cells of the mouse cerebellum (139). 

Subsequently, it was established that there are three distinct types of IP3Rs [IP3R type 1 

(IP3R1), IP3R type 2 (IP3R2), and IP3R type 3 (IP3R3)] with splice variants in vertebrates, 

including humans (151, 197). The full-length sequences of the three types are 50-80% 

homologous overall at amino acid level with regions, including the ligand-binding 

domain and pore domains, having much higher similarity (see below) (178, 223). In 

contrast, invertebrates appear to express a single gene, most closely related to the type 1 

IP3R (Table 1.3). Alternatively spliced forms have been observed in Drosophila 

melanogaster (DmIP3R) and C.elegans (CeIP3R) with 2 and 6 variants, respectively (19, 

130, 260).  

IP3 receptors contain ~ 2,700 amino acids with a molecular mass of ~ 310 kDa, and 

are arranged into homo- or hetero-tetramers to form functional Ca2+ channels (138, 150, 

224). Structurally, each IP3R molecule contains three functionally distinct regions: the N-

terminal IP3-binding domain, the C-terminal channel-forming domain, and the regulatory 

domain connecting the two termini (114). The details are described as follows. 
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 IP3-binding domain. The IP3-binding region was first assigned to the N-terminus of 

the receptor (mouse IP3R1) within the first 650 residues based on deletion mutagenesis 

(150). The use of photoaffinity ligands and systematic deletion mutagenesis approaches 

have indicated that the minimal region required for binding to IP3 is between residues 224 

and 604 (33, 259). Extensive site-directed mutagenesis and X-ray crystallography studies 

have revealed a number of highly conserved Arg and Lys residues that are required for 

ligand docking, with R265, K508 and R511 (mouse IP3R1) being essential (259). In 

addition, two Ca2+ binding sites were identified within residues 304-381 and 378-450 of 

mouse IP3R1 by crystal structure analysis and deletion mutagenesis study (33). 

The suppressor domain. High-affinity IP3 binding to the ligand-binding core (224-

604) is actually reduced by the N-terminal 223 residues, which is hence called the 

suppressor domain (IP3R1sup) (230). Several residues critical for the suppressor function 

were identified, and their mutagenesis enhanced the IP3R binding affinity of the 

recombinant-binding domain (35). In addition, IP3R1sup is critical for IP3-induced gating 

because receptors lacking this region can bind IP3 with a higher affinity than the native 

receptor, but cannot open the channel (230). It also has been reported that a calmodulin 

(CaM) binding site and a neuronal Ca2+ binding protein 1 (CaBP1) binding site were 

mapped to this region. Homer proteins, which mediate interaction of IP3R with group 1 

metabotropic glutamate receptors (mGluRs), were found to associate with 49PPKKF53 

stretch on the mouse type I IP3R (229). A recent report revealed that RACK1, a WD40-

containing scaffold protein, binds to two IP3R segments (residues 90-110 and residues 

580-600) (179). 

The modulatory domain. The central portion of the IP3R sequence has previously 

been referred to as the transducing domain, since it is involved in transferring a signal 

from the N-terminal ligand-binding region to the channel portion at the C-terminus of the 

receptor (34). This region is also known as the modulatory domain, since it binds a 

number of molecules implicated in regulating the receptor. Small molecules, such as Ca2+ 

and ATP, as well as proteins, such as CaM, RACK1, have been suggested to bind to the 

modulatory domain (80, 138, 205). The high affinity and low affinity ATP binding site 
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ATPA (1773GGGGGGPG1780) and ATPB (2016GLGLLG2021) are encoded within the 

modulator domain in mouse IP3R1(140). Phosphorylation sites for PKA have also been 

mapped in this region (187). 

The channel domain. The C-terminus of mouse IP3R1 contains six transmembrane 

helices (residues 2276-2589, M1 2276-2294; M2 2308-2326; M3 2352-2372; M4 2391-

2407; M5 2440-2462 and M6 2570-2589, mouse IP3R1), which anchor the receptor to a 

membrane and create a functional channel (149). The channel pore is formed by the 

M5/M6 pair. The sequence between M5 and M6 consists of a long intraluminal ER loop 

(residues 2463-2540), a pore-forming region (residues 2545-2552), and a short 

intraluminal ER loop (residues 2553-2569) (149). The pore-forming region contains a 

putative selectivity filter motif 2545GGG(V/I)GDVL2552 that is conserved in IP3R and RyR 

gene families and homologous to a selectivity filter of bacterial potassium channel KcsA 

(71). A role of a putative selectivity motif in the IP3R cation permeability is supported by 

functional analyses of mouse IP3R1 mutants V2548I and D2550E (32) and Drosophila 

melanogaster IP3R mutant G2630S (209). The long intra-luminal ER loop is rich in 

acidic residues, which may serve to concentrate Ca2+ ions near the channel opening (121, 

258). Notably, IP3R and RyR share high homology in the region encompassing TM5 and 

TM6 helices, whereas the luminal loop linking these two helices is absent in RyR (114).  

2.2.2. Role of IP3R in invertebrate development 

As substantial evidence demonstrated that IP3Rs play an important role in oocyte 

maturation, fertilization, and early embryogenesis during development in vertebrates [for 

review see ref (38, 154)], the following section focuses solely on the functional studies of 

IP3Rs in invertebrate model organisms such as Drosophila and C. elegans. To date, IP3R 

have been biologically analyzed in 6 invertebrate species (Paramecium tetraurelia, 

Aplysia California, C. elegans, Drosophila melanogaster, Panulirus argus and Asterina 

pectinfera). 

C.elegans encodes a single IP3R gene, itr-1, which is widely expressed throughout 

the body, including the intestine, pharynx, nervous system, and gonad (19). The tissue-

specific-expression of itr-1 is directed by the three promoters in IP3R gene (94). A 
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genetic screen for downstream effector of let-23 [epidermal growth factor receptor 

(EGFR)-like protein gene] led to the discovery that C. elegans IP3R (itr-1) acts as a RAS-

independent, tissue-specific positive effector of let-23 controlling ovulation through 

changes in spermathecal dilation (52, 257). Transient disruption of IP3R signaling by the 

tissue-specific expression of the dominant–negative itr-1 binding domain demonstrated 

that IP3R-mediated signaling is required for multiple steps in embryogenesis, including 

cytokinesis and gastrulation (236). Furthermore, it has been reported that C. elegans IP3R 

(itr-1) regulates mating behavior and sperm transfer functions downstream of 

phospholipase C (PLC) (95). Another study revealed that IP3R (itr-1)-mediated signaling 

is downstream of PLC, regulating the avoidance response to nose touch in C. elegans 

(237). Overall, the above suggests that the C.elegans IP3R involved in many 

physiological processes such as ovulation, cyokinesis, gastrulation, embryogenesis, and 

mating behavior.   

Drosophila melanogaster (Dm) also encodes a single gene (DmIP3R) but with two 

spliced variants from head and embryos (207). In situ hybridization showed that DmIP3R 

exhibits a dynamic pattern of expression during embryonic development and strong 

expression in the adult head suggesting a role during embryonic development and in 

olfactory transduction and brain function, respectively (66, 102). Disruption of DmIP3R 

function results in larval lethality, accompanied by delays in molting (120). Mutants of 

DmIP3R revealed that DmIP3R affects larval metamorphosis and ecdysone release (234). 

Further studies showed that IP3R signaling acts in parallel with a cAMP pathway to 

produce a precisely timed larval molt (235). Recently, it has been found that IP3-mediated 

Ca2+ release controls larval development by regulating the neurohormonal action of 

serotonin during a critical period of second instar larvae (120).  

In insects, the flight behavior is controlled by the interaction of multiple neural 

circuits. Studies in Drosophila demonstrated that normal activity of the IP3R in aminergic 

interneurons is required during pupal development for normal flight behavior (189). 

Disruption of IP3R function results in defective flight behavior (16). However, this can be 
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compensated by altering sarco-endoplasmic reticulum calcium ATPase activity and 

rescued by expression of the wild-type IP3R in aminergic interneurons (15, 164) 

Similar functions were also observed in other invertebrates. For example, the studies 

of lobster have shown that IP3R is expressed in the plasma membrane of neurons and is 

involved in olfactory transduction (76, 163). On the other hand, the starfish IP3R was 

shown to be essential during oocyte maturation and fertilization (117, 160). 

Immunoblotting and immunocytochemistry analysis revealed that the distribution of 

starfish IP3R changes during oocyte maturation. The formation of the fertilization 

envelope can be blocked by bacterially expressed recombinant protein bearing the IP3 

binding core termed as IP3 sponge (117).  

3. The link of calcium signaling to planarian regeneration.  

Prior to the experiments described in this dissertation, Ca2+ signaling was an 

uncharted area in planarian regeneration biology. There was no information about how 

many VGCC and IP3R channels planarians encode and how or if they contribute to the 

development of planarian worms. However, it is reasonable to believe that Ca2+ signaling 

exists and is important to planarian regeneration based on its evolutionarily conserved 

functions in the development and patterning formation in vertebrate and invertebrate 

model organisms. Actually, our preliminary data also support this view, which stemmed 

from a fortuitous discovery during a pharmacological screen. The isoquinoline drug 

praziquantel (PZQ), a key therapeutic agent of schistosomiasis, was surprisingly found to 

cause a robust (100%) and complete duplication of the entire anterior-posterior axis 

during flatworm regeneration to yield two-headed organisms (172). This PZQ-evoked 

bipolarity was later found to be Ca2+-concentration dependent, and could be ablated by a 

VGCC blocker, nicarpidine (172). A genetic approach using in vivo RNAi was also 

employed to verify the role of VGCC in this effect. Thus, this interesting observation has 

prompted me to carry out a full-fledging pursuit of the role of Ca2+ channels in the 

planarian regeneration.  
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4. Objective.  

The aim of this dissertation is to elucidate the role of Ca2+ channels in the 

development and regeneration of the invertebrate model organism planarian Dugesia 

japonica. Chapter II focuses on the role of voltage-gated Ca2+ channels in planarian 

anterior-posterior axis specification and the data revealed a unique interplay between 

specific Cav1 channels and neuronal Hedgehog signaling and justify Cav1 channels in 

vivo as targets for small molecule neurogenics. Chapter III describes the identification 

and functional characterization of the planarian IP3R, an intracellular Ca2+ release 

channel that plays an import role in the planarian reproductive system. The conclusions 

and implications are discussed in Chapter IV. 
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Figure 1.1 Diagram of the major organ systems in freshwater planarians. (A) A 

representative of the asexual worm in which the gastrovascular (in red and yellow) and 

nervous systems (in blue) are shown. (B) Diagram depicting the location of various 

organs in sexual worms. 
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 Figure 1.2. The canonical Wnt/ββββ-catenin pathway. In the absence of Wnts, 

cytoplasmic β-catenin interacts with a multiprotien complex containing CK1a (Casein 

kinase-1 alpha), GSK3β (Glycogen synthase kinase-3-β), scaffold proteins Axin, and 

APC (Adenomatous polyposis coli, tumor suppressor). β-catenin is first phosphorylated 

at Ser-45 by CK1α, which in turn enables GSK3β to phosphorylate serine/threonine 

residues 41, 37 and 33. Phosphorylation of these last two residues triggers ubiquitination 

of β-catenin by βTrCP ubiquitin ligase and degradation in proteosomes. In the presence 

of Wnts, the binding of Wnt to its receptor Frizzled and co-receptor LRP leads to the 

activation of dishevelled (Dsh), a cytoplasmic protein that is associated with the receptor 

complex. The activated Dsh blocks degradation, possibly by recruiting the GSK3 

inhibitor GBP to the complex to displace GSK3β from binding to Axin. The dissociated 

Axin is recruited to the cytoplasmic tail of Wnt co-receptor LRP. Stabilized β-catenin 

accumulates in the cytoplasm and enters the cell nucleus and interacts with LEF/TCF 

transcription factors, which leads to the transcription of Wnt-target genes. 
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Figure 1.3. The Hedgehog (Hh) signaling pathway. In the absence of its ligands, the 

transmembrane receptor Patched (Ptc) binds to Smoothened (Smo), a G protein-coupled 

receptor, blocking its function and the downstream signal transduction cascade. SuFu 

prevents the transcription factor Gli protein from translocating to the nucleus, and Gli 

proteins are phosphorylated, leading to their proteolysis to generate a C-terminus-

truncated repressor Glis, which move into the nucleus and represse Gli-dependent target 

gene transcription. In the active situation, binding of Hedgehog to its receptor patched 

relieves the patched-mediated repression of SMO. SMO is subsequently activated by 

phosphorylation, which leads to the dissociation of a transcription regulator Gli from its 

repressor SuFu, resulting in translocation of Gli to nucleus to activate hedgehog target 

gene expression.  
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Figure 1.4. Voltage gated calcium channel structure. (A) Cartoon diagram 

representing a L-type calcium channel. The four homologous transmembrane domains of 

Cavα1 are indicated. Cavβ is shown in dark purple and interacts with its high-affinity 

binding site on the I-II intracellular loop known as the α-interaction domain, AID. The 

IQ domain that interacts with CaM is highlight in green at the C-terminal cytoplasmic 

tail. The membrane associated Cavα2δ subunit is shown in orange and green. (B) The 

putative transmembrane arrangement of the pore forming Cavα1 subunit. Positions of the 

AID, PreIQ and IQ domain are shown. The SH3 and GK domains of Cavβ are shown in 

orange and light purple, respectively. 
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Table 1.1. Proteins controlling calcium homeostasis in planarians. 

Group Name of Proteins controlling calcium homeostasis Properties 

ATPase 

PMCA Plasma membrane (Ca2+-Mg2+)-ATPase Resistant to thapsigargin and cyclopiazonic acid (58, 171) 

SERCA 
Sarco-endoplasmic reticulum (Ca2+-Mg2+)-

ATPase 

140-250 fold more resistant to thapsigargin than  

mammalian SERCA (59) 

Plasma 

membrane 

ion channels 

VOCC Voltage-operated calcium channel 
Mediated an extracellular calcium influx, govern muscle 

contraction, neurotransmitter release et al (127) 

ROCC Receptor-operated calcium channel not known yet 

SOC Store-operated calcium channel unknown  

Intracellular 

calcium 

channel 

RyR Ryanodine receptor 
Mediate intracellular calcium release and the contraction of 

muscle fiber (206) 

IP3R Inositol 1,4,5-triphosphate receptors unknown  

TPC Two pore calcium channel unknown  
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Table 1.2. Summary of calcium channel classification 

Gene access no. as follows: EGL-19, AAC47755; UNC-2, AY264781; CCA-1, AAP84337; DmCa1D, Q24270; DmCa1A, P91645; 

Ca-α1T, Q9W433; SmCav1, AF361884; SmCav2A, AF361883; SmCav2B, AF361885; Cav1.1, Q13698; Cav1.2, Q4VM17; Cav1.3, 

Q01668; Cav1.4, O60840; Cav2.1, O00555; Cav2.2, Q55QC6; Cav2.3, Q15878; Cav3.1, O43497; Cav3.2, 95180; Cav3.3, Q0POX4. 
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Ca2+ current type 
C. elegans Drosophila Schistosoma Mammalian (vertebrate) 

α1 subunits α1 subunits α1 subunits α1 subunits blocker Main location 

HVA (co-

assembled 

with 

β+α2δ) 

L EGL-19 DmCa1D 
SmCav1 

 
L 

Cav1.1 DHPs Skeletal muscle 

Cav1.2 DHPs Cardiac, smooth muscle, neuronal 

Cav1.3 DHPs Sinoatrial node, cochlear hair cells, 

Cav1.4 DHPs Retina  

Non-

L-

type 

 

UNC-2 DmCa1A 

SmCav2A 

 

SmCav2B 

P/Q Cav2.1 ω-CTx-GVIA Neuronal (presynaptic) 

N Cav2.2 ω-Agatoxin Neuronal (presynaptic) 

R Cav2.3 SNX-482 Neuronal  

LVA T CCA-1 Ca-α1T None T 

Cav3.1 

None 

Neuronal, cardiac 

Cav3.2 Neuronal (and many other tissues) 

Cav3.3 Neuronal  
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Table 1.3. Identity of the IP3Rs amino acid sequences among invertebrates and vertebrates.  

