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SUMMARY

Biophysical signaling is required for both embryonic polarity and regenerative outgrowth.
Exploiting endogenous ion transport for regenerative therapies will require direct regulation of
membrane voltage. Here, we develop a pharmacological method to target ion transporters,
uncovering a novel role for membrane voltage as a key regulator of anterior polarity in
regenerating planaria. Utilizing the highly specific inhibitor, SCH-28080, our data reveal that

H* K*-ATPase-mediated membrane depolarization is essential for anterior gene expression and
brain induction. H*,K*-ATPase-independent manipulation of membrane potential with ivermectin
confirms that depolarization drives head formation, even at posterior-facing wounds. Using this
chemical genetics approach, we demonstrate that membrane voltage controls head-vs.-tail identity
during planarian regeneration. Our data suggest well-characterized drugs (already approved for
human use) might be exploited to control adult stem cell-driven pattern formation during the
regeneration of complex structures.

INTRODUCTION

Developing regenerative therapies for limb injuries and organ replacement requires we
understand not only the processes that induce stem cell proliferation and new tissue growth,
but also the complex machinery that properly aligns new tissues with the original polarity.
This machinery must integrate adult stem cell behavior with the morphogenesis required to
replace only the missing tissue. The planarian model system is perfectly suited for such
investigations, possessing the ability to regenerate any lost or damaged tissues. They have a
complex central nervous system (CNS) with a true brain (Sarnat and Netsky, 1985), a well-
defined adult stem cell population comprising roughly 30% of all cells, a clear anterior-
posterior (A/P) polarity that is maintained during regeneration, and over a hundred years of
regenerative analyses under a wide variety of conditions (Reddien and Sanchez Alvarado,
2004; Forsthoefel and Newmark, 2009; Salo et al., 2009). Moreover, planarians share more
genes in common with vertebrates than either Drosophila or C. elegars (Sanchez Alvarado
et al., 2002).

Certain molecular methods, such as transgenesis, still remain to be perfected for planaria.
However, as a model system for pharmacological studies they have proved exceptional
(Oviedo and Levin, 2008; Pagan et al., 2008). Developing chemical approaches to disease
treatment is essential as a much-needed alternative to gene therapy in which targeted
delivery in human patients is problematic. Chemical genetics (CG), the application of
bioactive small molecules to alter protein activity (Yeh and Crews, 2003; Smukste and
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Stockwell, 2005; Wheeler and Brandli, 2009), is an especially powerful tool for probing the
role of biophysical processes (Adams and Levin, 2006a). Alongside the rapid action
potentials of excitable cells, and the calcium waves that initiate development (Ducibella et
al., 2006), there operate a complex network of long-term, steady-state membrane voltage
gradients and ion flows (Forrester et al., 2007; Levin, 2007). These long-range bioelectrical
signals are essential for regenerative outgrowth, regulating cell proliferation, differentiation,
and migration (Blackiston et al., 2009; Levin, 2009; McCaig et al., 2009). Biophysical
regulation of polarity and regeneration is of special interest, since the well-characterized
drugs that exist for manipulating most ion transporters offer the possibility of quick
translation into therapies. However, we do not yet understand the role of biophysical signals
in influencing polarity and mediating /n vivo stem cell behavior.

Using CG, we uncovered a role for biophysical signaling during adult stem cell-mediated
regeneration in planarians. As part of a CG screen (Nogi et al., 2005), we identified the H,K-
ATPase as a candidate for regulating regenerative A/P polarity. A P2C class plasma
membrane ATPase best known for regulating stomach pH, the H,K-ATPase is also
important in many other tissues (Jaisser and Beggah, 1999). The H,K-ATPase is
electroneutral, transferring one H* ion out of, and one K* ion into, the cell where it is
expressed. However, it can work in tandem with the K* efflux channels KCNQ1/KCNE2
(Lambrecht et al., 2005; Shin et al., 2009) and KCNJ10 (Kir4.1, Fujita et al., 2002; Shibata
et al., 2006) to control membrane voltage, as it does in both the adult mammalian gut and
inner ear (Shibata et al., 2006; Kaufhold et al., 2008) and in Xenopus embryonic left/right
patterning (Aw et al., 2008; Morokuma et al., 2008a).

Like humans, planarians have multiple H,K-ATPase genes; the Schmidtea mediterranea
planarian genome (Robb et al., 2008) contains at least seven potential H,K-ATPase genes
(the genome of the Dugesia japonica used here has not been sequenced). Functional
redundancies mean single gene knockdown with RNA interference (RNAI) are unlikely to
produce informative phenotypes. For instance, RNAI against the one non-gastric H,K-
ATPase alpha subunit identified in D. japonica [which is expressed ubiquitously in intact
worms and at the dorsal-ventral border of the anterior wound in regenerates (Nogi et al.,
2005)] produced no effect. While RNAI of 2-3 genes together has been reported (Rink et al.,
2009; Oviedo et al., 2010), RNAIi is not practical for simultaneous inhibition of greater
numbers. It was also important to consider the development of drug-based strategies for
future biomedical use. Therefore, a pharmacological approach was an ideal method for loss-
of-function studies, to ask whether H,K-ATPase activity was involved in regeneration, as
well as gain-of-function approaches to explore biophysical modulation of regenerative
patterning at the plasma-membrane level. We chose to use D. japonica, as the asexual strain
of S. mediterranea are much less tolerant of chemical exposure (high toxicity), and the larger
D. japonica are more amenable to complex amputation assays.

The experiments revealed an exciting new regulator of anterior polarity during planarian
regeneration—membrane voltage. Our data show that H,K-ATPase activity is required for
depolarization of the regenerating anterior blastema, anterior gene expression, and head
formation. H,K-ATPase-independent modulation of membrane potential (via chloride flux)
demonstrated that depolarization itself is sufficient to drive ectopic anterior regeneration
(even in posterior blastemas), highlighting membrane voltage as a key initiator of head
formation during regeneration.

Chem Biol. Author manuscript; available in PMC 2012 February 14.
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RESULTS

H,K-ATPase Activity is Required to Regenerate Head

SCH-28080 (SCH) was identified in a CG screen to uncover roles for ion transport during
regeneration. The 1,2-a-imidazopyridine SCH is a specific, potent, and reversible inhibitor
of the H,K-ATPase that does not inhibit the closely related Na,K-ATPase (Lyu and Farley,
1997; Vagin et al., 2002) and blocks invertebrate H,K-ATPases (Klaassen et al., 1997;
Mukherjee et al., 2001; Hibino et al., 2006). Previous investigation of the H,K-ATPase in
planarians reported exposure to 70 uM SCH resulted in abnormal and/or deficient anterior
regeneration, specifically in eye formation (Nogi et al., 2005). Many other pharmacological
blockers were tested and found to have no effect on anterior regeneration, while two other
H,K-ATPase inhibitors (omeprazole and prodigiosin) induced similar anterior defects (Nogi
et al., 2005). This suggested H,K-ATPase activity specifically may be required for normal
head regeneration.

Using freshly-reconstituted solutions, a significantly lower SCH concentration (18 pM)
results in planarian fragments that regenerate normally following amputation but do not
form head structures (Figure 1). pH analyses confirm that SCH-treated fragments are more
acidic (as expected if H* efflux is blocked), suggesting H,K-ATPase activity has been
targeted (Supplemental Figure S1). Modulation of extracellular medium pH (pH=4, n=50; or
pH=9, n=60) was not sufficient to affect regenerative polarity. As previously shown, SCH
had no effect on intact worms (Nogi et al., 2005), ruling out toxicity or inhibition of stem
cell maintenance. Transverse worm fragments were amputated so that both head and tail
regeneration could be assayed in the same regenerate. Importantly, SCH-treated regenerates
formed anterior blastemas (Supplemental Figure S2), suggesting H,K-ATPase activity is not
required for stem cell proliferation or wound healing. Additionally, SCH treatment did not
induce lesions or necrosis associated with toxicity in regenerating fragments.

H,K-ATPase inhibition during the first 72 hours of regeneration blocked regeneration of
head structures in posterior fragments (Figure 1A-C). Exposure yielded some cyclopic
(reduced anterior) animals, while most regenerates lacked any visible anterior structures
producing a “headless” phenotype (Figure 1D). Even after 2 months, H,K-ATPase-inhibited
worms remained headless. Treatment for <72 hours resulted in a dose response effect (where
cyclopia increased and headless-ness decreased), with SCH treatment for only 24 hours
producing no effect (data not shown). We conclude that H,K-ATPase activity is required for
normal anterior morphogenesis, but that patterning mechanisms are able to recover unless
inhibition is maintained past a critical point. Based on these findings, we choose to focus our
analyses solely on pharynx fragments, which are most affected by H,K-ATPase inhibition.

H,K-ATPase Inhibition Prevents Heads Without Duplicating Tails

While some headless worms possessed one pointed (posterior morphology) and one rounded
(non-posterior morphology) end, most H,K-ATPase-inhibited regenerates had two pointed
ends, suggestive of a two-tailed phenotype (see Figure 1B-C). To determine the true
polarity, we performed molecular analyses of tissue morphology and A/P markers (Figure
2). Surprisingly, headless worms had a single posterior end, with the second end neither
posterior nor anterior. This could be seen in the gastrovascular (GV) tract of H,K-ATPase-
inhibited regenerates, where the double-branched posterior morphology was present but the
single-branched anterior morphology was not (Figure 2A). Instead, the two posterior GV
branches connected around the pharynx, but failed to extend anteriorly (Figure 2A2).
Additionally, the GV tract ectopically extended into the “anterior” margin. Examination of
the CNS revealed headless worms lack cephalic ganglia and therefore have no brain (Figure
2B). Instead, the ventral nerve cords running along each side ectopically connected,
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producing a single nerve cord looped around the pharynx, which retained its correct A/P
polarity (Figure 2B2). The pharynx also failed to undergo morphallaxis—in headless worms
the pharynx did not re-center and shrink in relation to the fragment’s smaller size.

The region anterior to the eyes in planaria is devoid of stem cells (neoblasts). However,
headless worms had neoblasts right up to their “anterior” margin (Figure 2B2). Despite
lacking anterior structures, there was no duplication of posterior markers in H,K-ATPase-
inhibited regenerates (Figure 2C). H,K-ATPase inhibition prevented optical nerve (Figure
2D) and photosensitive cell (Figure 2E) formation, corroborating morphological
observations that SCH treatment blocks eye formation. Headless worms also failed to induce
anterior genes, such as those expressed by the sensory cells in the anterior fringe (Figure
2F). We conclude that headless worms regenerate tail but fail to regenerate head. Together
these data reveal that H,K-ATPase activity is required for anterior gene expression and head
morphogenesis, without affecting posterior genes or reversing blastema polarity.