Sequences were aligned using the BLOSUM62 scoring matrix (ClustalW MSA), and amino acid identities computed. Accession 

numbers are PtIP3R (Paramecium tetraurelia, CR932323); MmIP3R (Mus musculus, type1, NP034715; type2, NP064307; and type3, 

NP542120); AcIP3R (Aplysia California, ABD62080); CeIP3R (Caenorhabditis elegans, AAW30668); DmIP3R (Drosophila 

melanogaster, BAA14399); PaIP3R (Panulirus argus, AAC61691); and ApIP3R (Asterina pectinifera, BAB8408). 
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Identity 

(%) 

PtIP3R CeIP3R PaIP3R DmIP3R AcIP3R ApIP3R MmIP3R1 MmIP3R2 MmIP3R3 

PtIP3R  14 17 16 17 16 17 16 17 

CeIP3R 14  37 37 37 38 38 38 38 

PaIP3R 17 37  59 55 58 57 54 51 

DmIP3R 16 37 59  55 58 58 55 53 

AcIP3R 17 37 55 55  61 61 57 54 

ApIP3R 16 38 58 58 61  68 61 56 

MmIP3R1 17 38 57 58 61 68  69 62 

MmIP3R2 16 38 54 55 57 61 69  64 

MmIP3R3 17 38 51 53 54 56 62 64  
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Chapter II 

Opposing role of voltage-gated Ca2+ channels in neuronal control of 

regenerative patterning 
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Introduction 

Methods that generate large numbers of specific cell types as immunologically-

matched replacements for diseased tissue have clear therapeutic potential, especially for 

neurodegenerative conditions. Three broad strategies that achieve this encompass protein-

based approaches (growth factor ‘cocktails’), genetic reprogramming (via specific 

transcription factors), and pharmacological engineering (small molecules that bias 

differentiation). While each method has advantages, the inherent appeal of small 

molecule based approaches translates to their potential for use in vivo with lesser risks 

than exogenous genetic reprogramming. Key challenges are identifying ‘drugable’ 

signaling pathways that regulate stem cell expansion and differentiation, and 

understanding the functional interplay of such pathways in vivo. Ca2+ signaling 

exemplifies a well-dissected pathway to nuclear reprogramming in differentiated neurons 

(97). In neural stem/progenitor cells, in vitro screens have uncovered Ca2+ signaling 

modulators that regulate proliferation (48, 170) and adoption of neuronal cell fates (67, 

202). While these insights derive from studying multipotent cells in vitro, it is important 

to discern whether similar principles hold in vivo. This is an important distinction as stem 

cell fate in vivo is controlled by cues inherent to the local microenvironment such that the 

efficacy of pharmacological agents identified in vitro will be modified by signals unique 

to the stem cell niche. 

An attractive screening model for small molecule neurogenics is the planarian 

flatworm. Planarians exhibit impressive regenerative abilities owing to the maintained 

plasticity of their pluripotent stem cells (‘neoblasts’), which differentiate into ~30 cell 

types during homeostasis and enforced tissue regeneration. These worms afford the 

opportunity to study regeneration of an entire nervous system by simple amputation 

assays, rather than simply the regrowth/repair of a single neuron (48, 170). Planarians 

hold great fascination for neuroscientists: they express a diverse array of 

neurotransmitters (54), occupy a unique evolutionary niche in terms of emergence of a 

centralized nervous system and have behavioral screening potential. Further, most 

planarian genes (~80%) show greater similarity to vertebrate orthologs relative to 
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invertebrate sequences (10, 85). 

Previously, while investigating the undefined mechanism of action of praziquantel 

(PZQ) a drug used to treat Schistosomiasis - we found that PZQ subverted regeneration to 

produce viable, two-headed worms with integrated central nervous systems (172). Initial 

data suggested PZQ miscued regeneration by modulating voltage-operated Ca2+ entry 

(172). However, the lack of molecular information about voltage-operated Ca2+ channels 

(Cavs) in this system precluded functional genetic testing of this hypothesis. Here, we 

define the planarian family of Cavα subunits and employ in vivo RNAi to show that PZQ 

subverts regeneration by selective activation of a Cavα isoform (Cav1A) to dysregulate 

neuronal Hedgehog signaling. This effect was opposed by another neuronal Cav1 isoform 

(Cav1B). These data support a unique interplay between specific Cav1 channels and 

neuronal Hedgehog signaling and justify analysis of Cav1 channels in vivo as targets for 

small molecule neurogenics and for PZQ, the mainstay therapeutic for treating a disease 

that infects 200 million people worldwide. 
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Methods and Materials  

Planarian husbandry An asexual clonal GI strain (Gifu, Iruma river) of Dugesia 

japonica were maintained (~5,000 worms in 5L of water) at room temperature (20-23°C) 

and fed strained chicken liver puree (~10ml) once a week. Regenerative assays were 

performed using 5 day-starved worms in pH-buffered artificial water at 22°C (1x 

Montjuïc 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 7.4 buffered with 1.5 mM HEPES). Praziquantel (PZQ), 

sourced from Sigma (P4668) was used as a racemic mixture. The basic planarian methods 

used in these experiments are described in (49). 

In situ hybridization. Whole-mount in situ hybridization was performed at 55°C in 

hybridization solution (50% formamide, 5 X SSC, 100µg/ml yeast tRNA, 100 µg/ml 

heparin sodium salt, 0.1% Tween-20, 10 mM DTT, 5% dextran sulfate sodium salt) 

incorporating digoxygenin (DIG)-labeled antisense riboprobe (40 ng/ml) denatured at 

72°C for 15 min prior to use (172). A standard mixture of BCIP/NBT in chromogenic 

reaction solution was used for color development, followed by paraformaldehyde 

fixation. DIG-labeled antisense riboprobe was synthesized by RNA polymerase (Roche) 

from linearized pGEM-T Easy plasmid as the template. Probe regions were as follows: 

PC2 (1-2285bp); ndk (122-1692bp); wnt1 (1-1162bp from HQ738523); wnt11-5 (1-

1050bp from HQ738522); Hh (59-1370bp from AB504739.1); Cav1A (1027-1865bp; 

2229-4133 from HQ724315); Cav1B (2722-4010bp; 4380-6059 from HQ724316); Cav2A 

(120-962bp from HQ724317); Cav2B (20-1152bp from HQ724318), Cav3 (213-1205bp 

from HQ724319). Staining was resolved and archived using a Leica MZ16F 

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

Cloning strategy. Total RNA was isolated from 20 intact planarians using TRIzol® 

and cDNA subsequently synthesized using the SuperScript� III First-Strand Synthesis 

System (Invitrogen). Novel Cavα cDNAs were identified by PCR amplification (LA 

Taq™ polymerase) using degenerative primers designed from regions with high sequence 

identity based on alignment with a published Schistosoma mansoni Cav1 sequence (127) 

and putative annotations in the S. mansoni (29) and Schmidtea mediterranea genomes 
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(195). Products were cloned into the pGEM®-T Easy vector (Promega) for sequencing. 

On the basis of initial sequence data, further sequence was predicted from genomic 

annotations and verified by screening either a cDNA library prepared from regenerating 

D. japonica fragments or freshly synthesized cDNA if not represented in the existing 

library. Final sequences of the Cav clones were assembled in pGEM®-T Easy vector and 

resequenced three times. For RACE analysis, mRNA was separated and purified using 

Oligotex® mRNA mini Kits (Qiagen) and used to synthesize cDNA with gene-specific 

primers according to the manufacturer’s instructions (5’/3’ RACE Kit, Roche). Oligo-dT 

primers were used to synthesize 3’RACE cDNA, and nested PCR to amplify 5’ RACE 

cDNA. Gene specific primers for RACE were: 5’RACE: Cav1A (5'-

CATTTTCTTCATCGCTGAGTTCGTCA-3, 5'-TTCTCCGCTAAGAACACCAAGAAT 

TA-3’, 5'-TTGTTTCCTTGTGCATCATTTATCCA-3), Cav1B (5'- TCTGCATTGTTAC 

CTTCTTCTTCTTC-3’, 5'-CGTTCAATAAGATGTAGTTTCCGCAA-3’, 5'-GACTTCA 

TTCCAATCTTCACCAGTTAG-3’, 5'-GAGCAATGACTGCCAAAAACTATCAAA-

3’); 3’RACE: Cav1A (5'-GGATTGGGAGCATTAGTTTCCTTGTA-3’, 5'-GGCTGCTG 

AAGACCCAATAAGAAC-3’, 5'- TATCTTCGTTGGTTTTGTCATCGTT-3’), Cav1B 

(5'-GCCTGGCTTATTATACAAATCATCG-3’, 5'-TTACAGTGGCACATATAATAA 

TCGACC-3’, 5'GTTTTGTCATCTTACGTT TCAGCA-3’). Products were gel purified 

(High Pure PCR Product Purification Kit, Roche) and fragments ligated into pGEM®-T 

Easy vector for sequencing. A similar approach was used to isolate D. japonica β-

catenin-1 (Genbank # HQ738521), adenomatous polyposis coli (APC) (Genbank # 

HQ738520), hedgehog (Hh), patched (ptc), wnt1 and wnt11-5. Wnt nomenclature is from 

(98). For in vivo RNAi, sequences were amplified using gene specific primers 

incorporating Kozak sequence and cloned into the IPTG-inducible vector pDONRdT7 

using Gateway® BP Clonase (Invitrogen).  

Transient expression and Western blotting To examine the potential interaction 

between α1 and β subunits , the genes coding these proteins were codon-optimized and 

then cloned into pmCherry-N2 vector (through restriction sites Xho I and Sac II) fused to 

the N-terminus of mCherry using Infusion Dry Down PCR Cloning kit (Clontech). 

Primers used were listed as following: 5’-GGACTCAGATCTCGAGCGCCACCA 
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TGGAAATGCACCACCAGCACTCCCTG, 5’-GTGGATCCCGGGCCCGCGGGTGA 

TGGCCACAGAGGACTGCCG. Plasmids expressing the above proteins and/or other 

proteins (Fig. 2.4A) were transfected into HEK293 cells using LipofectamineTM 2000 

(Invitrogen) by following the manufacture’s protocol. Images of live cells were taken 

using Olympus FluoView 1000 IX2 Inverted Confocal at 24-36 hours post transfection. 

To analyze the protein expression, the transfected cells were scraped off the plates and 

sonicated in 500µl 20mM HEPES buffer supplemented with Complete protease 

inhibitor tablet (Roche) followed by centrifugation at 5,000 g for 3 minutes at 4°C. The 

supernatant was subsequently collected and centrifuged at 70,000 g for 1 hour at 4°C 

whereas the microsomal pellet was then resuspended in NP40 lysis buffer (20mM 

HEPES, 1% NP40). Samples from rat cerebellar membrane (30µg/lane), served as 

control. The proteins were then separated by SDS-PAGE and probed by western blot.  

The GFP antibody was diluted at 1:1000 (Santa Cruz Biotechnology). Fluorophore-

labeled goat anti-mouse secondary antibody (Invitrogen) was used at 1:10,000 dilution. 

RNAi methods. In vivo RNAi was performed following a feeding protocol described 

previously (172). Over several feeding/regeneration cycles, worms were fed a chicken 

liver and bovine red blood cell mixture containing transformed HT115 bacteria induced 

to express individual dsRNA constructs. Comparison of phenotypic scoring and drug 

effects were examined using paired t-tests, with differences considered significant at 

p<0.05 (*) and p<0.01 (**). All data are presented as mean ± standard error of the mean 

for the indicated number of experiments. As a control for non-specific RNAi effects, a 

Schmidtea mediterranea six-1 (Smed-six-1) construct was used. This construct did not 

produce a phenotype in D. japonica regenerants, owing to nucleotide divergence between 

the six-1 genes in the two planarian species. Targeted sequences were: Cav1A (1042-

1831bp; 2229-4133bp), Cav1B (2722-4010bp; 4380-6059bp; 6194-7219bp), Cav2A (120-

962bp), Cav2B (20-1152bp), Cav3 (213-1205bp), APC (1-2413bp), Ptc (95-2572bp), 

Smed-six-1 (1-506bp). For assessment of knockdown following RNAi, cDNA from 

experimental cohorts of 10 worms, or from 40 posterior blastemas for Wnt analysis, was 

used. Quantitative real-time PCR (qPCR) was performed using a ABI 7500 real-time 

PCR system (Applied Biosystems) and SYBR GreenER qPCR SuperMix Universal 
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(Invitrogen). Primers for qPCR were: Cav1A: (5'- ACTCGACCAAAGATTATCAATCC 

GAT-3’, 5'-CCACCAAACATTTGCATACCAAGAAG-3’); Cav1B: (5'-CTTTCAA 

AGAAGATTACAGTGGCACA-3’, 5'-ACCAAACTCGGTATCTGAAACTCTGTT- 

3’); Cav2A: (5'-TACGATGGAAGGGTGGACAGATGTT-3’, 5'-AAGCTCGTCTT 

TTCTCTACTCTTTCTC-3’); Cav2B: (5’-GAGTCGGAGGCTTGTGGTATCAA, 5’-T 

GCCATTATCTTTAACACGCATTCT; Cav3: 5’-ATTACTGTGATGGACCACATTT 

GC, 5’-TTCATTGTGATTTTCCTGTGGTTG-3’); β-actin: 5'-GGTAATGAACGATT 

TAGATGTCCAGAAG-3’, 5'-TCTGCATACGATCAGCAATACCTGGAT-3’); wnt-1: 

5'ATCGCACAGGATTGGTTGTTGCT-3’, 5'-GTTCCATAATTGTTTTCGATCTCGT-

3’); wnt11-5: 5'-TTGGTGTCAGACATCAAGGATTTCA-3’, 5'-GCCTTGACAGTT 

CCAAACGTGGTT-3’). In all cases, at least one qPCR primer was localized outside the 

sequence of the RNAi construct. For absolute qPCR analyses, cDNA (not containing the 

RNAi targeted sequence) for each construct was cloned into pGEM-T Easy vector 

(Promega) and used as a template to create gene-specific standard curves for assessing 

mRNA levels in samples isolated at equivalent regenerative timepoints from different 

worms. The mRNA levels of specific genes were compared with controls using D. 

japonica β-actin to normalize RNA input. As a further calibration of absolute qPCR 

results, data were compared to those from a semiquantitative RT-PCR analysis of the 

same sample (data not shown). 
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Results 

We serendipitously discovered that trunk fragments of the planarian Dugesia 

japonica exposed to the drug praziquantel (PZQ) immediately after amputation 

regenerated as viable, two-headed animals (Fig. 2.1A) with dual integrated central 

nervous systems (172). The effect was highly penetrant (94±4% bipolar, 70 µM PZQ for 

48 h) and the duplication of the CNS by external drug application was clearly shown by 

in situ hybridization of a CNS marker (Fig. 2.1A). Mechanistic explanation of this effect 

is lacking: notably, the in vivo target(s) of PZQ remain unresolved despite its usage as a 

clinical drug for over 30 years (55, 63). Prior in vitro evidence has implicated several 

possible molecular targets (11, 92, 145, 220, 246), including activation of Ca2+ influx in 

muscle (127, 180), however the in vivo relevance of such pathways has not been 

determined owing to a lack of functional genetic data. Our initial data – (i) PZQ increased 
45Ca2+ uptake, (ii) bipolarity was phenocopied by depolarization and (iii) attenuated by 

either the L-type Ca2+ channel antagonist nicarpidine or (iv) RNAi of accessory Cavβ 

subunits (172) – was supportive of the Ca2+ hypothesis and justified analysis of a 

requirement for specific Cav channels. However, the lack of any molecular data about the 

Ca2+
 channels themselves precluded such analysis, despite the fact the striking 

duplication of the CNS achieved by PZQ exposure provided a simple visual screen for 

RNAi analysis of molecules needed for PZQ efficacy in vivo. 