In spite of having a complete pharynx, H,K-ATPase-inhibited regenerates did not eat even
when placed directly on food (data not shown). This is consistent with a requirement for
brain in order to feed (Sheiman et al., 2002). Similarly, although headless worms moved
when touched by a pipette tip, they otherwise remained stationary. This contrasts with
controls, which even at 24 hours of regeneration still move about the dish. Therefore, we
performed quantitative behavioral analyses of H,K-ATPase-inhibited planarians (Figure 3A)
using a custom-made computer vision system for tracking behavior (Hicks et al., 2006).
When placed in new environments, planarians typically undergo a short exploration period,;
however, H,K-ATPase-inhibited regenerates completely lost exploratory behavior. At 2
weeks of regeneration, control pharynx fragments (Figure 3A1) explored roughly 27% of the
dish, whereas comparable H,K-ATPase-inhibited pharynx fragments (Figure 3A2) explored
0% (Figure 3A3, p=0.0015). In comparison, regenerates lacking mature brains, such as 24-
hour untreated pharynx fragments, move significantly more than 2 week-old H,K-ATPase-
inhibited regenerates (Figure 3A3, p<0.0001). This suggests H,K-ATPase-inhibited worms
do not process neural inputs sufficient to coordinate exploratory behavior, which control
fragments can by 24 hours of regeneration, highlighting an early role for H,K-ATPase
activity during brain regeneration.

These data suggest H,K-ATPase activity is an initial step in regenerating anterior structures,
during or prior to the signaling that patterns the anterior blastema. To position ion transport
relative to known molecular pathways, we investigated Wnt signaling (Figure 3B), which
regulates A/P polarity during planarian regeneration (Kobayashi et al., 2007; Petersen and
Reddien, 2009). Inhibition of nuclear p-catenin signaling by RNAI causes ectopic posterior
head formation, producing two-headed worms (Figure 3B3) (Gurley et al., 2008; Iglesias et
al., 2008; Petersen and Reddien, 2008; Yazawa et al., 2009; Oviedo et al., 2010). However,
H,K-ATPase inhibition prevents ectopic head formation (Figure 3B4, p<0.05). The inability
of B-catenin-RNA. to ectopically induce anterior signaling when H,K-ATPase is also
inhibited suggests H,K-ATPase activity is necessary to initiate ectopic anterior signals.

Anterior Signaling Rescues H,K-ATPase Inhibition

Unlike posterior fragments, pre-pharyngeal fragments regenerate heads despite SCH
exposure (Figure 1D), although eye development is delayed by several days. One possibility
is that the presence of anterior signals in this region compensates for lost H,K-ATPase
activity, inducing head regeneration despite H,K-ATPase inhibition. To test this, increasing
amounts of pre-pharyngeal tissue were amputated, allowing us to compare a gradient of
regeneration responses to SCH treatment—from regenerates retaining the entire pre-pharynx
region to those without any pre-pharyngeal tissue (Figure 4A). The data reveal that as more
anterior tissue is removed, regenerates are more affected by H,K-ATPase inhibition. This
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suggests the presence of anterior tissue is sufficient to rescue anterior morphogenesis from
H,K-ATPase inhibition.

To determine if the anterior CNS specifically is involved, whole worms were cut sagittally
(longitudinally) either through the midline (anterior CNS left in both halves, Figure 4B), or
offset to one side where most anterior CNS was left in the larger “half” and little-to-none in
the smaller “half” (Figure 4C). The results reveal that when brain tissue is present, head
formation occurs even with H,K-ATPase inhibition (Figure 4B3). However when the CNS is
excluded, H,K-ATPase inhibition is sufficient to block head regeneration, resulting in
headless worms (Figure 4C3). In fact, although pre-pharyngeal transverse fragments are
SCH resistant (Figure 1D), pre-pharyngeal fragments that exclude the ventral nerve cords
(CNS) become susceptible to H,K-ATPase-inhibition (Figure 4D). This suggests it is not
merely anterior tissue, but anterior CNS specifically, that is capable of rescuing H,K-
ATPase inhibition.

These results suggest the presence of anterior signaling is sufficient to drive head
regeneration independent of H,K-ATPase activity. If correct, re-initiating regeneration,
which would re-supply such signaling, should also rescue head formation. Therefore,
headless regenerates (at 2—-3 weeks of regeneration) were wounded at the “anterior” end
without further SCH exposure and assayed for head regeneration (Figure 5). The data
revealed that wound healing alone was not sufficient to restore head structures (Figure 5A).
However, the presence of an unpigmented blastema did rescue head structures (Figure
5B,C). Interestingly, smaller wounds that induced a tiny blastema (Figure 5B3) developed
cyclopia (Figure 5B4), while large blastemas (Figure 5C3) regenerated full heads (Figure
5C4). This perhaps reflects the difference between a small, localized spot of anterior gene
expression and the broader signaling provided by a larger blastema. We conclude that
wound healing alone is not sufficient to initiate anterior morphogenesis, but that anterior
signals are provided by the new tissue (blastema). This suggests a functional difference
between wound healing (driven by tissue expansion) and true regeneration (where blastema
formation initiates extensive patterning and tissue remodeling).

As expected, the ability to restore head structures appears to be from regeneration-specific
signaling, since in wounded headless worms the first eye invariably arose within the
blastema. This rescue is not caused merely by indiscriminate regeneration, as blastemas
formed by wounds in the tail never promoted head regeneration (100%, n=11). Only
blastema formation in what should be the anterior end of headless worms resulted in head
regeneration. The rescue of H,K-ATPase inhibition by inducing regeneration in the headless
region shows that “non-head” (hon-posterior, non-anterior) tissue is still competent to form
anterior structures, provided the correct signals are made available. This demonstrates that
H,K-ATPase activity is not involved in the initial determination of anterior polarity, as
blastemas in the headless region still know to form head structures. Instead, the sufficiency
of anterior signals to rescue head regeneration is consistent with data showing that H,K-
ATPase activity is required for anterior gene expression upstream of anterior morphogenetic
patterning, thus supporting our conclusion that patterning is downstream of H,K-ATPase-
dependent signaling.

Activity Regulates Head Regeneration Through Membrane Voltage

In light of the mechanisms by which the electroneutral H,K-ATPase controls left-right
polarity (in concert with a partnered K* channel), we examined membrane voltage (Vmem)
regulation during regeneration. We used the DiBAC voltage-reporting dye (Adams et al.,
2007; Oviedo et al., 2008c) to assay for relative changes in steady-state Ve in 24-hour
pharynx fragments with one end (either anterior or posterior) cut at a slant to mark the
original A/P axis (Figure 6). After 24 hours of regeneration, the anterior blastema in controls
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was depolarized (Figure 6B2). Control fragments displayed a head-to-tail membrane voltage
gradient, with the anterior blastema significantly (p<0.001) more depolarized and the tail
blastema just marginally more hyperpolarized than the original tissue. With H,K-ATPase-
inhibition this anterior blastema depolarization was lost (Figure 6B1), and regenerates were
significantly more hyperpolarized than controls (p<<0.0001), even after only 24 hours of
inhibition (Figure 6C). When allowed to regenerate fully, these hyperpolarized fragments
displayed the headless phenotype (Figure 6B4).

Hyperpolarization correlated closely with inhibited head regeneration: 62.5% of SCH-
treated fragments had relative Vem values lower (more polarized) than the lowest (least
polarized) control fragment, consistent with the 67.4% of SCH-treated pharynx regenerates
that are headless. To ensure inhibited head regeneration was truly due to membrane voltage
changes and not some unknown effect of SCH, we manipulated a different regulator of
polarization, external potassium. Alone, increased K* concentrations in the media (worm
water) had no effect (100%, n=30). However, increased K* in the media rescued H,K-
ATPase inhibition (5.6% headless, compared to 52.6% with SCH alone). This suggests that
in planarians, the H,K-ATPase works in tandem with a partner K* channel to modulate
Vmem, keeping K* flux in balance and maintaining the proper polarization needed to drive
anterior morphogenesis. Most crucially, the data confirm that the critical H,K-ATPase
activity during head morphogenesis is regulating membrane voltage by establishing the
required K* gradient.

Blastema Depolarization is Sufficient to Drive Anterior Polarity

The hyperpolarization associated with loss of head structures suggests depolarization may be
required for head regeneration. To directly test a role for membrane voltage and to further
rule out off-target effects of SCH, voltage-independent H,K-ATPase functions, or
potassium-specific mechanisms, we developed a method of controlling membrane potential
independently of the H,K-ATPase. Ivermectin is a well-characterized, irreversible, highly
specific activator of the invertebrate glutamate-gated chloride (GIuCl) channel (Shan et al.,
2001). It is known to depolarize tissues in C. elegans (Pemberton et al., 2001) and offers a
convenient and powerful tool with which to drive changes in membrane voltage. Once the
GIuCl channel is opened by ivermectin, modulation of external chloride levels can cause CI~
influx (hyperpolarizing cells) or efflux (depolarizing cells) based on the direction of the CI~
gradient.

We treated planarian pharynx fragments with 1uM ivermectin for the first 72 hours of
regeneration, and remarkably a second head formed at the posterior wound in 91.7% of
regenerates (Figure 6B6). When assayed for relative Ve at 24 hours of regeneration,
ivermectin-treated regenerates had two regions of high depolarization, one at each blastema
(Figure 6B3); indeed, ivermectin treatment significantly depolarized regenerates compared
to controls (Figure 6C, p<0.0001). While previous results indicated that H,K-ATPase
activity is necessary for regenerating head structures, these data demonstrate that
depolarization alone is sufficient to drive anterior regeneration even in posterior wounds.
This suggests membrane voltage is an early, instructive step for anterior fate specification in
newly regenerating tissues. To confirm that Vnem changes after GIuCl activation resulted
from directed changes in membrane potential and not other effects of ivermectin, we raised
external chloride concentrations. Increased CI~ concentrations in the media rescued
ivermectin treatment, inhibiting ectopic head formation (36.6% double-headed, compared to
91.7% for ivermectin alone). This further supports our conclusion that hyperpolarization of
the anterior blastema is sufficient to block anterior morphogenesis.

Interestingly, in intact worms the head region was significantly depolarized compared to the
tail (Figure S3, n=6, p<0.0001), supporting a role for membrane voltage in regulating
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anterior genes. However, treatment of uncut worms with either ivermectin or SCH had no
effect, despite confirmation that these worms were indeed depolarized or hyperpolarized,
respectively (DiBAC analysis, Figure S3), suggesting Vmem regulation is essential for
regeneration but not for tissue homeostasis.

Membrane Voltage Acts Through Calcium Signaling to Drive Anterior

Our data demonstrate that membrane voltage regulates anterior gene expression in blastema
cells. One mechanism for transducing changes in membrane voltage into transcriptional
activity is through modulating the activity of voltage-gated calcium channels (Ca,), such as
in the calcium-activated CaM-Kinase/CREB pathway (Weick et al., 2003). A recent
planarian study showed that Ca, activation by praziquantel treatment results in two-headed
worms (consistent with our ivermectin data), and is rescued by RNAi to Ca,p subunits
(Nogi et al., 2009). Therefore, we investigated the possibility that membrane depolarization
of the anterior blastema controls patterning via calcium dynamics.