Planarian Cav channels. To enable a candidate RNAi approach, we characterized 

the entire family of planarian voltage-operated Ca2+
 channel α (Cavα) subunits. Five 

discrete Cavα subunits were identified using degenerate PCR (Fig. 2.1B). Four subunits 

displayed high similarity to high voltage activated Cavα subunits (HVA, Fig. 2.1B), two 

of which clustered with vertebrate L-type Cav channels (christened Cav1A and Cav1B) 

and two with non-L type sequences (Cav2A and Cav2B). The remaining Cavα subunit 

most closely resembled a T-type subunit (Cav3), representing the first low-voltage 

activated (LVA) Cavα subunit reported in flatworms. Compared with established 

invertebrate models, which express only single representatives from the three Cavα gene 

families [EGL-19, UNC-2, CCA-1 in C. elegans (256); Dmca1D, Dmca1A, and Ca-α1T in 



 40

Drosophila (124)], the molecular repertoire of Cavα subunits in planarians was clearly 

more expansive. 

As a first step toward investigating physiological roles for individual Cavα subunits, 

in vivo RNAi was carried out for a preliminary phenotypic screen. The data revealed that 

only Cav1A and Cav1B knockdown gave obvious phenotypes, and hence we narrowed 

down our focus to the two Cavα subunits. Full-length sequences for Cav1A and Cav1B 

encoded proteins of 1812 (Cav1A) and 2652 (Cav1B) amino acids such that Cav1B 

potentially represents the largest HVA Ca2+
 channel identified to date in any species 

(265). Each Cavα subunit possessed an architecture characteristic of the voltage-gated ion 

channel superfamily, comprising four repeated domains (I-IV) of 6 transmembrane 

spanning helices (S1-S6) with overall high sequence homology (Fig. 2.1B & 2.2). 

Diagnostic Cavα features included: (i) a re-entrant P-loop, located between S5 and S6, 

harboring the conserved glutamic acid residue that contributes to the EEEE selectivity 

gate in all HVA Cavα subunits; (ii) essential residues within the alpha-interacting domain 

between domain I and II that are crucial for Cavβ interaction, and (iii) the isoleucine-

glutamine (IQ) domain, preIQ domain and EF-hand consensus motifs within the 

cytoplasmic COOH terminus that mediate Ca2+-regulation of L-type Cav channels. 

Despite this architectural similarity, the functional properties of planarian Cav channels 

are likely different from their vertebrate counterparts. For example, a definitive 

pharmacology of vertebrate Cav1 channels is modulation by dihydropyridines. A critical 

methionine residue for dihydropyridine binding in IIIS6 that is found in Cav1 channels 

from rat (M1161 in α1c) as well as C. elegans (M1056 in EGL-19) was represented by 

isoleucine in both the D. japonica Cavα subunits (Fig. 2.2). Having been isolated as a 

resistant polymorphism (M1056I) toward nemadipine-evoked growth retardation in C. 

elegans (129), this isoleucine substitution likely confers dihydropyridine insensitivity to 

the D. japonica Cavα subunits. Therefore, extrapolation of pharmacological and 

regulatory properties from vertebrate Cav subtypes to their planarian orthologues is 

unsupported from overall sequence homology, which never surpassed 50% identity 

(Table 2.1).  
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Unique roles of Cav1 subunits. In vivo RNAi was used to investigate whether Cav1 

subunit function impacted PZQ-evoked bipolarity. RNAi constructs targeting multiple 

regions of Cavα subunits were designed and worms were fed bacteria expressing dsRNA 

against individual Cavα subunits (200). Constructs serving as phenotypically positive (Dj-

six-1, a transcription factor required for eye regeneration) (143) and negative RNAi 

controls (Smedsix- 1, the same gene from Schmidtea mediterranea but with no 

phenotypic outcome owing to sequence divergence) were included in each assay. The 

RNAi protocol comprised two dual feeding and regenerative cycles, lasting ~1 month in 

total duration (Fig. 2.3A). Prior to the final regenerative cycle, a cohort of worms was 

removed for real time PCR analysis to assess gene knockdown efficiency at the point of 

assaying the bipolarizing effect of PZQ. This protocol permitted screening individual 

RNAi constructs for optimal effectiveness and selectivity: Cav1A mRNA were decreased 

by ~65% with no significant change in Cav1B mRNA; Cav1B proved more resistant to 

knockdown - levels of mRNA were decreased by ~20% but with only a 4% change in 

Cav1A levels in the same samples (Fig. 2.3B). 

All trunk fragments from RNAi control and naïve worms regenerated with normal 

head-tail polarity in the absence of PZQ (Fig. 2.3C), whereas PZQ (50 µM PZQ for 24 h) 

produced two-headed worms (32±2%, n=5 trials).  In contrast, knockdown of the two 

discrete Cav1 isoforms produced different effects on PZQ-evoked bipolar regeneration. 

Knockdown of Cav1A remarkably antagonized the bipolarizing ability of PZQ (16±2%, 

n=4 trials; Fig. 2.3C) whereas RNAi of Cav1B increased the number of bipolar 

regenerants (77±3%, n=5 trials), a ~2.4-fold potentiation over the control cohort (Fig. 

2.3C). The opposing effects of Cav1A and Cav1B on PZQ-evoked bipolarity were not 

mimicked by knockdown of other Cav isoforms. Knockdown of Cav2A (172), Cav2B and 

Cav3, which resulted in a ~54-76% decrease in targeting mRNA, did not statistically 

change the proportion of PZQ-evoked two-headed worms (Cav2A, 28±3%, n=3; Cav2B, 

33±5%, n=5; and Cav3, 32±5%, n=5) relative to controls (32±2%, n=5 trials) (Fig. 2.3C). 

Therefore, RNAi targeting of different Cavα subunits yielded three different outcomes 

(Cav1A, attenuation; Cav1B, potentiation; Cav2A, Cav2B, and Cav3 no effect) on PZQ-

evoked bipolarity.  
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If PZQ acts to activate voltage-operated Ca2+
 entry, then other depolarizing stimuli 

should also effect anteriorization. Therefore, we analyzed the effects of elevated [K+] (by 

30mM, a sufficient depolarizing stimulus in flatworms (173) in both control and Cav 

(RNAi) worms (Fig. 2.3D). Elevated [K+] yielded only a few two-headed worms in 

control and Cav1A (RNAi) worms (9±4% and 3±2%, respectively). However a majority 

of Cav1B (RNAi) worms displayed bipolar regeneration (56±7%) with the same 

treatment. First, these data show that Cav1 RNAi differentially miscued regenerative 

polarity in response to PZQ (Fig. 2.3C and 2.3E) or depolarization (Fig. 2.3D). Second, 

the contrast between the effectiveness of PZQ and K+ exposure in control worms was 

noteworthy: PZQ produced two-headed worms with high effectiveness in control worms 

(Fig. 2.3C and E), whereas depolarization alone was a far less effective stimulus (Fig. 

2.3D). These data suggest selectivity in PZQ action on a subset of Cavα subunits (Cav1A), 

compared to elevated K+
 acting as a non-selective depolarizing stimulus on a population 

of Ca2+
 channels with opposing functions (Cav1A versus Cav1B).  

A simple model based on RNAi data is shown in Figure 2.3F. The key feature is the 

opposing roles of Cav1A and Cav1B. Consistent with Cav1B knockdown potentiating the 

number of two-headed worms produced by PZQ and K+
  treatments (Fig. 2.3), as well as 

the formation of a smaller number of bipolar regenerants during normal regeneration 

(2.4±0.7%, Fig. 2.3C and 2.3D), Cav1B is assigned to function in a posteriorization 

pathway. Consistent with Cav1A RNAi blocking PZQ efficacy (Fig. 2.3), PZQ likely 

activates Cav1A and this effect is likely selective for Cav1A over Cav1B on account of the 

different penetrance of PZQ versus K+
 as depolarizing cues. The assignment of Cav1A in 

a pathway antagonistic to Cav1B function is also consistent with the observation of a 

cohort of Cav1A (RNAi) worms with inhibited head regeneration (2.2±0.7%, n=5 trials). 

This simple scheme provides a conceptual framework to define how voltage-gated Ca2+
 

entry modulates regenerative outcomes.  

PZQ activates Ca2+
 influx via Cav1A in a neuronally-enriched cell fraction. An 

initial attempt was made to investigate whether PZQ treatment resulted in Ca2+ influx in 

vitro by transiently co-expressing Cav1A or Cav1B with a β subunit in mammalian cells. 
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Considering the likely codon bias between planarian and mammalian systems, genes 

coding for these three proteins were codon-optimized before being cloned into 

mammalian expression vectors fused to either N or C-terminus of GFP (Fig. 2.4A). 

Transfection of these plasmids into HEK293 cells resulted in transient expression of these 

proteins. As shown in Fig. 2.4B, Cav1A and Cav1B exhibited a perinuclear localization 

pattern, presumably on ER-like structures whereas β1 was diffusive throughout the 

cytoplasm. Western blot analysis revealed that Cav1A and β1 fusion proteins were 

detected at the expected size (210kDa and 83kDa respectively) while Cav1B was not 

detectable due to poor expression levels (Fig. 2.4C). There was no visible plasma 

membrane accumulation of Cav1A and Cav1B when transfected alone. Previous reports 

have suggested that β1 subunits facilitate the trafficking of Cavα to plasma membrane 

(20, 53, 167), and therefore we cotransfected Cav1A and Cav1B with β1 subunit tagged 

with GFP at either its N- or C-terminus. Again, the cotransfection failed to result in any 

expected plasma membrane accumulation (Fig. 2.4B). This was not due to the poor 

expression of β1 subunit since it was abundantly expressed in the cotransfected cells. 

Further, the interaction between Cav1A and β1 was evident since more β1 subunits 

moved to the insoluble fraction when cotransfected with Cav1A compared to that of 

transfection alone (Fig. 2.4). Taken together, these results suggest that efficient 

accumulation of Cav1A or Cav1B may require additional factors such as α2δ subunit for 

plasma membrane targetting.  

As an alternative approach, we tried to detect any effect of PZQ on Ca2+ influx in 

planarian cells. These experiments were performed by John Chan and are not therefore 

described in detail in this thesis. The key conclusion of his experiments are however 

supportive of my functional genetic data. These were: (i) in acutely dissociated worm 

samples, PZQ evoked a rapid Ca2+ transient resolved by confocal Ca2+ imaging, (ii) an 

uptake of 45Ca2+ was observed in a neuronally-enriched cell fraction using 45Ca2+; and 

(iii) this effect was inhibited by Cav1A RNAi (264). Therefore inhibition of PZQ-evoked 

Ca2+ entry by Cav1A knockdown in response to PZQ supports the interpretation of RNAi 

data (Fig. 2.3F) to suggest PZQ activates Ca2+ entry via Cav1A. 
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Cav1 channels modulate early patterning decisions. Where does Ca2+ act to 

miscue regeneration? Recently, immense progress has been made in elucidating signaling 

events regulating planarian regeneration. The crucial breakthrough was identification of a 

β-catenin isoform in Schmidtea mediterranea (Smed-β-catenin-1) essential for posterior 

(tail) specification during regeneration, likely by controlling transcriptional activation of 

a posterior fate circuit. Knockdown of Smed-β-catenin-1 yielded animals with head 

structures that regenerated from each wound (99, 112, 182).  

To probe the locus of action of PZQ, we compared two-headed phenotypes resulting 

from either pharmacological or genetic treatments. Both PZQ exposure and β-catenin-1 

RNAi yielded two-headed animals with high penetrance (~90%) from regenerating trunk 

fragments (264). Low dose PZQ or sub-optimal β-catenin-1 RNAi produced a low 

percentage of two-headed worms after regeneration (9±5% and 20±7%), respectively. 

However, in combination, the same treatments produced many bipolar worms (80±4%), a 

proportion ~2.8-fold larger than simple additivity of bipolar percentages from the 

individual treatments (264). This synergism between PZQ and β-catenin-1 RNAi 

treatments implied mechanistic convergence in their actions. We conclude PZQ acts 

rapidly via inhibitory interactions with Wnt signaling events that control AP polarity 

through β-catenin-1 (264), but not as a direct inhibitor of β-catenin-1 itself owing to the 

phenotypic divergence between the different bipolarity inducing treatments (264). 

An alternative to analyze dual anteriorizing cues is evaluation of antagonism 

between PZQ and posteriorizing signals. The intractability of transgenic methods in 

planarians precluded a gain of function approach (e.g. β-catenin-1 overexpression). 

Rather such analyses must be realized via RNAi of inhibitors of posteriorization circuits 

to potentiate ‘tail’ signaling indirectly. In the context of Wnt signaling, APC, a 

physiological inhibitor of β-catenin stability, provides such a target. APC RNAi yielded 

two-tailed animals regenerating from trunk fragments (Fig. 2.5A), consistent with the 

logic that knockdown of APC elevates β-catenin-1 (99). The two-tailed worms displayed 

impaired movement, and owing to the lack of CNS coordination of the feeding response, 

were viable for only ~1 month. Co-treatment of APC RNAi worms with PZQ (70 µM for 
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24 h) resulted in a high proportion of two-tailed worms (94±4% two-tailed worms, n=3, 

Fig. 2.5A). This contrasted with PZQ exposure in Smed-six1 RNAi worms, or naïve 

worms which produced a high proportion of two-headed worms under identical 

conditions (Fig. 2.5A). Lengthening the duration of PZQ exposure to 2 or even 3 days 

failed to inhibit the two-tailed phenotype observed in APC (RNAi) worms (Fig. 2.5A). 

These data suggest APC impacts anterior-posterior patterning downstream of the target of 

PZQ, as PZQ treatment is unable to overcome the effects of APC RNAi. 

Recent experiments have implicated Hedgehog (Hh) signaling as an upstream 

transcriptional regulator of Wnt expression in planarians (194, 255). If PZQ acts 

upstream of canonical Wnt signaling events, does PZQ-evoked Ca2+
 entry impact Hh 

signaling? To test this, we applied similar logic (knockdown of an inhibitor of 

posteriorization) to examine the effects of knockdown of patched (Ptc), an endogenous 

inhibitor of the Hh signaling module. Knockdown of Dj-ptc posteriorized regeneration 

(35±3%, worms with two-tails or inhibited head), a low penetrance compared with APC 

RNAi but consistent with modulation of an upstream modulator (255). Different from 

results with APC RNAi, PZQ treatment of Ptc (RNAi) worms blocked the formation of 

two-tailed worms (Fig. 2.5A). In contrast, knockdown of Hh, the physiological ligand 

and upstream component of Ptc, resulted in a small percentage of two-headed worms 

(3.1±0.7%, n=3 trials) and treatment of Hh RNAi worms with PZQ mimicked results 

seen with control cohorts at longer time periods (Fig. 2.5A).  The ability of PZQ to 

suppress bipolar tail formation in Ptc (RNAi) worms supports a modulation of Hh 

signaling components by voltage-operated Ca2+
 influx, upstream of canonical Wnt 

signaling (Fig. 2.5F).  