We used Fura-2-AM, a ratiometric intracellular Ca2* reporting dye, to examine calcium
levels in 24-hour pharynx fragments where one end was cut at a slant to mark the original A/
P axis (Figure 7A). Control regenerates exhibited a significant upregulation of calcium in
the anterior blastema, which was not seen in posterior blastemas (Figure 7A1-A2, n=8,
p<<0.0001). H,K-ATPase inhibition eliminated this increase in intracellular calcium,
consistent with the headless phenotype (Figure 7A3-A4, controls n=8 and SCH-treated n=9,
p<0.001). No significant difference was found in calcium levels in either the original tissue
(p=0.22) or the posterior blastema (p=0.72), suggesting H,K-ATPase-mediated calcium
changes are restricted to the anterior blastema.

To directly test the involvement of Ca, channels, we treated regenerating fragments with
nicardipine (Figure 7B), an inhibitor of L-type voltage-gated calcium channels (Elmslie,
2004). Following a 4-hour delay to prevent interference with wound closure (Shabir and
Southgate, 2008), pharynx fragments were exposed to nicardipine from 4-72 hours of
regeneration. At 2 weeks, 42.6% of nicardipine-treated regenerates had reduced anterior
regeneration (n=61), including headless worms (Figure 7B2, 8.2%) and a failure to fully
form both eyes (Figure 7B3, 34.4%). These data suggest calcium signaling as a mechanism
for membrane voltage-mediated changes in anterior gene expression, specifically
implicating a role for Ca, in anterior head regeneration. Together, the data highlight ion
transport regulation as a particularly convenient tool for controlling polarity, morphogenesis
and gene expression downstream of adult stem cell proliferation and blastema formation.

DISCUSSION

Here we demonstrate a powerful chemical genetics approach for investigating the
regeneration of axial polarity, uncovering a novel role for ion transport and membrane
voltage in initiating anterior gene expression and morphogenesis downstream of stem cell
proliferation. The use of pharmacological reagents has several advantages over molecular
tools such as RNAI. Animals do not always recover from RNAI, unlike many chemical
compounds which are reversible, such as the H,K-ATPase inhibitor SCH-28080. This allows
for time-course studies and the investigation of late events without inhibiting early ones.
Additionally, with RNAI only a few genes are usually targeted at one time. In contrast, SCH
inhibits all H,K-ATPase genes expressed (while being highly specific to H,K-ATPases and
not other P2C class family members). This feature allows for the identification of
phenotypes that would be masked by redundancy when targeting single gene products.
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A Membrane Voltage Model for Regulating Polarity During Planarian Regeneration

The data suggest a model for membrane voltage and its role in the regeneration of axial
polarity (Figure 7). Endogenous H,K-ATPase activity depolarizes the anterior blastema,
probably in tandem with a partnered K* channel. Hyperpolarizing K* ions flow outward
through this K* channel, while the H,K-ATPase pumps K* ions back inward—the
mechanism by which the H,K-ATPase keeps the membrane depolarized. When SCH
prevents H,K-ATPase activity, the H,K-ATPase-driven K* influx is blocked, but the
partnering K* channel’s efflux is unaffected. This results in a net outward flow of K* ions
that hyperpolarizes the blastema (preventing head regeneration). When SCH treatment was
combined with increased K* in the media, this outward efflux of K* ions is stopped by the
new gradient, restoring the ion balance and allowing head formation. This implicates the
presence of strong endogenous biological buffers, which sequester increasing intracellular
H* levels when the H,K-ATPase is blocked. Excess H* is buffered in the cell, so protons do
not contribute to overall membrane voltage. This is supported by the fact that A/P polarity in
regenerating planaria was not affected by altering the pH of the media.

The model focuses on membrane voltage as a transducer of morphogenetic signals. As
absolute calibration of reporter dyes /n vivo s difficult to achieve, our model is framed in
terms of relative values (most depolarized versus least depolarized). Additionally, while it is
not known whether chloride channels are an endogenous component of polarity regulation in
planarians, they were a convenient target for functional perturbations. We modulated CI~
flux as an H,K-ATPase-independent method to determine if membrane voltage alone
regulates blastema polarity. The drug ivermectin was used to keep glutamate-gated chloride
channels open, allowing CI~ to flow along its gradient (Shan et al., 2001), producing ectopic
heads. Since increased CI~ concentrations in the media (causing the gradient to flow inward)
rescued the double-headed ivermectin phenotype, this suggests the natural gradient for CI™ is
outwards—hyperpolarizing the posterior blastema and keeping anterior genes turned off.
Together the data confirmed that membrane depolarization alone is sufficient to drive
anterior polarity.

The data suggest membrane voltage influences gene expression by altering intracellular
calcium levels in the anterior blastema, in part through regulation of membrane voltage-
gated calcium channels. L-type calcium channels (inhibited by nicardipine) are activated by
depolarization (Lipscombe et al., 2004), and can drive gene expression through CREB
activation (Weick et al., 2003). Membrane voltage may have additional effects on the
permeability of gap junctions, resulting in changes in second messenger movements,
including calcium (Rackauskas et al., 2010). This is consistent with data showing that gap
junctions are also required for correct A/P polarity in regenerating planaria (Nogi and Levin,
2005; Oviedo et al., 2010). Together, the evidence suggests calcium signaling is the
functional target of anterior blastema membrane depolarization and head regeneration.