If the logic that PZQ impacts Hh signaling is correct, then PZQ should modulate the 

levels of mediators that serve as the output of Hh signaling events. Hh signaling regulates 

the transcription of Wnt genes, notably wnt1, a wound-induced Wnt that activates β 

catenin-1 during tail regeneration, and the downstream effector wnt11-5 (Fig. 2.5F), (3, 

98, 184). Crucially, loss of Hh signaling activity (via RNAi) inhibits wnt1 expression 

(194, 255). Therefore, if PZQ inhibits Hh signaling, wnt1 expression should be reduced.  
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Consequently, we performed qPCR analysis of wnt1 in trunk and posterior blastema 

samples. Relative to control samples, regenerating trunk samples exposed to PZQ showed 

a decrease in wnt1 and wnt11-5 levels (Fig. 2.5B). Resolution of the time course of 

changes in wnt1 and wnt11-5 in the posterior blastema after amputation revealed that 

PZQ exposure attenuated the early wound-induced increase in wnt1 expression (~12-18 

h, Fig. 2.5C) that occurs prior to determination of polarity (i.e. preceding changes in 

wnt11-5, Fig. 2.5D). Therefore, PZQ is impacting Wnt levels at a timeframe causative, 

rather than consequent of polarity specification (184). Further, in situ hybridization 

patterns of wnt1 and wnt11-5 during trunk fragment regeneration were compared to 

samples treated with PZQ. Wnt1 and wnt11-5 expression was reduced by PZQ with 

similar kinetics to qPCR results (Fig. 2.5E). As PZQ-evoked changes in wnt1 intensity 

precede changes in wnt11-5, these data are consistent with the conclusion that PZQ is 

impacting early events. Finally, as Wnt/β-catenin signaling maintains AP axis polarity in 

intact worms (99, 112, 182), we were also interested in determining whether PZQ 

modulated Wnt expression during normal body homeostasis. In intact worms, wnt1 and 

wnt11-5 expression was also decreased by PZQ exposure (data not shown). Therefore, 

both qPCR and in situ hybridization approaches demonstrated that PZQ decreased wnt1 

expression, consistent with early inhibition of the Hh signalling module by PZQ (Fig. 

2.5). 

We have previously shown that PZQ-evoked Ca2+
 entry is inhibited by RNAi of 

Cav1A (264). If PZQ-evoked changes in wnt1 were also dependent on Ca2+
 entry via 

Cav1A then RNAi of Cav1A channels should attenuate the PZQ-evoked decrease in wnt1. 

Therefore, we performed qPCR analysis of both wnt1 and wnt11-5 in Cav1A (RNAi) and 

Cav1B (RNAi) worms, compared to RNAi controls [Smed-six-1(RNAi)]. Whereas PZQ 

treatment resulted in decreased levels of wnt1 and wnt11-5 in the control RNAi cohort, 

knockdown of Cav1A prevented any PZQ-evoked decrease in either wnt1 or wnt11-5 

(Fig. 2.6). In contrast, PZQ treatment was still effective at causing a decrease in wnt1 and 

wnt11-5 in Cav1B (RNAi) worms. We conclude that RNAi of Cav1A, but not Cav1B, 

prevents PZQ-evoked Ca2+
 entry and PZQ-evoked inhibition of wnt1 and wnt11-5. 
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Nervous system expression of Cav channels and Hh signaling machinery. The 

conclusion that PZQ inhibited Hh signaling implied a spatial relationship between Cav 

channels and the Hh signaling machinery. In situ analysis of Cavα subunit localization in 

intact worms revealed that Cavα subunits except Cav2A are extensively expressed in the 

brain (Fig. 2.7). Specifically, Cav1A was predominantly expressed in brain as well as 

pharynx, whereas Cav1B and Cav2B were confined to the central nervous system with 

expression in the brain and ventral nerve cords (Fig. 2.7 and 2.8A) in a pattern similar to 

prohormone convertase 2 (PC2), a known CNS marker (54). Expression of Cav1A and 

Cav1B in the nervous system was also evident from analysis of Cav staining in 

regenerating trunk fragments (Fig. 2.8B). Cav1A and Cav1B were detected in 

regenerating brain tissue at the anterior blastema by 18 h after amputation (Fig. 2.8B). 

This neuronal localization of both Cav1 isoforms is consistent with the cell physiological 

data resolving PZQ-evoked Ca2+
 influx in a neuronally-derived cell population (264). 

Crucially, an antisense probe against Hh was also found to stain the central nervous 

system (Fig. 2.8A) (194, 255). Therefore, the demonstration that Cav1A, Cav1B and Hh 

are all expressed within the planarian nervous system, further supports a regulatory 

interplay between voltage-operated Ca2+
 entry and Hh signaling. 

Discussion 

The planarian model holds great appeal for neuroscientists interested in studying the 

wholescale regeneration of a nervous system (48). The experimental system is simple and 

increasingly tractable (49, 170, 190), yet the endpoint is complex in terms of structure 

(157, 162), gene-expression profiles (48), neurotransmitter diversity (54, 192) and 

potential for behavioral insight (125, 188). 

 Our interest relates to the use of this system to identify small molecules efficacious 

in vivo at modulating stem cell behavior. Indeed, the utility of invertebrate models for 

studying conserved mechanisms of stem cell regulation is increasingly appreciated (39). 

We previously discovered that agents disrupting cellular Ca2+
 homeostasis anteriorized 

regeneration, with PZQ (a drug of unknown mechanism of action) being exceedingly 

effective at producing worms with dual, integrated nervous systems (172). Here, by 
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identifying a family of planarian Cavα subunits we provide chemical genetic data that 

PZQ activates a specific Cav1 isoform (Cav1A) to miscue regeneration by inhibiting Hh 

signaling. Knockdown of Cav1A prevented PZQ-evoked anteriorization (Fig. 2.3), PZQ-

evoked Ca2+
 entry (264) and the PZQ-evoked decrease in wnt1 (Fig. 2.6), the output of 

neuronally-derived Hh signaling (194, 255). The significance of these data are two-fold. 

First, they establish a unique interplay between specific Cav channels isoforms and 

Hedgehog signaling in the control of stem cell differentiation, that on the basis of 

recently published data appears also relevant to vertebrates. Second, they provide in vivo 

support for PZQ efficacy being dependent on neuronal Cav isoforms of discrete subunit 

composition.   

Properties of planarian D. japonica L-type channels. Invertebrates generally have 

a much smaller repertoire of voltage-gated calcium channels than vertebrates. For 

example, Drosophila harbors only a single ortholog of each of the vertebrate Cav1, Cav2 

and Cav3 subtypes and the same is true for C. elegans. This relative small repertoire of α1 

genes in invertebrate might explain why there are all apparently essential since severe 

loss of function mutations in genes encoding the Drosophila pore-forming (Dmca1D and 

Dmca1A) α1 subunits both cause embryonic lethality. In contrast, D. japonica appears to 

have surprisingly diverse family of Cavα subunits with a total of 5 isoforms. Phylogenetic 

analysis classified four of them into the type of high voltage-gated Ca2+ channels, two of 

which (named, Cav1A and Cav1B) were further subgrouped with vertebrate L-type Cav 

channels. Since a distinguishing feature of L-type Cav channels in vertebrates is that they 

are sensitive to 1,4-dihydropyridines (DHPs) (83), a simple question arises: is this feature 

also conserved for the planarian L-type channels (Cav1A and Cav1B)?  

DHPs have long been known to block L-type channel activity in vertebrates, 

potentially by inducing allosteric structural changes of the channel that engage the 

channel in the inactivated state and promotes high affinity interaction with a single 

calcium ion within the pore, therefore preventing further ion flow. Although it is 

currently not understood how exactly DHPs interact with Cav1 α1 subunit due to the lack 

of crystal structure, genetic and biophysical analyses of rat α1 subunits have revealed 16 
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critical residues (938T, 1043Q, 1152YIxxIxFFMMxxxV 1165, and 1460I xx1463YMxxxxxIIN 1472) 

that are important for conferring DHP sensitivity. Interestingly, 15 out of these 16 

residues were also found in planarian Dugesia japonica L-type Cav channel α1 subunits 

(Cav1A and Cav1B). However, the critical methionine (M) residue in IIIS6 that is found 

in both rat (1161M, α1C) and C. elegans (1056M in EGL-19) was represented by a different 

residue isoleucine (I) in planarian (Fig. 2.2). The significance of this substitution is not 

known. However, studies from other species suggest that this likely changes the 

sensitivity to DHPs. For instance, a M1056I substitution in C.elegans was shown to result 

in resistance to nemadipine-evoked growth retardation (129). Another example is 

jellyfish Cyanea capillata L-type counterpart, which carries only two substitutions 

(M1161I, and I1407M) and was found to gate a DHP-insensitive current with an unusual 

ion-selectivity profile despite the fact that other 14 residues are highly conserved (118). 

Collectively, these data support a possibility that the planarian subunits may be DHP-

insensitive. However, the opposite cannot be ruled out considering the following 

possibilities: i) although the 16 residues are critical to confer DHP sensitivity, it is 

unlikely that all of the residues are engaged in binding to DHP. It is more likely that some 

of the residues are important for conducing to a conformational change upon DHP 

binding. Second, the planarian subunits exhibit substantial divergence (39% to 61%) in 

primary sequence compared to its vertebrate and invertebrate counterparts despite they 

share overall structure similarity (4 homologous domains). It is likely that genetic 

diversity will confer a difference in local structure especially in the DHP-binding loop 

regions that may render sensitivity to DHPs. This hypothesis can be tested in an in vitro 

system. Cells transiently expressing the planarian channels can be treated with DHP. If 

the channels are resistant to DHP treatment, the sensitive phenotype should be rescued by 

mutating Ile to Met. 

Cav channels and neuronal stem cell differentiation. Unbiased in vitro screens 

have uncovered new, and existing, activators of voltage-operated Ca2+ influx that regulate 

the differentiation and proliferation of various pluripotent stem cells (202, 238). In the 

context of neurogenesis, application of Cav1 agonists to proliferating neuronal stem cells 

in culture enhances neuronal fate (60, 64, 67, 202). By extending such findings to a 
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model suited for studying pluripotent cells in vivo, our data demonstrate a novel role for 

voltage-operated Ca2+
 entry in regulating wholescale nervous system regeneration. The 

observed anteriorization of regenerative responses by PZQ-evoked Ca2+
 entry is 

reminiscent of proposed roles for voltage-operated Ca2+
 entry in neurogenesis and neural 

induction in vertebrate models (64, 132, 242, 243), and the consequent Ca2+-dependent 

inhibition of Hh signals supportive of an emerging literature showing reciprocal interplay 

between morphogens and Cav1 channel activity. Examples include Wnts (which can both 

activate Cav1 channels (177), and serve as transcriptional effectors of neuronal voltage-

operated Ca2+
 entry (9), as well as noggin and FGF signals that regulate Cav activity 

during neural induction (134, 161). Therefore, our findings underscore a fundamental and 

evolutionary conserved role for voltage-operated Ca2+
 influx controlling stem cell 

differentiation, and the utility of basic invertebrate models for studying neural stem cell 

biology (39).  

Characterization of planarian Cav channels revealed a surprisingly diverse family of 

Cavα subunits compared to more extensively studied invertebrate models (Fig. 2.1B). 

This diversity is likely a general characteristic of flatworms: first, four HVA Cavα 

subunits are predicted in the Schistosoma mansoni genome (29, 127); second, each of the 

subunits described here has a clearly identifiable homolog within the Schmidtea 

mediterranea genome (195). The Cav channel diversity was functionally significant, 

rather than reflecting redundant gene duplication, as the two Cav1 family isoforms 

differentially regulated regenerative outcomes. RNAi of Cav1A blocked bipolar 

regeneration, whereas Cav1B RNAi increased the number of two-headed regenerants 

whether in the absence of drug, or from PZQ or K+
 exposure (Fig. 2.3). The surprising 

different roles for Ca2+
 influx through Cav1 isoforms (Cav1A versus Cav1B) explain 

previous observations that established activators and inhibitors of Cavs can both yield 

bipolar worms, albeit with different penetrances (172). Differential selectivity of 

pharmacological agents for Cav1 isoforms with opposing roles likely underpins these 

observations, and highlight the possibility that small molecule neurogenics can 

encompass compounds acting as either selective activators (Cav1A) or inhibitors (Cav1B) 

of Cav channels in vivo. Data suggesting differences in pharmacophore binding profiles to 
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specific neuronal Cav1 channel isoforms is significant in this regard for future 

development of Cav1 subtype specific neurogenic compounds (208).  

Finally, pharmacological profiling of the neuronal flatworm Cavα subunits is 

extremely important in the context of defining the molecular site of action of PZQ. PZQ 

is the mainstay therapeutic for combating Schistosomiasis, a parasitic flatworm disorder 

that infects over 200 million people worldwide (55, 63). However, the relevant in vivo 

target(s) of this clinically important drug have remained undefined for decades, 

hampering rational design of new antischistosomal agents that target the same vulnerable 

pathways in the parasite. Our data are significant in this regard by first, narrowing PZQ 

efficacy to Ca2+
 channel complexes of specific Cavα composition (Cav1A) and second, by 

suggesting a revised focus on a neuronal rather than a muscular site(s) of action of PZQ. 

Ca2+ regulation of Hh signaling. During planarian regeneration, Hh is the most 

upstream activator of neoblast differentiative responses following wounding (184, 255). 

In vertebrates also, the Hedgehog system acts as a paracrine regulator of stem cell 

behavior in normal proliferative scenarios, and as an aberrant pathway in cancer (228, 

254). In the CNS, Sonic hedgehog (Shh) release has been proposed to maintain an adult 

neurogenic niche and regulate the proliferation of neuronal precursors in different brain 

regions (228). Our demonstration of regulation of Hh signaling by PZQ-evoked voltage-

gated Ca2+
 entry establishes a largely unrecognized functional interaction between two 

signaling systems, which individually are highly competent at nuclear reprogramming 

and crucial for central nervous system development (97, 228, 243). Is the regulatory 

interplay demonstrated between these signaling pathways in planaria conserved in 

vertebrate systems? Although PZQ efficacy is unique to the flatworm system (as is ideal 

for a selective therapeutic), the principle of Cav regulation of Hedghehog signaling 

appears conserved on the basis of two recently published studies.  

First, cytoplasmic Ca2+
 signals have been shown to act as downstream effectors of 

Shh signaling in Xenopus embryonic neurons (21). By imaging the neural tube of 

developing frog embryos, Ca2+
 spike activity trended with the Shh gradient crucial for 

dorsalventral patterning of the spinal cord. Shh failed to increase Ca2+
 spike activity when 
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Cavs were blocked (21). Such data place Ca2+ as a downstream effector of Hh activity, a 

coupling that may also exist in stem cells and other cell types (106, 176). This 

observation is entirely consistent with our data showing Cav1A regulation of the Hh 

signaling module at, or downstream of, Ptc (Fig. 2.5F). None-the-less, the specific Hh 

signaling components that are regulated by Ca2+, and the customization of this regulation 

between different systems, remain to be elucidated. However, the demonstration that 

PZQ activates a Cav1 channel to inhibit Hh transcriptional effects is highly reminiscent of 

the paradigm that Cav1 silencing is needed to support activity-dependent gene expression 

in certain vertebrate neurons (50).  

Second, recent evidence from various neuronal cell types has shown that Shh is 

sorted to the regulatory secretory pathway in axons and is available for release by 

depolarization (30). The demonstration of a link between Cav channels and Hh signaling 

suggest an obvious connection between neuronal activity, Cav activation and synaptic Hh 

secretion that may be important for both maintaining progenitors and regulating their 

proliferation. In planarians, Cav1B likely fulfills this role by regulating neuronal Hh 

release to ensure normal posterior patterning. As Hh is predominantly localized to the 

planarian nervous system, it is likely that neuronal damage on amputation releases Hh to 

the surrounding environment effecting the wnt1 wound response. Continued delivery of 

Hh to posterior wounds through the ventral nerve cords has been suggested (255) to 

stabilize posterior-specification mechanisms dependent on β catenin-1 and wnt11-5. Loss 

of Cav1B function would therefore increase anteriorization outcomes (Fig. 2.3) by 

repression of depolarization-evoked Hh release. 

In summary, our data establish a unique regulatory interplay between specific Cav1 

isoforms and Hh signals that control planarian nervous system regeneration in vivo. This 

is demonstrated by activation of Cav1A by the antischistosomal drug PZQ, casting new 

light on the relevant in vivo mechanism of action of this important clinical agent. 
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Table 2. 1. Comparison of flatworm and vertebrate Cavαααα identity. 

Sequences were aligned using the BLOSUM62 scoring matrix (ClustalW MSA), and amino acid identities computed. Sm.Cav1 was 

renamed Sm.Cav1A, owing to the in silico predication of a second Cav1 subunit in Schistosoma mansoni (named Sm.Cav1B, Genbank 

#CAZ34413.1). Subunits for which complete coding sequences have been biologically verified are shown in bold. Shading highlights 

groupings with the highest identity, and different species are boxed. The following accession numbers were used: Schistosoma 

mansoni (Sm): Sm.Cav1A (AF361884), Sm.Cav1B (CAZ34413.1), Sm.Cav2A (AF361883); Homo sapiens (Hs): Hs.Cav1.1 (Q13698), 

Hs.Cav1.2 (Q13936), Hs.Cav1.3 (Q1668), Hs.Cav1.4 (O60840), Hs.Cav2.3 (Q15878), Hs.Cav3.1 (O43497). 
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Figure 2.1. PZQ-evoked bipolarity and characterization of planarian Cavα subunits. 

(A) Left, Overview of regenerative assay. Trunk fragment (boxed) was isolated and 

incubated with PZQ (structure, top) in samples to be compared with control worms 

(bottom). Right, Images of bipolar worms (head, arrowed) produced after PZQ exposure 

(top) in live worms (left) and samples stained for the CNS marker PC2 (right). Control 

worms are shown for comparison (bottom). (B) Phylogenetic analysis of sequence 

homology between planarian and human Cavα sequences aligned using MUSCLE and 

displayed as an unrooted tree assembled by a neighbor-joining algorithm (Geneious 5.0). 

Bootstrap values are indicated at nodes. The lower value for D. japonica Cav2 subunits 

relates to the use of partial sequences. Accession numbers are referenced in Table 2.1, 

with addition of Cav2.1 (O00555), Cav2.2 (Q00975), Cav3.2 (O95180) and Cav3.3 

(Q9P0X4). The D. japonica subunit previously referred to as Cav1.1(Nogi et al, 2009) is 

renamed Cav2A to standardize nomenclature with the Schistosome literature (Kohn et al, 

2001b). Inset, schematic of Cav1 architecture (domains I-IV) and motifs (alpha-

interaction domain, AID; EF-hand motif, EF; pre-IQ3 and IQ motif). 
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Figure 2.2. Sequence alignment of flatworm Cav1 subunits. Sequence alignment of 

Dugesia japonica Cav1A (Dj- Cav1A) and Cav1B (Dj- Cav1B) with Schistosoma mansoni 

Cav1A (Sm.Cav1A, AF361884) and Cav1B (Sm.Cav1B, CAZ34413.1). Sequences were 

aligned in Jalview using MUSCLE. Features were assigned with reference to a rat brain 

Cav1.2 subunit (Genbank #AAA18905) and indexed in the right hand column. These 

include highlighted residues that illustrate conservation of key residues within the α-

interaction domain (AID, magenta), the EEEE ion selectivity filter motif (red), 

cytoplasmic COOH-terminal EF (blue), preIQ3 (purple) and IQ (green) regulatory 

domains, as well as twenty residues required for dihydropyridine interaction that are 

identical (yellow) or divergent (orange) in flatworm Cav sequences from rat Cav1.2 

sequence. The isoleucine residue present in flatworm Cav1 subunits that may be relevant 

to DHP sensitivity is found as residue I1106 in Cav1A and I1317 in Cav1B. 
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Figure 2.3. RNAi of Cav1 subunits modulates bipolar regeneration. (A) Protocol for 

in vivo RNAi. Two cycles of dual feeding (F) and regeneration (scissors) were followed 

by a regenerative assay in the presence or absence of PZQ. Bipolarity was scored 7 days 

after the final regeneration. A cohort of trunk fragments was removed prior to drug 

exposure to assess the effectiveness and specificity of ablation of individual mRNAs at 

the time of drug addition using qPCR. All RNAi assays followed this protocol (FFxFFxx) 

with exceptions of APC (FFFFx), Ptc (FFFFxFFFx) and Hh (FFFxFFxx). (B) Assessment 

of changes in mRNA abundance for targeted genes in worms fed RNAi constructs of 

Cav1A(RNAi), Cav1B(RNAi), Cav2A(RNAi), Cav2B(RNAi) or Cav3(RNAi) respectively. 

(C) Two-headed regenerants in the absence (grey, solid) or presence (black, open) of a 

lower dose of PZQ (50 µM for 24 h) in Smsix-1 RNAi (SmS) and Cavα RNAi worms 

(1A, 1B, 2A, 2B, 3). Numbers represent the number of independent trials, and short 

horizontal lines indicate the arithmetic mean of these experiments. Dashed line indicates 

mean value of control (six-1) dataset. For clarity only the Smed-six-1 control cohort is 

shown – similar results were obtained in naïve and Dj-six-1 worms (see text). (D) Effect 

of depolarizing conditions. Trunk fragment regeneration in media with elevated [K+] 

(supplemented by 30mM, 24hrs). PZQ was not present in these assays. (E) Images 

showing bipolar worms (head, arrowed) regenerating in Smed-six-1 and Cav1B, but not 

Cav1A cohorts. (F) Working model for Cav1 channels in regenerative polarity. 
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Figure 2.4. In vitro expression of calcium channels. (A) Schematic view of mammalian 

expression constructs. Genes coding for Cav1A, Cav1B and β1 were codon-optimized and 

cloned into eGFP-C3, eGFP-N3. (B) Fluorescence images of HEK 293 cells transiently 

expressing Cav1A, Cav1B or, β1 alone or co-expressing Cav1A and β1-GFP, or Cav1A 

and GFP-β1. (C) Western blotting analysis of the protein expression in the single or 

cotransfected cells. The details were described in the materials and methods. 

Abbreviations: S: soluble fraction; P: insoluble fraction. Antibodies and samples were 

shown on the top of the figure and expected proteins were labeled on right. (D) 

Quantification of the Western blotting results. 
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Figure 2.5. Inhibitory interaction of PZQ-evoked Ca2+
 influx with Hh/Wnt signaling 

pathway. (A) Left, chemical genetic screen of PZQ efficacy in naïve (open squares) and 

different cohorts of RNAi worms, including negative RNAi control (black), Hh (blue) 

APC (red) and Ptc (green) RNAi. The duration of PZQ exposure (90 µM) is shown on the 

abscissa, and the resulting bipolarity (two-headed, normal, two-tailed) shown on the 

ordinate. Right, representative images of dominant phenotype for Hh, Ptc and APC RNAi 

worms exposed to PZQ. (B) qPCR data of changes in wnt1 and wnt11-5 levels in 

regenerating trunk fragments exposed to PZQ (90 µM, 24 h) relative to untreated 

controls. (C) qPCR analysis of wnt1 mRNA levels in the posterior blastema at indicated 

times after amputation (at t=0) in the absence (black) and presence of PZQ (red squares, 

90 µM). Asterisks indicate probability of similarity at p<0.05 (*) and p<0.01 (**). (D) 

Similar qPCR analysis for wnt11-5 levels. (E) In situ hybridization of wnt1 and wnt11-5 

in the absence and presence of PZQ (90 µM) in regenerating trunk fragments at indicated 

times. (F) Schematic of signaling modules involved in anterior-posterior specification. At 

least two distinct signal transduction pathways – Hedgehog (top) and Wnt signaling 

(middle) modules – control AP specification during regeneration as evidenced by RNAi 

of individual components of each module. These modules culminate to impact levels of β 

catenin-1, which regulates a posterior fate circuit. Our data demonstrate an interaction of 

PZQ-evoked Ca2+
 influx via Cav1A with Hh/Wnt signaling (top), localized upstream to 

APC within the Hh signaling module. Cav1B likely inhibits the trafficking/release of Hh 

from neurons (see Discussion). 
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Figure 2.6 RNAi of Cav1A blocked PZQ-evoked changes in wnt mediators. qPCR 

analysis of (A) wnt1 and (B) wnt11-5 levels in posterior blastema samples from different 

cohorts of RNAi worms (Smed-six-1 RNAi worms, Cav1A and Cav1B RNAi worms) 

isolated after 24 h of regeneration in the absence (solid) or presence (open) of PZQ 

(70µM). Difference from controls indicated at p<0.01 (**) and p<0.05 (*). 
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Figure 2.7. Tissue distribution of Cav1 channels. (A) Whole mount in situ 

hybridization showing location of PC2 and Cavα subunits mRNA within the ventral 

nerve cords (VNC) and brain (PC2), brain, pharynx and VNC (Cav1A), brain and VNC 

(Cav1B and Cav2B), pigment cells or stem cells (Cav2A) and brain (Cav3). (B) RT-PCR 

analysis the distribution of Cavα subunits in trunk fragments (head, H; pharynx, P and 

tail, T). 
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Figure 2.8. Localization of Cav1A and Cav1B channels with Hh in the planarian 

nervous system. (A) Top, Cav1A and Cav1B localization in whole mount and sectioned 

samples. Brightfield image of intact planarian shows location of cross sections: anterior 

(1, top), pharyngeal (2, middle) and postpharyngeal (3, bottom). Sections are orientated 

with the ventral side at the bottom. Bottom, whole mount in situ hybridization of Hh 

showing localization of mRNA within the ventral nerve cords (arrows) compared with 

sense control. (B) Whole mount in situ hybridization of ndk (a brain marker), Cav1A and 

Cav1B in the anterior blastema during trunk fragment regeneration at the indicated times. 
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Chapter III 

Identification and Characterization of a Platyhelminth IP3 Receptor  
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Inositol 1, 4, 5-trisphosphate (IP3) receptors (IP3Rs) are intracellular Ca2+ channels 

that function to mobilize intracellular Ca2+ in response to second messenger IP3. Despite 

extensive knowledge about the properties of the three vertebrate IP3R isoforms, far less is 

known about their invertebrate counterparts. Here, we describe the identification and in 

vivo functional characterization of the planarian Dugesia japonica IP3R (DjIP3R), the first 

intracellular Ca2+ channel to be characterized in flatworms. The planarian was found to 

possess a single IP3R gene coding for a 2666 amino-acid protein, which shares conserved 

structural features with its vertebrate and invertebrate counterparts. In situ hybridization 

revealed that the IP3R mRNA was strongly expressed in testes, ovaries and copulatory 

apparatus of sexual planarians and in the optical nerve system and pharynx of both sexual 

and asexual forms. Although in vivo RNAi of DjIP3R failed to produce an obvious 

phenotype in the asexual strain, depletion of DjIP3R in sexualized forms resulted in a 

defective egg-laying behavior, a phenotype that is consistent with the tissue distribution 

pattern. Thus, these data provided evidence that IP3R plays an important role in 

regulating reproductive physiology in the planarian Dugesia japonica and this finding 

will be discussed in light of existing knowledge of IP3R mutant phenotypes in other 

invertebrates. 
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Introduction 

Inositol 1, 4, 5-trisphosphate (IP3) receptors (IP3Rs) are ligand-gated channels that 

serve to mobilize Ca2+ release from intracellular stores in response to various stimuli such 

as hormones, neurotransmitters and growth factors (22, 224). There exist three distinct 

types (IP3R1, IP3R2 and IP3R3) of IP3Rs in vertebrates, including human, mouse and 

Xenopus with homology ranging from 50% to 80%; whereas invertebrates such as 

Drosophila melanogaster, Caenorhabditis elegans and Panulirus argus express only a 

single gene, most closely related to type I IP3R (52, 76, 102, 116, 263). These molecules 

are glycosylated and multiple membrane-spanning proteins with a size of ~2700 amino 

acids containing three functionally distinct regions: the N-terminal IP3-binding site, the 

C-terminal integral ion channel, and the regulatory domain connecting the two termini, 

which are predominantly localized to ER membrane. In conjunction with extracellular 

Ca2+ entry channels, IP3Rs regulate numerous biological events, including cell 

proliferation, differentiation, fertilization, embryonic development, transepithelial 

transport, learning and memory, muscle contraction, synaptic transmission, secretion, 

motility, membrane trafficking, excitability, gene expression, and cell division and so on 

(114, 147, 153–155, 225).  

The planarian flatworms are a highly attractive model for studying in vivo stem cell 

biology and regeneration in which the role of the Ca2+ signaling is unknown. In chapter 

II, I characterized voltage-gated Ca2+ entry channels and showed their important role in 

regulating neuronal stem cell differentiation and regenerative patterning (264). The focus 

of this chapter is the intracellular release channel IP3R in planarian development, for 

which no information is currently available despite our substantial knowledge about the 

function and structure of IP3Rs in other species. To understand the function of IP3 

receptor, we began with cloning of the IP3R homologue from planarian Dugesia 

japonica. Unlike vertebrates, flatworms possess a single gene coding for a 2666-amino-

acid protein that shares conserved structural features with its vertebrate and invertebrate 

homologs. The IP3R mRNA transcript was mainly localized to sexual organs of sexual 

worms and also in the optical nerve system and pharynx of both sexual and asexual 
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strains. Consistent with its distribution properties, in vivo knockdown of IP3R resulted in 

severe defects in egg-laying behavior, although it failed to produce an obvious phenotype 

in asexual planarians. Thus, we provided the first evidence to define a role for IP3R in 

regulating the reproductive physiology of the planarian Dugesia japonica. 

Materials and Methods 

Planarian husbandry. Sexual and asexual planarian Dugesia japonica strains were 

maintained at room temperature (20-23°C) and respectively fed with strained beef and 

chicken liver puree once a week as described previously (172). Worms were starved for 5 

days before most experiments, and for at least 10 days before being used for in situ 

hybridization. Regeneration assays were performed using 7 day-starved worms in pH-

buffered artificial water at 22°C (1.0 x Montjuïc salts: 1.6mM NaCl, 1.0mM CaCl2, 

1.0mM MgSO4, 0.1mM MgCl2, 0.1mM KCl, 1.2mM NaHCO3 and 1.5mM HEPES) as 

described previously (49, 172). 