Integrating lon Transport with Anterior-Posterior Wnt Signaling Pathways

As in vertebrates, planarian Wnt signaling plays a major role in establishing the primary axis
(Kobayashi et al., 2007; Petersen and Reddien, 2009). Specifically, f-catenin signaling
drives posterior fates (Gurley et al., 2008; Iglesias et al., 2008; Yazawa et al., 2009), while
Hedgehog signaling in turn regulates p-catenin (Rink et al., 2009; Yazawa et al., 2009). -
catenin-RNAI injected animals regenerate ectopic heads at posterior wounds (Petersen and
Reddien, 2008; Oviedo et al., 2010). Very early work demonstrated that polarity could also
be reversed at posterior wounds by direct application of an exogenous electrical field (Marsh
and Beams, 1952). However, the molecular basis for this effect, and the role of membrane
potential in blastema cells, has not previously been investigated.
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H,K-ATPase inhibition was able to block ectopic head formation caused by p-catenin-
RNAI. This suggests H,K-ATPase activity and membrane depolarization are required for the
ectopic initiation of anterior morphogenesis in posterior tissues. However, H,K-ATPase-
inhibited worms with hyperpolarized anterior blastemas failed to form ectopic tails. This
suggests the posterior signals required to drive tail regeneration are not present in anterior
tissues. Temporally, H,K-ATPase activity is required for the first 72 hours of regeneration,
consistent with a role upstream of tissue differentiation. In the planaria S. mediterranea,
wound healing is finished by 6 hours (Salo et al., 2009); followed by stem cell proliferation
and blastema formation; and at 24—-48 hours stem cell differentiation begins to occur
(Eisenhoffer et al., 2008). Although evidence suggests the D. japonica used here regenerate
somewhat faster (Inoue et al., 2004; Cebria et al., 2007), the data are consistent with the
placement of membrane voltage as an early requirement for anterior polarity, upstream of
morphogenesis and anterior gene expression.

Ivermectin-mediated depolarization of the posterior blastema is sufficient to reverse
endogenous polarity and produce ectopic heads. However, endogenous H,K-ATPase
activity, while necessary for head regeneration, is not the initial determinate of anterior
polarity. When H,K-ATPase-inhibited headless regenerates are re-cut (without inhibitor),
the new blastema is able to determine it should have anterior polarity and thus regenerate a
head. Although this could be due to timing issues (reflecting an initial incomplete block of
anterior gene expression before the inhibitor saturates blastemal cells), it is most likely that
there is a temporal requirement for membrane depolarization downstream of early
differentiation (which specifies the blastema as “anterior”) but upstream of late
differentiation (which leads to tissue-specific gene expression).

The Role of lon Transport in Development and Disease

The development of molecular-genetic tools for characterizing and manipulating ion flows
in vivo (Adams and Levin, 2006b; Smith et al., 2007; Adams, 2008; Tsutsui et al., 2008) has
revealed that bioelectric signals regulate a variety of developmental processes not typically
associated with ion flux. Membrane voltage-mediated signaling (downstream of individual
ion transporters) is an important regulator of regenerative outgrowth and proliferation
(Adams et al., 2006). For instance, in Xenopus tail regeneration, a very early H* flux
repolarizes blastema cells, acting as a cue for downstream gene expression and axonal
outgrowth (Adams et al., 2007). Proton transport and regulation of steady-state membrane
voltage (over hours and days) are also required for embryonic left-right polarity in a wide
variety of organisms (Levin et al., 2002; Hibino et al., 2006; Raya and Izpisua Belmonte,
2006; Shimeld and Levin, 2006).

In planarians, we showed that interfering with H,K-ATPase-mediated ion transport results in
complete loss of head structures. It is not uncommon for seemingly minor alterations in ion
flux to produce significant defects at the organismal level; ion transport disruptions produce
so many distinct diseases (e.g. cystic fibrosis, epilepsy, deafness) that the term
channelopathies has entered our disease lexicon (Hubner and Jentsch, 2002). The
disregulation of membrane voltage gradients and ion transport is also associated with
patterning defects in cancer (Mycielska and Djamgoz, 2004), as well as the induction of
neoplastic phenotypes in embryonic stem cells (Morokuma et al., 2008b). New methods for
controlling the runaway growth and de-differentiation of cancer are being sought amongst
ion channel-targeting compounds (Arcangeli et al., 2009). Moreover, pharmacological
modulation of endogenous ion transporters are being used to augment epithelial wound
healing upstream of cellular signaling pathways (Zhao et al., 2006). Since cancer
progression and tissue regeneration share a number of fundamental underlying mechanisms
(Oviedo and Beane, 2009), developing techniques for modulating the ion flux in specific
groups of cells as illustrated here is likely to contribute to progress in several important areas
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of biomedicine. Both ivermectin and SCH are approved for human use and offer the
potential for versatile therapeutic control of membrane potentials (ivermectin by modulating
chloride levels, and SCH through regulation of potassium flux). We show that both
compounds predictably alter the patterning of regenerative tissues, respectively activating or
inhibiting associated signaling, to control the axial identity of the new growth. Perfecting
techniques to control bioelectrical tissue properties will be essential if we are to realize the
promise of regenerative therapies.

SIGNIFICANCE

This work identifies a physiological property, membrane voltage, as a novel regulator of
polarity during regeneration in adult planarians. This exciting discovery reveals an entirely
novel and biomedically useful method for controlling morphogenesis in adult stem cell-
derived tissues, including brain. Current research efforts in regenerative medicine have
strongly focused on stem cell maintenance and proliferation, as the first vital hurdle for
regenerative therapies is to induce regeneration in non-regenerative tissues. However, any
new tissues generated must be correctly patterned in the context of the whole organism. As
demonstrated here, chemical modulation of ion transport using known drugs (which have
already gone through clinical testing and are approved for human use) could be a powerful
tool to induce the regrowth of lost tissues (organs and limbs) that are correctly patterned and
thus functional. Crucially, we showed that pharmacologically-induced changes in membrane
voltage are sufficient to initiate an entire morphogenetic program (head regeneration)
downstream of stem cell proliferation, serving as a master regulator of a highly orchestrated
patterning cascade that would be undesirable to micromanage directly. Chemical genetic
approaches, such as the ones described here, circumvent the need to regulate each signaling
pathway and epigenetic mechanism individually. Development of such techniques for the
regulation of ion flow, direction, and timing of instructive Vem changes will one day
significantly augment our ability to induce medically-relevant regenerative responses.