Isolation of planarian DjIP3R gene. Total RNA was extracted from 20 worms using 

TRIzol (Invitrogen) and treated with DNAase (Ambion) to digest residual genomic 

DNA. 5µg of total RNA was subsequently used for first-strand cDNA synthesis with the 

SuperScript III First-Strand Synthesis System (Invitrogen) according to the 

manufacturer’s instructions. The PCR amplification was performed using degenerative 

primers (Table 3.1) targeting the evolutionary conserved IP3-binding region, and the 

amplification products were then cloned into pGEM-T Easy vector (Promega) for 

sequencing. After sequencing, more primers (Table 3.1) were designed by targeting the 

sequenced region outside of the binding domain region. Iteratively, the whole coding 

sequence of DjIP3R was obtained. To obtain the 5’ and 3’UTR, 5’ and 3’ RACE was 

performed. Briefly, the total mRNA was isolated and purified using Oligotex mRNA 

mini Kits (Qiagen) and used to synthesize cDNA with gene-specific primers (Table 3.1) 

or Oligo-dT according to the manufacturer’s instructions (5’/3’ RACE Kit, Roche). 

Nested PCR was then performed to amplify 5’ and 3’ sequence of IP3R with primer sets 

(Table 3.1). The PCR products were then gel purified (High Pure PCR Product 
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Purification Kit, Roche) and ligated into pGEM-Teasy vector for sequencing. The final 

sequence represented at least two-fold coverage and was assembled by DNAstar. Gene 

specific primers for PCR and RACE were listed in Table 3.1. 

In situ hybridization. To generate probes for in situ hybridization, the DjIP3R-

coding region (232-1449 nt) was cloned into pGEM-T easy vector. After verification by 

sequencing, the recombinant-plasmid was linearized by the restriction enzyme ApaI. 

Using the linearized plasmid as template, DIG-labeled antisense riboprobe was 

synthesized with an in vitro transcription kit using (Roche).  

Planarians were starved 10 days before fixation. Samples were first treated with 2% 

HCl for 5 minutes on ice and then fixed in Carnoy’s fixative for 2 hours (asexual worms) 

or 3 hours (sexual worms) on ice. Following fixation, samples were rinsed in 100% 

methanol and bleached with 6% H2O2 in methanol overnight for 16 hours (asexual strain), 

or 24 hours (sexual strain) at room temperature. Subsequently, the samples were 

rehydrated in a graded series of methanol/PBS solution and blocked in 0.3% Triton X-

100 in PBS. Whole-mount in situ hybridization was carried out at 55°C in hybridization 

solution (50% formamide, 5xSSC, 100 mg/ml yeast tRNA, 100 mg/ml heparin sodium 

salt, 0.1% Tween-20, 10 mM DTT, 5% dextran sulfate sodium salt) incorporating 

digoxygenin (DIG)-labeled antisense riboprobe (40 ng/ml) denatured at 72°C for 15 

minutes prior to use (172). Due to the large size of sexual worms, samples were usually 

treated with 12µg/mL Proteinase K at 37°C for 12~20 minutes prior to hybridization. A 

standard mixture of BCIP/NBT in chromogenic reaction solution was used for color 

development, followed by 4% paraformaldehyde fixation. Samples were captured using a 

Leica MZ16F stereomicroscope and a QiCAM 12-bit cooled color CCD camera. 

In vivo RNAi. To get double stranded RNA, planarian IP3R coding region (324-

2471nt) was amplified using gene specific primers (Table 3.1) incorporating the Kozak 

sequence (GCCACCATGG) and cloned into the IPTG-inducible vector pDONRdT7. The 

negative control (SmSix1) and positive control (DjSix1, which result in no and an eyeless 

phenotype) were described previously (172). dsRNA for in vivo RNAi was generated by 

induction of E. coli HT115[DE3] containing the recombinant plasmids with 1mM IPTG 



 78

for 2 hours at 37°C. In vivo RNAi was performed as described previously with minor 

modifications (49, 172, 199). Briefly, worms were fed with a mixture of chicken liver and 

bovine red blood cells and the transformed bacteria HT115[DE3] expressing dsRNA over 

several cycles (Fig. 3.5A). To assess the efficiency of RNAi knockdown, semi-

quantitative RT-PCR or quantitative real-time PCR (qPCR) was performed using SYBR 

GreenER qPCR SuperMix Universal (Invitrogen) on an ABI 7500 real-time PCR 

thermocycler (Applied Biosystems). The mRNA levels of specific genes were compared 

with controls using planarian β-actin to normalize cDNA input. All data are presented as 

mean ± standard error of the mean for the indicated number of experiments. Primers used 

for qPCR are list as following: DjIP3R: 5’-TTTCAAATGGAACCCGAATTTTTGGA 

(forward), and 5’-GCAAAATATCACCAATACCACCTCCA (reverse); β-actin: 5’-GGT 

AATGAACGATTTAGATGTCCAGAAG (forward), and 5’-TCTGCATACGATCAG 

CAATACCTGGAT (reverse). 

Western blotting. For immunoblotting, 10 worms were homogenized in 500µl of 

20mM HEPES buffer supplemented with Complete protease inhibitor tablet (Roche) 

and centrifuged at 5,000 g for 3 minutes at 4°C. The supernatant was subsequently 

collected and centrifuged at 70,000 g for 1 hour at 4°C to yield a microsomal pellet, 

which was then resuspended in NP40 lysis buffer (20mM HEPES, 1% NP40). Samples 

from planarian membrane (50µg/lane), rat cerebellar membrane (30µg/lane) and whole 

cell lysate (50µg/lane) of HEK293 transiently expressing planarian DjIP3R codon-

optimized binding domain (DjIP3R residues 1-705) under control of CMV promoter from 

an eukaryotic vector pmCherry-N2 (Fig. 3.3A) were heated at 94ºC for 8 minutes under 

reducing condition, and then subjected to SDS-PAGE gel electrophoresis (Invitrogen, 4-

12% Tris-Bis Gel). Western blotting was carried out using standard protocols. The 

peptide antibody to planarian IP3R was raised in rabbit against the planarian IP3R 

residues ELEKTQNDIEHKKLVG and used at a dilution of 1:200 (Open Biosystems). 

The rabbit peptide antibody against mouse IP3R1 was diluted at 1:500 (Santa Cruz 

Biotechnology). Fluorophore-labeled goat anti-rabbit IgG was from Invitrogen.  
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Results 

The planarian Dugesia japonica encodes a single IP3R gene. Prior to these 

experiments, there was no information available about IP3R transcripts in the planarian 

flatworms. Blasting three types of human or mouse IP3Rs against the genomic database 

of planarian Schmidtea mediterranea (S.med) (195) only generated a partial hit of one 

gene (v31.000868), suggesting a substantial divergence, consistent with the notion that 

IP3R homologues vary greatly (only 14-70% identity at amino acid level, Table 3.2) 

across vertebrate and invertebrate kingdoms (130, 138, 263). The pore forming region of 

IP3R generated two hits of maker protein (mk4.009177.01.01 and mk4. 005685.00.01) 

(195). However, further sequence analysis turned out that maker protein mk4. 

005685.00.01 is clustered with Ryanodine receptors. Nevertheless, it suggests that a 

putative planarian flatworm IP3 receptor exists. To isolate the full-length cDNA from the 

planarian Dugesia japonica IP3R, several sets of degenerative primers (Table 3.1) were 

designed by targeting regions that are highly conserved across vertebrates and 

invertebrates, as well as the putative S.med transcript through multi-sequence alignment 

of IP3R mRNA. The 5’ end and 3’ end of IP3R mRNA were determined by 5’ and 3’ 

RACE PCR, respectively. The sequencing data revealed that the planarian Dugesia 

japonica encodes only a single IP3R gene, consistent with the reports for other 

invertebrates (Fig. 3.1A) (102, 130, 260). The full-length planarian IP3R mRNA consists 

of a 75 nt 5’UTR, 7998 nt protein-coding region, a 273 nt 3’UTR and a 20-30 nt polyA 

tail.  

The deduced protein from the DjIP3R cDNA sequence is composed of 2666 amino 

acids with a predicted molecular mass of 305 kDa. Phylogenetic analyses showed that 

planarian IP3R shared 51%, 52%, 50%, 48%, 50% and 37% identity at the amino-acid 

level with mouse IP3R1, human IP3R1, IP3R2, IP3R3, Drosophila IP3R and C. elegans 

IP3R, respectively (Fig. 3.1A & Table 3.2). Comparison of planarian IP3R with 

Ryanodine receptor of human and invertebrates revealed very limited homology, ranging 

from 14% to 24% (data not shown). Thus, the phylogenetic analysis suggested that 

DjIP3R is a homolog of the InsP3R rather than a Ryanodine receptor.  
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Molecular structure analysis of the planarian IP3R. Owing to extensive studies of 

mouse InsP3R1, the mouse InsP3R1 (gene bank accession number: P11881) was selected 

for comparison with DjIP3R. Sequence alignment analysis showed that DjIP3R shared 

striking similarity in its overall primary structure to the mouse counterpart, despite the 

fact that the aligned sequences were often interspersed by stretches of inserted, deleted, 

and divergent sequences. The details are as follows. 

Notably, the N-terminal region of planarian IP3R, where the IP3-binding site resides, 

shares a significantly genetic similarity (65%) with the mouse InsP3R1 (residues 1-585 in 

Dugesia japonica and 1-604 in mouse) (152, 259). Several important motifs involved in 

IP3-binding and affinity regulation are conserved in the planarian homologue (Fig. 3.2 & 

3.3). For example, the ten lysine and arginine residues, which have been shown to be 

essential for IP3 binding in mouse by site-directed mutagenesis (27, 152, 159), are present 

in the planarian IP3 receptor (Fig. 3.2). In addition, key residues that are reported to 

suppressing IP3 binding were also found present in N-terminal IP3-binding suppressor 

domain (Figure 3.2) (35).  

The putative Ca2+ channel region was also analyzed, which is comprised of six 

membrane-spanning helices that are located in the extreme COOH-terminus. 

Hydrophobicity analysis revealed several stretches of hydrophobic amino acids with at 

least six main peaks within the C-terminus of the protein, corresponding to the six 

transmembrane domains of IP3R (Fig. 3.3B) (residues 2229-2509). These six putative 

membrane-spanning sequences were subsequently named as M1-M6 (Dugesia japonica 

/mouse InsP3R1. M1, residues 2229-2247/2276-2294; M2, 2264-2283/2308-2326; M3, 

2303-2319/2352-2372; M4, 2357-2375/2391-2407; M5, 2395-2417/2440-2462; M6, 

2490-2509/2570-2589, Fig. 3.2 and Fig 3.3B). Among those, the transmembrane helices 

M5 and M6 have been shown to delimit the basic channel pore structure (149, 226), with 

the loop between the two forming the Ca2+ selectivity filter motif (34) that is conserved in 

IP3R and RyR gene families (Fig. 3.1B). The essential motif (2545GGGVGD2550) of the 

selectivity filter in the loop that governs the Ca2+ selectivity was also found in planarian 

IP3R (2435GGGIGD2440) (Fig. 3.1B & 3.2), suggesting a conservation in pore architecture. 
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In addition, the N-terminal side of the pore region, which has been suggested to be 

involved in concentrating Ca2+ near to the pore (87), is also conserved (26.5% of residues 

between 2417-2449 in planarian IP3R are negatively charged). 

The regulatory region (residues 586-2228) situated between the IP3-binding domain 

and the membrane region harbors an ATP binding site and putative phosphorylation sites 

for many kinases, including protein kinase A. Studies on rodent InsP3R indicated that 

ATP promotes IP3-induced Ca2+ release (80). In mouse InsP3Rs, there are two ATP 

binding sites (residues 1773-1778/1775-1780, and 2016-2021, mouse IP3R1) with the 

consensus Gly-rich sequence for nucleotide binding followed by a common Lys residue 

at intervals of some 17-21 amino acids (Gly-X-Gly-X-X-Gly-(nX)-Lys) (211, 245). In 

planarian Dugesia japonica, the second ATP binding site is present (residues 1962-1967) 

(Fig. 3.2); however, the corresponding region in planarian of the first ATP-binding site is 

missing. Interestingly, C. elegans only has the second ATP binding site (19) while neither 

of these two ATP binding sites is present in Drosophila IP3R (260).  

Rodent InsP3Rs are phosphorylated by protein kinase A (PKA) at the Ser residues 

(249) and the phosphorylation decreases the release of Ca2+ by the IP3R (216). The 

mouse InsP3R1 possesses two Ser residues (residues 1588 and 1755) in the consensus 

sequence (Arg/Lys-Arg/Lys-X-Ser/Thr) recognized by protein kinase A (111, 262). 

However, Drosophila IP3R has no potential protein kinase A phosphrylation site in the 

corresponding regions (260). Interestingly, planarian Dugesia japonica IP3R also 

possesses two PKA phosphorylation sites as the mouse InsP3R1, suggesting planarian 

IP3R may apply the same regulatory fashion as does the mouse receptor (Fig. 3.2).  

Analysis of IP3R protein expression by western blot To investigate the properties 

of the planarian IP3R protein, a peptide antibody was raised in rabbits against the putative 

IP3R residues 96ELEKTQNDIEHKKLVG111 (Fig. 3.3A). As an initial step to test the 

quality of the antibody, the codon optimized IP3-binding domain-coding region (residues 

1-705, expected size of ~83kDa) was cloned into pmCherry-N2 (expected size of 

~27kDa) vector and transiently expressed in HEK293 cells. As shown in Figure 3.3C, the 

100kDa protein was expressed and reacted with the GFP antibody and our planarian 
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peptide antibody, suggesting that the antibody is capable of recognizing the eukaryotic 

protein under reducing conditions. Next, we tried to detect the DjIP3R gene product from 

the membrane fraction of the total protein extracts from worms. As shown in Figure 

3.3C, a band with a size of about 235kDa reacted with the peptide antibodies. This result 

is consistent with the mass values reported for other IP3Rs (like mouse IP3R1 was 

estimated to be 250kDa with predicted size of 313kDa) (152, 165) although it is predicted 

in silico to have a much larger size (305kDa). Noticeably, in addition to the full-length 

IP3R, several smaller bands also reacted with the antibody, which could represent the 

degraded species during the fractionation protocol. Overall, the above results suggest that 

the IP3R mRNA transcript is translated into a protein detectable in whole planarian 

membrane fraction samples. 

Tissue distribution of DjIP3R in sexual and asexual planarians. Planarians are 

free-living flatworms and they can exist in nature as both sexual and asexual forms. Early 

studies showed that planarians switched from the asexual mode to the sexual mode 

(termed sexualization) when fed with mature planarian oviparous worms (110, 126). The 

development process of planarian sexualization is divided histologically into five stages. 

At stage 1, two ovaries appear behind the head and mature as sexualization proceeds. The 

primordial testes and the copulatory apparatus emerge at stage 3. At stage 4, 

spermatocytes, spermatidis and yolk glands appear and the genital pore opens on the 

ventral surface. At stage 5, many sperm are detectable in the testes. To determine the 

expression pattern of IP3R, we first performed a whole-mount in situ hybridization using 

asexual adult worms and mature sexual planarians that were at the stage 5 (126). The 

expression of IP3R was detected specifically as two bilateral lines of patches on the dorsal 

side, which are regions of the testes (Fig. 3.4K). Staining was also seen in the optical 

nerve (Fig. 3.4H), and pharynx (Fig. 3.4K). On the ventral side, staining was most 

pronounced in the ovaries (Fig. 3.4O and 3.4P) and copulatory apparatus (Fig. 3.4J, 3.4O, 

& 3.4Q), including copulatory bursa, bursa canal, penis papilla and gonopore. No signal 

was observed with a sense probe (Fig. 3.4G & 3.4I). In contrast to sexual worms, the 

expression of DjIP3R in the asexual planarians, which have no sexual organs  (Fig. 3.4A) 
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and reproduce by self-fission, was detected only in the optical nerve and pharynx (Fig. 

3.4D and 3.4E). 

Depletion of DjIP3R resulted in egg-laying defect in sexual worms. Because 

DjIP3R was expressed abundantly in reproductive tissues in sexualized planarians, it is 

hypothesized that planarian IP3R may have a role in the reproductive process. Therefore, 

I determined the knockdown phenotype of planarian IP3R using in vivo RNAi. RNAi 

feeding was started when the worms reached the stage 3, a time point when the testes on 

dorsal side are visible by naked eyes and worms produced sexualizing substances in their 

own bodies in order to maintain their sexualized condition (126). We first fed sexual 

worms with dsRNA of planarian IP3R twice a week for 2 weeks, and then once a week as 

long as the experiment lasted (Fig. 3.5A). As a complementary approach, we also fed 

sexual planarians with positive RNAi control (DjSix1, knockdown of DjSix1 results in 

egg-laying defect) and negative control (SmSix1, no phenotype caused by RNAi of 

SmSix1) dsRNAs. At 4 weeks post first feeding, we monitered the effect of planarian 

IP3R depletion on egg-laying behavior, which continued for 4 weeks. Consistent with the 

hypothesis, the planarian IP3R RNAi animals failed to produce any eggs. Specifically, 

within one month, the negative control SmSix1 RNAi worms laid ~12 eggs per 10 worms 

(11.3±1.2, n=6), while planarian IP3R RNAi worms laid ~1 egg per 10 worms (1.2±0.7, 

n=6), similar to the positive control (DjSix1) RNAi worms (1.3±0.9 eggs/10 worms, n=3) 

(Fig. 3.5B).  

To further explore the phenotype, we performed a long-term feeding experiment, 

which lasted for 3 month (Fig. 3.5A). The phenotype proved to be the same. SmSix1 

RNAi worms laid ~30 eggs/10 worms while planarian IP3R RNAi worms only laid ~1 

egg/10 worms. Importantly, these effects of planarian IP3R knockdown on reproductive 

ability were not due to an overall defect in growth since planarian IP3R RNAi and control 

animals grew to similar sizes over this time period (Data not shown). 

 To examine the specificity and effectiveness of planarian IP3R RNAi, we performed 

quantitative real-time PCR and RT-PCR using cDNA from worms at 3 weeks post first 

feeding. The data demonstrated that the IP3R RNAi treatment resulted in a statistically 
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significant decrease in planarian IP3R transcript levels (83% reduction) (Fig. 3.5C). 

Collectively, these data suggest that planarian IP3R plays an important role in regulating 

egg-laying behavior. 

Discussion 

Despite extensive knowledge about the structure and function of IP3Rs in other 

species, little is known about their homologue in planaria. The experiments in this study 

represented the first description of the planarian IP3R. Like other invertebrate organisms 

(C. elegans, Drosophila, lobster, etc), flatworms possess a single IP3R gene. Although 

showing divergence (50%-60%)  (Table 3.2) in primary sequence, the planarian IP3R 

exhibits remarkable similarity in key molecular structures or functional units to its 

mammalian counterparts (Fig. 3.1 & 3.2). Particularly, the motifs or residues important 

for IP3 binding and channel formation are well conserved across species, suggesting 

functional conservation during evolution.  

The planarian IP3R homologue was also shown to share conserved function with its 

vertebrate and invertebrate counterparts. Previous studies have demonstrated crucial roles 

for IP3R in reproductive physiology (45, 95, 154, 212, 234). Consistent with this notion, a 

severe egg-laying defect was observed when the gene expression of planarian DjIP3R was 

disrupted (Fig. 3.5B). Although the detailed mechanisms remain elusive, failure in either 

oocyte maturation, spermatogenesis, fertilization or embryogenesis as a result of DjIP3R 

RNAi likely underpins this observation. There are several examples showing the 

importance of IP3R in these events (36, 37, 128, 146, 215, 240). In Xenopus, an 

accumulation of IP3R in the cortical region is observed when the oocytes begin to acquire 

polarity during oocyte maturation (128). The dynamic change in Ca2+ transients and IP3-

induced Ca2+ release is found to be critical for fertilization, egg activation and cell cycle 

control (146, 204, 215, 240). In C.elegans, IP3R was demonstrated to act as a positive 

effector of let-23 controlling ovulation through changes in spermathecal dilation (52). 

Functional disruption studies demonstrated that IP3R controls multiple reproductive 

physiological processes including cytokinesis, gastrulation, mating behavior and sperm 

transfer (14, 95, 236, 248). In Drosophila, mutants of DmIP3R revealed IP3R controls 
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larval metamorphosis and molting by regulating ecdysone release and the neuro-

hormonal action, and disruption of DmIP3R function results in larval lethality (120, 234). 

Similar functions in oocyte maturation and fertilization were also observed in other 

invertebrates such as starfish (117). Microinjection of IP3 sponge resulted in defective 

fertilization envelope (117).  

It is also possible that the disruption of IP3R causes defective differentiation of 

germ cells in the testes, which also will lead to an egg-laying defect. A recent report 

showed that peptide hormones are required for the maintenance of mature reproductive 

organs and differentiated germ cells in the testes of Schmidtea mediterranea (54). 

Considering the fact that hormones can stimulate the production of IP3 (147), it is 

reasonable to suggest that IP3R may play a role in this process. Furthermore, substantial 

evidence demonstrated that insulin-like peptide regulates germ line stem cell division and 

spermatocyte growth in C. elegans and Drosophila (131, 148, 231), oocyte maturation 

and ovulation in starfish and mosquitoes (40, 158). As various studies showed that IP3R-

mediated Ca2+ signaling regulates insulin secretion (6, 56, 72, 217), we suggest that egg-

laying defect caused by planarian IP3R RNAi may be resulted from defective germ line 

cell differentiation in testes.  

Accumulating evidence has suggested that the IP3R has various neurological 

functions (19, 25, 28, 84, 108, 144, 155, 166, 250). To our surprise, the planarian IP3R 

appears to lack detectable mRNA expression in the central nervous system as 

demonstrated by in situ hybridization analysis (Fig. 3.4). We failed to detect the 

expression at different time points (12h, 24h, 48h and 72h) during in vitro regeneration of 

asexual worms (data not shown). One possible explanation for this discrepancy is that the 

DjIP3R mRNA was expressed at very low levels and beyond the detection limit of 

conventional in situ hybridization methods. On the other hand, the transcripts were 

abundantly expressed in optical nerves (Fig. 3.4D & 3.4H); however, the RNAi 

knockdown did not reveal any obvious phenotype in the vision development (data not 

show). It is likely that some functional redundancies exist. For instance, studies in 
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Drosophila have demonstrated that, PLC-mediated phototransduction pathway does not 

require IP3R for signaling despite IP3R is well expressed in retina (2).  

Overall, we showed that the planarian Dugesia japonica encodes a functional IP3R 

and provided genetic evidence showing that IP3R plays an important role in regulating 

planarian reproductive physiology. Future studies should be directed toward 

understanding the detailed mechanisms that lead to the egg-laying defect.  
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Figure 3.1. IP3R sequence alignment analysis. (A) Planarian, invertebrates and selected 

vertebrate sequences were aligned by using MUSCLE and displayed as a rooted tree 

assembled by a neighbor joining algorithm (Geneious 5.4). Numbers at branch nodes 

represent bootstrap values. Planarian Dugesia japonica, like other invertebrates has single 

representative of IP3R. Accession numbers are as follows: PtIP3R (Paramecium 

tetraurelia, CR932323); MmIP3R (Mus musculus, type1, NP034715; type2, NP064307; 

and type3, NP542120); HsIP3R (Homo sapiens, type 1, Q14643; type2, Q14571; type3, 

BAA05385); AcIP3R (Aplysia California, ABD62080); CeIP3R (Caenorhabditis elegans, 

AAW30668); DmIP3R (Drosophila melanogaster, BAA14399); PaIP3R (Panulirus 

argus, AAC61691); ApIP3R (Asterina pectinifera, BAB84088); XtIP3R (Xenopus 

tropicalis, type2, ABP88141; type3, ABP88140); and XlIP3R1 (Xenopus laevis, type1, 

NP001084015). (B) Sequence alignment of the putative selectivity filter region in IP3R 

and RyR gene families. Abbreviations: planarian D. japonica IP3R (DjIP3R), Mus 

musculus IP3Rs (IP3R1, IP3R2, IP3R3), Caenorhabditis elegans IP3R (CeIP3R), and 

Drosophila IP3R (DmIP3R), Homo sapiens ryanodine receptors (RyR1, RyR2, and RyR3), 

C. elegans RyR (CeRyR) and Drosophila melanogaster RyR (DmRyR). Residues with 

100% identity are highlighted in black and 50% identity in grey. 
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Figure 3.2. Sequence alignment analysis of the planarian Dugesia japonica and 

mouse InsP3R. Amino acid sequence alignment of the Dugesia japonica (upper line) and 

mouse (lower line) InsP3R is produced by using the ClustalW MSA. Identical amino 

acids are highlighted in dark blue; conservative substitutions are shaded in light blue. 

Dashes indicate gaps (deletions or insertions) introduced to maximize homology. Specific 

residues important for IP3R function located within the binding core (residues 224–604 of 

mouse IP3R1 are indicated with red solid circle, ), and the residues predicted to 

suppress IP3-binding affinity within the suppressor domain are indicated with green solid 

circle (residues 1–223 of mouse IP3R1, ).  Putative membrane-spanning sequences are 

indicated by solid lines (M1-M6). C-terminal residues between trans-membrane regions 5 

and 6 that comprise the channel selectivity filter are highlighted in red box. IP3R1 

splicing site locations (mouse IP3R1, ) and consensus sites for PKA (protein kinase A) 

phosphorylation (mouse IP3R1, , and planrian IP3R, ) and ATP binding (mouse and 

planarian IP3R, ) are also highlighted. 
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Figure 3.3. Molecular characterization of planarian Dugesia japonica IP3R. (A) 

Overview of the planarian Dugesia japonica IP3R architecture. The relative locations of 

the antibody to planarian Dugesia japonica IP3R (green), in situ hybridization probes 

(blue), RNAi construct (red) and qPCR primer cover region (purple) are indicated. The 

planarian codon-optimized IP3-binding domain was cloned into a eukaryotic vector and 

expressed as a mCherry fusion protein. (B) Hydrophobicity analysis of the protein-coding 

region. The plot was computed according to Abraham and Leo (1); the window size is 17 

residues. The six transmembrane helixes were predicted as shown by number 1-6. (C) 

Immunological identification of planarian DjIP3R. Abbreviations: M, molecular-mass 

marker; R, rat cerebellar membrane; mCh, total protein of HEK293 transiently expressing 

mCherry protein; IP3R-BD-mCh, total protein of HEK293 transiently expressing 

planarian IP3R binding domain-mCherry fusion protein; HEK, total protein of HEK293; 

and planarian, planarian membrane fraction.  
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Figure 3.4. Tissue expression pattern of the planarian IP3R mRNA. (A) Various 

organs of asexual worms. No signal was detected in sense control (B, C) while IP3R 

mRNA was detected in optical nerve (D) and pharynx (E) in asexual worms. (F) Various 

organs in sexual Dugesa japonica. The enlarged view is shown at bottom. Abbreviations: 

SV, Seminal vesicles; CB, copulatory bursa; BC, bursa canal; PP, penis papilla; GP, 

gonopore; G, cement glands. (G, I) Sense control of sexual worms. (H, J-Q) Whole 

mount in situ expression analysis of IP3R mRNA in sexual worms. (L)  A control gene 

delta is expressed in ovaries, pharynx and copulatory apparatus and the enlarged views 

are shown in (M and N). (K)  Dorsal view showing the expression of planarian IP3R in 

testes. (K)  White arrows point to the testes. (O-Q) Ventral view showing the expression 

of Dugesia japonica IP3R in ovaries (O) and the enlarged view (P), and CB, PP, GP of 

(Q and J). 
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Figure 3.5. Knockdown of planarian IP3R resulted in defective egg-laying behavior. 

(A) Schematic overview of protocol for in vivo RNAi and screening assay. Samples of 

worms (8~10 worms) were used for qPCR and RT-PCR right before the fifth cycle of 

feeding. The phenotype of RNAi worms was scored after five cycles of feeding. (B) 

Scoring of egg-laying behavior in different cohorts of dsRNA-fed worms. Each open box 

represents the number of eggs laid by ten worms in a single assay. The horizontal line 

represents the average of the indicated number of experiments for each construct. The 

number of independent experiments for each cohort is indicated. (C) Top, qPCR of 

abundance of IP3R mRNAs in worms fed indicated dsRNA constructs (legend at top). 

Bottom, RT-PCR of abundance of indicated mRNAs (legend at right) in worms fed 

indicated dsRNA constructs (legend at top). 
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Table 3.1: Primer list  

Name Sequence Target gene Size (bps) 

IP3R1 F  5’ TGACCGGATGAAGGTGGC3’ IP3R1 IP3R1: 330 

IP3R2: 330 

IP3R3: 250 

IP3R2, 3 F 5’ AYGAWCGHATGAAAHSKGC3’ IP3R2, 3 

IP3Rs R-1 5’ AGDATDGGCTSCATRAT3’ IP3R1, 2, 3 

IP3R2 F 5’ ATTYTRAGYCCAKTRGAYGG IP3R2  

IP3R2: 200 IP3Rs R-2 5’ AYCTGMAGNAGNTCCARCA IP3R1, 2, 3 

DjIP3R 3F 5’ GTTGTGTCGTTCAACCATCG 

DjIP3R  

DjIP3R 3R 5’ TTAATGTATCCAAGTCTGCCTTTATCT 

DjIP3R 4F 5’ CGGAAGCGATCCATTAGACTTG 

DjIP3R 4R 5’ TTGATCGGTCAAATCATCCA 

DjIP3R 5F 5’ CTTATTCGCAAAGGCAAAGATAGCAGT 

DjIP3R 5R 5’ GCTCCTTGGGCATCCAAATAATCTTGTATATC 

DjIP3R 10F 5’ AAGTCTTTGGGGAAATCGAGGGAT 

DjIP3R 10R 5’ GCAAAATATCACCAATACCACCTCC 

DjIP3R 11F 5’ ACTACTGGACGCACTACTGCCACA 

DjIP3R 11R 5’ GTTTTTGTCGATCTCTGTTGATTTCC 

DjIP3R 13F 5’ GTCAATGCTTCGGCTAATAATTCG 

DjIP3R 13R 5’ CGTTTCAGCTTCATGTAATCCAGGT 

DjIP3R 16F1 5’ AWWDYHCATCAMATTCYCKC 

DjIP3R 16F2 5’ TTTCATCAMATTCYCKCATG 

DjIP3R 16R 5’ GTTTCCATTGAATCGAGAGACAC 

DjIP3R 17F 5’ ACNTTRGGNTTRGTNGAYGAYCG 

DjIP3R 17R 5’ GCCAACATGATCCAGTAAATCGT 

5’ and 3’ RACE 

DjIP3R 5’R1 5' GTTTTTGTCGATCTCTGTTGATTTCC DjIP3R 

5’ RACE 

 

DjIP3R 5’R2 5' GCCAACATGATCCAGTAAATCGT 

DjIP3R 5’R3 5' CGTTTCCATTTGAATCGAGAGACACGC 

DjIP3R 3’F1 5' GTGGACAGATTGGTTCAGATGGCGATA DjIP3R 

3’ RACE DjIP3R 3’F2 5' CGAAATGGAGGTGGTATTGGTGATA 

In vivo RNAi 

DjIP3R 14F 5’GTGGCCATACGGCCCTTGTAGGAACGGTTGTTCAATACGGA 

DjIP3R 14R 
5’GAGGCCGACGGCCGAAGGAGATAGAACCATGGGGTTGTCCACTTGCCAG
ATTAGCAGAATCAT 
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Table 3.2. Identity of planarian IP3R with invertebrate and vertebrate IP3Rs. 