EXPERIMENTAL PROCEDURES

Colony Care

An asexual clonal strain (Gl) of Dugesia japonica (G1) was kept and maintained as in
(Oviedo et al., 2008a). Worms 4—7 mm long were used, except for Figure 4A&D where ~1
cm were used. All worms were starved for >1 week prior to use.

Pharmacology and Amputations

For each treatment, SCH-28080 (Sigma S4443) was suspended to 0.18 M in newly opened
DMSO (ATTC #4-X), used at 18 uM on day 1, and refreshed on days 2 & 3 with aliquots
stored at —80°C. Ivermectin (Sigma 18898) was kept as a 10 mM stock in DMSO, from
which a 100 uM dilution in water was made. Worms were pre-soaked in 1 uM IVM for 3
days prior to cuts, when IVM was refreshed. External K* was increased with 2.8 mM
potassium-D-gluconate (Sigma). External CI~ was increased with 11.9 mM N-methyl-D-
glucamine-HCI (TCI). Nicardipine HCI (Sigma) in DMSO was used at 3-5 uM. DMSO-
treated controls had no effect. Amputations were performed as in (Nogi et al., 2005).

Immunofluorescence and Immunohistochemistry

Worms were fixed as in (Nogi et al., 2005). For immunofluorescence, worms were
processed as in (Reddien et al., 2005). 1° antibodies: a-phosphorylated histone H3, 1:250
(Upstate); a-arrestin, 1:10,000 (kind gift from K. Watanabe); and synapsin, 1:50
(Developmental Studies Hybridoma Bank). 20 antibodies: goat anti-mouse Alexa488, 1:400
(Sigma); or for H3P an HRP-conjugated anti-Rabbit with TSA-Alexa568 anti-HRP
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(Molecular Probes). /n situ hybridizations were performed as in (Nogi and Levin, 2005).
Probes: Hox9 (Abd-ba, Nogi and Watanabe, 2001); Innexin7 (Nogi and Levin, 2005);
0251_HH and 0821_HN (Nakazawa et al., 2003) were a kind gift from T. Gojobori.

Behavioral Analyses

Movements were quantified with a custom-made computer vision system (Hicks et al.,
2006). Worms were kept in the dark for 10 minute trials (data recorded at 5 hertz).
Coordinates were analyzed in Microsoft Excel and heat maps generated with J-Specimen
(Ebiotics).

Gene Knockdown with RNAI

dsRNA was generated and injected as in (Oviedo et al., 2008b). B-catenin-RNAIi (Oviedo et
al., 2010) was injected on days 1-3, and worms cut on day 7. Control worms were injected
on days 1-3 with either water or PC2-RNA.I and cut on day 14.

Membrane Voltage and Calcium Reporter Assays

Voltage: DiBACy4(3) (bis-[1,3-dibarbituric acid]-trimethine oxanol) (Invitrogen) was used on
PC2-RNAi immbolized worms as in (Adams et al., 2007; Oviedo et al., 2008c). Stock (1.9
mM in DMSO) was used at 0.475 puM in worm water, with =30 minute incubation before
imaging. Calicum: 10mM Fura-2-AM (Sigma) in DMSO was kept in aliquots at —20°C, then
used at 10 uM in worm water. PC2-RNAI regenerates were incubated for 1 hour, then
washed 3X prior to imaging. Images were produced using an Olympus BX61 compound
microscope (FITC filter) with a Hamamatsu Orca AG CCD camera and IP Labs imaging
software (intensity measured with “Quantify Segment”).

Image Collection and Processing

All other images were collected using a Nikon SMZ1500 microscope with a Retiga 2000R
camera (Q-Imaging) and Q-Capture imaging software. Adobe Photoshop was used to orient
and scale images and improve clarity (not for Vmem 0r pH images). Data were neither added
nor subtracted; original images available upon request.

Statistical Analyses

Error bars for % phenotypes were calculated using 95% Confidence Intervals (Cl). Error
bars for average pixel intensity are + 1 standard deviation. Microsoft Excel was used to
calculate Student's t-Test (2-tailed distribution, two independent samples, unequal variance).

HIGHLIGHTS

 H,K-ATPase is required for head regeneration and anterior blastema
depolarization

* H,K-ATPase-independent depolarization is able to drive ectopic head
regeneration

* Membrane voltage acts through calcium signaling to drive gene expression

e Control of Vmem is a novel method to regulate stem cell-mediated patterning

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. H,K ATPaseinhibition blocks head regeneration

Effects of 18uM SCH-28080 (SCH). (A) Control pharynx, (B) SCH-treated pharynx, and
(C) SCH-treated tail fragments at 14 days regeneration. Anterior to the left. Scale
bars=500um. (D) Phenotype distribution by anatomical region. Error bars=95% confidence
intervals (CI). See also Figures S1 and S2.
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Figure 2. Blocking H,K ATPase activity prevents anterior gene expression

Anterior-Posterior and tissue-specific marker analyses at 14 days regeneration. (A)
Innexin7. Arrow=single anterior branch (lost in A2). Arrowheads=double posterior
branches. (B) Synapsin (green), Phospho-Histone H3 (red). Green arrow=brain (lost in B2).
Red arrow=neoblasts atypically at “anterior” end (B2). (C) Hox9. Arrowheads=tail staining
(not duplicated in C2). (D) Arrestin. Arrowhead=optic nerves (lost in D2). (E) Eye marker
0251_HH, and (F) anterior marker 0821_HN. Arrow=eye staining (E1) and
arrowhead=anterior fringe staining (F1), (both lost in E2, F2). n=5 for each. Anterior to the

left. Scale bars=250um.
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Figure 3. H,K ATPase activity isrequired for brain induction and ectopic head formation

(A) Behavioral analyses. Heat maps track movement for worms shown. Red indicates most
time spent in area. (A1) Control and (A2) SCH-treated pharynx fragments at 14 days
regeneration. (A3) Average area of dish covered by each regenerate type. 95% CI: Control
pharynx (n=8, CI=0.31); SCH pharynx (n=9, CI=0); 24-hour control headless (n=8,
Cl=0.14); 24-hour control tailless (n=10, C1=0.25); 24-hour control pharynx (n=10,
Cl=0.14). (B) B-catenin-RNAI assay with pharynx regenerates. (B1) Control injected. (B2)
SCH-treated control-injected. (B3) p-catenin-RNAI injected (66.7% double-heads,
Cl=0.27). (B4) SCH-treated p-catenin-RNAI injected (25% double-heads, C1=0.25). Red
dashed lines=amputation planes. Anterior to the left. Scale bars=250um.
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Figure 4. Anterior CNSrescues H,K-ATPaseinhibition

(A) Anterior amputations of SCH-treated worms. (A1) Worms amputated between the head
and pharynx, scored at 2 weeks. 95% CI for 1/3-Pre-pharynx fragments: headless (C1=0.18),
cyclops (C1=0.24); for Pharynx fragments: headless (C1=0.24), cyclops (C1=0.19). (A2)
CNS remaining at time of amputation. Arrowhead=posterior brain remnant.
Arrows=anterior tip of pharynx. Brackets=amount of pre-pharyngeal region remaining. (A3)
CNS at 2 weeks regeneration. Arrows=brain regeneration. Arrowhead=cyclopic brain. CNS
marker: Synapsin. (B—C) Sagittal (longitudinal) cuts including (B, even halves) or excluding
(C, offset halves) CNS. (B2-C2) Control and (B3—-C3) H,K-ATPase-inhibited fragments.
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(B3, 0% headless, n=42). Excluding anterior CNS allows headless regenerates (C3, 26%
headless, n=43). (D) Small pre-pharynx fragments cut to exclude CNS (ventral nerve cords).
Excluding anterior CNS allows headless regenerates in SCH-resistant pre-pharynx
fragments (D3, 11.8% headless, n=34). Red dashed lines=amputation plane. Arrows & red
shaded areas=fragments shown below. Anterior is up.
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Figure 5. Regeneration rescues H,K-ATPase-inhibited worms

Headless regenerates wounded without drug at the “anterior” end (determined by pharynx
direction). (A) Wound with one amputation plane and no blastema (A3) fails to rescue head
(A4). 100% headless (n=16). (B) Wound with two amputation planes and small bit of tissue
removed produces a small blastema (B3) and cyclopia (B4). 75% cyclopic (n=4). (C)
Wound with more tissue removed produces a large blastema (C3) and full anterior rescue
(C4). 75% head rescue (n=24). Panels show same worms before re-cutting (A1-C1), %2 hour
after cutting (A2-C2), at 3 days (A3-C3) and 14 days (A4—C4) regeneration. Dashed red
lines=amputation planes. Arrowheads=wound. Arrows=blastema (unpigmented regions in
B3-C3) or wound site (for A3). Anterior is up. Scale bars=500um.
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Figure 6. H,K-ATPase activity depolarizesthe anterior blastema membrane potential
Membrane voltage assay using DIBAC. (A) Diagram of cuts. Pharynx fragments cut with
slanted anterior ends to mark original A/P axis. (B) Regenerates assayed at 24 hours post
amputation (B1-B3), and phenotypes scored at 14 days (B4-B6). Images are pseudocolored
blue-green-red. Brighter pixels (green to red) indicate relatively depolarized cells (inside
more positive with respect to outside), while darker pixels (blue) indicate relatively
hyperpolarized cells (inside more negative). (B1, B4) SCH-treated, (B2, B5) control, and
(B3, B6) ivermectin (IVM)-treated fragments. Arrowheads=depolarized blastemas. Anterior
is up. Scale bars=500um. (C) Whole fragment comparisons of 24-hour pharynx regenerates.
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SCH-treated (n=13), control (n=19), and IVM-treated (n=11). Asterisks=p<<0.0001. Error
bars=standard deviation. See also Figure S3.
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Figure 7. Membrane voltage regulates blastema polarity

(A) Intracellular calcium assay using Fura-2-AM. 24 hour pharynx regenerates. (A1-A2)
Calcium is significantly upregulated in control anterior blastemas (letter A) compared to
posterior blastemas (P). Asterisk=p<<0.0001. (A3-A4) H,K-ATPase inhibition eliminates
this upregulation (p<0.001). (B) /nhibition of voltage-gated calcium channels using
nicardipine. Pharynx regenerates at 14 days regeneration. (B1) Control. (B2-3) Nicardipine
regenerates have reduced anterior: (B2) headless (8.2%) and (B3) failure to form both eyes
(34.4%, arrow). Scale bars=500um. (C) Model. Wildtype fragments have a membrane
potential gradient with the head blastema most depolarized and the tail blastema least
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depolarized. SCH-mediated H,K-ATPase inhibition results in relative hyperpolarization and
ivermectin treatment in relative depolarization. Hyperpolarized blastemas become either tail
or headless, while depolarized blastemas always result in head formation. IVM=ivermectin,
hpa=hours post amputation, dpa=days post amputation.
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