Sequences were aligned using the BLOSUM62 scoring matrix (ClustalW MSA), and amino acid identities are computed. Accession 

numbers are as follows: PtIP3R (Paramecium tetraurelia, CR932323); MmIP3R (Mus musculus, type1, NP034715; type2, NP064307; 

and type3, NP542120); AcIP3R (Aplysia California, ABD62080); CeIP3R (Caenorhabditis elegans, AAW30668); DmIP3R 

(Drosophila melanogaster, BAA14399); PaIP3R (Panulirus argus, AAC61691); and ApIP3R (Asterina pectinifera, BAB8408).
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Identity DjIP3R PtIP3R CeIP3R PaIP3R DmIP3R AcIP3R ApIP3R MmIP3R1 MmIP3R2 MmIP3R3 

DjIP3R  17 37 49 50 54 52 52 50 48 

PtIP3R 17  14 17 16 17 16 17 16 17 

CeIP3R 37 14  37 37 37 38 38 38 38 

PaIP3R 49 17 37  59 55 58 57 54 51 

DmIP3R 50 16 37 59  55 58 58 55 53 

AcIP3R 54 17 37 55 55  61 61 57 54 

ApIP3R 52 16 38 58 58 61  68 61 56 

MmIP3R1 52 17 38 57 58 61 68  69 62 

MmIP3R2 50 16 38 54 55 57 61 69  64 

MmIP3R3 48 17 38 51 53 54 56 62 64  
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Chapter IV 

Discussion 

The extraordinary regenerative ability of planarians has fascinated generations of 

biologists. Owing to the recent methodological improvements such as in situ 

hybridization and in vivo RNAi as well as advancement in genome sequencing, progress 

toward understanding the planarian regeneration biology is expanding at great paces, and 

several signaling pathways have now been convincingly linked to the control of planarian 

regeneration. This dissertation focused on calcium signaling. My work began with 

cloning of the genes encoding the α1 subunits of voltage-gated Ca2+ channels that were 

found to comprise 5 isoforms encoded by distinct genes (Cav1A, Cav1B, Cav2A, Cav2B 

and Cav3), which are expressed predominantly in neuronal tissues (except Cav2A). Their 

functions were subsequently investigated by genetic and pharmacological approaches. 

Among the five isoforms, only Cav1A and Cav1B were linked to regenerative patterning. 

Surprisingly, Cav1A and Cav1B were found to play opposing roles in axis formation since 

knockdown of Cav1A decreased PZQ-evoked bipolarity whereas RNAi Cav1B promoted 

head regeneration, suggesting a delicate interplay between Ca2+ that is critical for nervous 

system regeneration. Further dissection of the downstream pathway revealed that the 

calcium signaling acted through modulating hedgehog/Wnt signaling to effect AP 

polarity formation.  

The role of voltage-gated Ca2+ channels in neuronal stem cells differentiation has 

been reviewed in Chapter I and Chapter II. In general, increasing literatures have 

suggested the important function of VGCCs in neuronal stem cell differentiation (67, 

202, 238). For example, some VGCC agonists such as isoxazole have been shown to 

trigger robust neuronal differentiation in neural stem cells, rapidly signaling through L-

type voltage-gated calcium channel (202). However, most of the results were derived 

from in vitro studies. Our data in this dissertation extended these findings to an in vivo 
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model suited for studying stem cell differentiation and the results clearly demonstrated an 

important role of voltage-gated Ca2+ entry in regulating the whole nervous system 

regeneration in which PZQ anteriorized regeneration by activating Ca2+ influx via a 

specific Cav1A channel in vivo. 

The observation that Ca2+ signaling crosstalks with Hedgehog signaling is another 

piece of evidence showing that Ca2+ signaling is involved in neuronal stem cell 

differentiation. In vertebrates, Sonic Hedgehog is an essential morphogen that regulates 

stem cell behavior, patterning and growth in diverse development processes, including 

the proliferation of neuronal precursors and formation of the central nervous system (228, 

254). Consistent with this notion, the planarian Hh was found to be the far most upstream 

activator of neoblast differentiation during planarian regeneration (184, 255). Our study 

showed that PZQ-evoked voltage-gated Ca2+ entry inhibited Hh signaling to miscue 

regeneration. This is evidenced by the fact that knockdown of Ptc, the receptor of Hh, 

antagonized PZQ-evoked bipolarity and knockdown of Cav1A subunits negatively 

affected the expression of Wnt genes, the output of hedgehog signaling. In addition, 

Cav1A channel exhibited similar distribution pattern as Hh in the central nervous system 

and nerve cord.  

Thus, my study demonstrated an important role of Cav channels in control of 

planarian neuronal stem cell differentiation, and revealed a unique regulatory interplay 

between specific Cav1 isoforms and Hh signals that control planarian nervous system 

regeneration in vivo. Taken together, these findings add new insights into the mechanisms 

that govern planarian regeneration. 

Next, my work on intracellular Ca2+ release channel revealed that planarian 

flatworms encode only a single IP3R gene. In situ hybridization showed that planarian 

IP3R was expressed in optic nerves and various reproductive organs of sexual worms. 

Studies designed to elucidate the biological significance of this protein by in vivo RNAi 

led to the discovery that sexual planarians underwent severe defects of laying eggs in the 

absence of IP3R, a phenotype that is consistent with the IP3R expression pattern. Failure 

in oocyte maturation and fertilization as a result of IP3R RNAi may be one mechanistic 
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possibility that underpins this observation. The important role of IP3R in reproduction has 

been demonstrated in several model organisms, including Xenopus, C. elegans and 

Drosophila. It has been reported that relocalization of IP3R to the cortex and sensitization 

of IP3-induced Ca2+ release is required during Xenopus oocyte maturation (36, 37). 

Studies of Drosophila DmIP3R mutants revealed that IP3R is essential to control larval 

molting, metamorphosis and ecdysone release. Disruption of DmIP3R function results in 

larval lethality (120, 234). In C. elegans, IP3R was shown to function downstream of 

phospholipase C, regulating ovulation, cytokinesis, gastrulation, mating behavior and 

sperm transfer (52, 95, 237).  

In addition, it is also possible that the disruption of IP3R causes defective 

differentiation of germ cells in the testes. A recent report showed that peptide hormones 

are required for the maintenance of mature reproductive organs and differentiated germ 

cells in the testes of Schmidtea mediterranea (54). Considering the fact that hormones 

can stimulate the production of IP3, it is reasonable to assume that IP3R may play a role in 

this process (147). Furthermore, substantial evidence has demonstrated that insulin-like 

peptide regulates germ line stem cell division and spermatocyte growth in C. elegans and 

Drosophila (131, 148, 231), oocyte maturation and ovulation in starfish and mosquitoes 

(40, 158). As various studies have shown that IP3R-mediated Ca2+ signaling regulates 

insulin secretion (6, 56, 72, 217), we suggest that egg-laying defect caused by planarian 

IP3R RNAi may be resulted from defective germ line cell differentiation in testes. 

Thus, I provided molecular and genetic evidence that defined a role for IP3R in 

controlling reproductive physiology of the planarian Dugesia japonica. However, we are, 

still far from fully understanding how the expression of IP3R affects the reproductive 

process.  

A model for the effect of αααα-ββββ subunit coupling on planarian regenerative patterning.  

Using the planarian as a simple chemical-genetic screening model, we fortuitously 

discovered that praziquantel (PZQ), a drug used for treating schistosomiasis, caused a 

robust (100%) and complete duplication of the entire anterior-posterior axis during 

flatworm regeneration to yield two-headed organisms (172). This PZQ-evoked bipolarity 
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was found to be Ca2+ concentration dependent, and could be ablated by a VGCC blocker, 

nicarpidine (172). Initially, we tested role of VGCC β subunits in the axis formation and 

investigated whether RNAi of VOCC β subunits can counteract the effects of PZQ. The 

planarian D. japonica was found to encode two β subunits: β1 and β2, and our data 

showed that in vivo RNAi knockdown of β1 subunit blocked PZQ-evoked bipolarity 

efficiency and β2 subunit knockdown partially attenuated the phenotype (50%-60%) 

(172). 

In this dissertation, I extended the investigation into α1 subunits, the pore-forming 

subunits, which determine the main biophysical and pharmacological properties of the 

VGCC channels. Our data suggested that the Cav channel diversity was functionally 

significant, rather than merely reflecting redundant gene duplication, as the two Cav1 

family isoforms differentially regulated regenerative outcomes. Cav1A RNAi markedly 

antagonized the bipolarizing ability of PZQ, whereas knockdown Cav1B increased the 

number of two-headed regenerants whether in the absence of drug, or from PZQ or K+ 

exposure, which is consistent with our previous observation that either activators or 

inhibitors of Ca2+ channels can both yield bipolar worms, albeit with different 

penetrances (172). Considering the opposing effects of RNAi Cavα1 subunits on PZQ-

evoked bipolarity, several questions arise: how come knockdown of the β subunits 

decreased the two head regeneration evoked by PZQ, but RNAi of Cavα1 subunits either 

blocked or potentiated the PZQ evoked bipolarity? How do we explain the apparent 

paradox in the context of α-β coupling?  

There are four different couplings: Cav1A/β1, Cav1A/β2, Cav1B/β1, and Cav1B/β2. 

Sequence alignment analysis of the planarian D. japonica Cav1A and Cav1B subunits 

with homologues from other organisms suggests that the AID motif 

(QQxExxLxGYxxWIxxxE) is different between Cav1A and Cav1B subunits 

(KRxQxxYxGYxxWIxxxD, and MQxExxVxGYxxWIxxxE respectively), although the 

essential residues of the AID domain (Y437, W440, I441, vertebrate) are present in both 

α1 subunits. Therefore, the difference in the AID domain may lead to an affinity 

difference between different α/β pairs. This hypothesis is also supported by early studies 
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showing that individual Ca2+ channel α1 subtypes are associated with multiple types of β 

subunits and there is a different rank order in each case (186, 247). According to α1 and 

β RNAi knockdown phenotypes, I hypothesize that β1 subunit has a higher binding 

affinity to Cav1A than to Cav1B whereas β2 subunit has a higher affinity to Cav1B than to 

Cav1A. Accordingly, high proportion of β1 subunit will likely be coupled with Cav1A 

subunit and less β1 subunit associated with Cav1B subunit while more β2 subunit will be 

coupled with Cav1B and less β2 subunit coupled with Cav1A.  

Since the difference in binding affinity always results in different properties of Ca2+ 

signals, the interaction hierarchy will likely lead to different consequences. Here, I 

propose the following functions for each α-β coupling (Table 4.1). 1) ββββ1/Cav1A coupling 

promotes head regeneration, which is a default function and is also the pathway that is 

potentiated by PZQ; 2) ββββ2/Cav1A coupling mainly regulates the head morphology with a 

minor function in head formation; 3) ββββ2/Cav1B coupling regulates tail regeneration and 

4) ββββ1/Cav1B pair mainly functions to regulate motion behavior with minor function in 

tail regeneration. This model explains well all of our bipolar regeneration and in vivo 

RNAi knockdown phenotypes. In the absence of PZQ, balance exists between neuronal 

differentiation and tail formation. However, application of PZQ increases more Ca2+ 

influx through β1/Cav1A and less through β2/Cav1B, resulting in head formation at both 

anterior and posterior regions. Knockdown of Cav1A blocked the Ca2+ signaling from 

β1/Cav1A, blocking the bipolarity evoked by PZQ, and also blocked the Ca2+ signaling 

through β2/Cav1A subunits, a signaling proposed for regulating head shape, thereby 

resulting in rounded-head regeneration. On the other hand, RNAi of Cav1B blocked the 

calcium signaling through β2/Cav1B, a default signaling for tail regeneration, therefore 

promoting head regeneration. At the same time, it also blocked the calcium signaling 

through β1/Cav1B, a signaling proposed for motion control, causing aberrant worms 

spinning. 

For β subunits, we previously showed that, in the absence of PZQ, RNAi of β1 

subunits resulted in spinning worms and low percentage (4%) of two-headed regeneration 
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a phenotype that is consistent with knockdown of Cav1B in the context of β1/Cav1B 

signaling for motion control and minor function of tail regeneration. On the other hand, 

RNAi of β2 subunits causes rounded-head regeneration, which exhibited the same 

phenotype as Cav1A knockdown, suggesting that the head shape is regulated through 

β2/Cav1A coupling, consistent with the hypothesis. In the presence of PZQ, as previously 

shown, RNAi of β1 subunit completely blocked PZQ-evoked bipolarity via β1/Cav1A 

coupling, consistent with the Cav1A knockdown phenotype. RNAi of β2 subunits 

partially (50%) attenuated PZQ-evoked phenotype. This result is surprising at first glance 

considering the major function of β2/Cav1B coupling is to promote tail formation and it is 

therefore predicted that β2 knockdown will promote head regeneration, contradicting 

with knockdown phenotype. However, careful examination suggests that this phenotype 

is actually consistent with the hypothesis. As proposed above, Cav1B binds to β2 with 

higher affinity than β1, and therefore, a substantial proportion of Cav1B will bind to β2 

instead of β1 in normal conditions. However, this balance is tipped over when β2 is 

knocked down, which will facilitate releasing a large pool of Cav1B and allowing it to 

compete with Cav1A for binding to β1, resulting in less β1 coupling to Cav1A. Since 

PZQ mainly potentiates β1/Cav1A pathway, the decreased β1/Cav1A coupling will then 

partially antagonize head regeneration evoked by PZQ, which explains the β2 RNAi 

phenotype.  

In summary, my model explains well the knockdown phenotypes. To test my model, 

one important question is to determine the binding affinity between the different α/β 

pairs. This can be tested by GST-pulldown assay. It is well known that the AID domain 

of α1 subunit confers the interaction with β subunits. The respective AID domain of 

Cav1A and Cav1B can be cloned and expressed as GST fusion proteins while the β 

subunits will be cloned into eukaryotic vectors and expressed in eukaryotic cells. The 

GST-pulldown assays are then performed and the binding affinity can be measured 

quantitatively. The second approach is to coexpress the channel subunits including α1 

and β subunits in mammalian cells. To improve the plasma membrane expression of 

functional calcium channels, cotransfection with α2δ subunits maybe necessary since 
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various studies have demonstrated that α2δ subunits facilitate the trafficking of α1 

toward the plasma membrane (18, 46, 233). Second, temperature adjustment may also be 

required as in naïve condition planarian D.japonica calcium channels are expressed and 

function at low temperature in flatworm cells. Once the expression system is established, 

we then can examine the channel activity by measuring Ca2+ influx in the presence or 

absence of PZQ. The importance of specific coupling can be tested by site-directed 

mutagenesis. One potential difficulty for mammalian cell expression is that the α1 

subunits have a huge size (1812aa or 2652aa for Cav1A and Cav1B, respectively), which 

is hard to manipulate.  
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Table 4.1: Potential functions for αααα1-ββββ coupling. 
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