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A chloroquine sensitivity gradient induces tissue regeneration 
and maintenance phenotypes in planarians
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ABSTRACT	 Failure to properly regenerate and maintain tissues is a root cause of disease and aging. One 
goal of regenerative biology is to unveil mechanisms by which simpler model organisms successfully 
regenerate so that we can better understand how to control the cellular and molecular switches in human 
tissues. Planarians have become a favored model system for these studies because of their amazing 
capacity to fully and rapidly regenerate following amputation, but also for their response to other stress-
ors such as starvation. Planarians undergo proportional degrowth when starved, a unique process that 
balances stem cell proliferation and apoptotic cell death, autophagy-mediated cell turnover, and energy 
sensing. We chose a pharmacological approach to study autophagy in planarians by using chloroquine, 
an autophagy inhibitor. We found that head regression and tissue lysis were induced by chloroquine in 
whole planarians and that starved planarians were more sensitive than their fed counterparts. While 
chloroquine treatment did not prevent tissue regeneration following injury, it caused regeneration delays 
and disruptions in photoreceptor replacement. Finally, we show that an anterior-posterior gradient of 
chloroquine sensitivity exists in the planarian with prepharyngeal tissues exhibiting significantly low 
sensitivity. Together, our results extend our understanding of autophagic flux in planarian tissue regen-
eration and maintenance and establish a model by which an autophagic gradient exists in this highly 
regenerative system.
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Introduction

The ability to maintain normal cell function and tissue morphol-
ogy is critical for homeostatic body maintenance and failure to 
do so often leads to disease and death. While humans and other 
mammals are notorious for their inability to regenerate lost or 
damaged tissue, some organisms exhibit a strong capacity to 
regenerate complex structures (Poss and Tanaka, 2024). One of 
the most amazing examples of tissue regeneration is observed in 
freshwater planarians. Planarians are flatworms that can regenerate 
every cell type even from tiny amputated fragments (Reddien and 
Sánchez Alvarado, 2004). A population of pluripotent stem cells, 
called neoblasts, respond to injury by proliferating and migrating to 
the injury site, thus giving rise to a wound-adjacent accumulation 
of mitotically active neoblasts (Newmark and Sánchez Alvarado, 
2000; Sahu et al., 2021; Wagner et al., 2011; Wenemoser and Red-
dien, 2010). Daughter cells of these mitoses contribute to a growing 
blastema, a structure observed in other regenerative model organ-
isms (Eisenhoffer et al., 2008; Poss and Tanaka, 2024). Neoblasts 

Abbreviations used in this paper: A/P, anterior-posterior; ATG, autophagy-related 
gene; CHL, chloroquine; DAP-1, death-associated protein-1; DPA, days post-
amputation; PCG, positional control gene.

receive muscle-derived positional guidance cues to differentiate 
into the missing cell types giving rise to a fully regenerated animal 
that is correctly patterned along all body axes (Adell et al., 2010; 
Scimone et al., 2017; Witchley et al., 2013).

A remarkable characteristic of planarian regeneration is that 
it can occur in tiny fragments despite the removal of a muscular 
pharynx and an organized intestinal system, two structures that 
are critical for the intake, digestion, and distribution of external 
nutrients. The planarian undergoes a poorly understood tissue 
remodeling process (morphallaxis) that reestablishes a normal 
body plan containing pharyngeal and digestive tissues, allowing 
for food intake and subsequent organismal growth (Pellettieri, 
2019; Reddien and Sánchez Alvarado, 2004). Planarian tissues 
are constantly and rapidly undergoing turnover events that are 
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balanced by the production of new neoblast-derived cells (Lee et 
al., 2024; Lindsay-Mosher et al., 2024). These tissue remodeling 
events work in conjunction with the proliferation of neoblasts to 
seamlessly blend new and pre-existing tissues. Remodeling extends 
to physiological tissue maintenance in whole unamputated planar-
ians. Planarians respond to long periods of starvation by degrow-
ing, a process partially driven by apoptotic cell death (Adell et al., 
2025; Pellettieri et al., 2010). This unique response to starvation 
can continue for long periods of time as the planarian maintains 
proper body proportion and morphology (Emili et al., 2025; Takeda 
et al., 2009; Thommen et al., 2019). Therefore, planarians exhibit 
remarkable capacity to endogenously support the energy require-
ments of stem cell-based tissue regeneration and maintenance 
and establish themselves as excellent models to understand the 
cellular and molecular signals that govern these events.

This unique level of tissue plasticity underlies the planarian’s 
ability to successfully respond to a variety of external stressors 
such as tissue loss and starvation and suggests that planarians 
maintain their tissues through a strong cellular autophagy mecha-
nism. Autophagy is an endogenous process by which cells degrade 
and recycle intracellular materials including proteins and organelles 
(Yamamoto et al., 2023). This catabolic breakdown of cellular 
components provides the cell with energy and recycled building 
blocks for future biosynthesis and allows for cell survival during 
periods of stress, including starvation. Autophagy is initiated when 
upstream stress responses trigger the nucleation and elongation of 
a phagophore membrane that engulfs cellular materials to form a 
vesicular structure called the autophagosome. The autophagosome 
subsequently fuses with the lysosome whereby hydrolytic enzymes 
degrade the delivered cargo (Ballabio and Bonifacino, 2020).

Autophagic flux remains critical for normal cellular physiology 
and homeostasis as studies show that knockdown of autophagy 
regulators leads to embryonic dysmorphias and lethality (Allen 
and Baehrecke, 2020), pathologies including neurodegenera-
tive diseases and cancer (Aman et al., 2021), and increased or 
decreased lifespan (Hansen et al., 2018). In support of cellular 
plasticity, autophagy has been shown to play important roles in 
regulating stem cell pluripotency, self-renewal, and differentiation 
(Boya et al., 2018; Tang and Rando, 2014). Tissue regeneration 
studies involving the targeted knockdown of autophagy genes 
have highlighted a conserved role for autophagy in zebrafish caudal 
fin and extraocular muscle regeneration (Saera-Vila et al., 2016; 
Varga et al., 2014), intestinal stem cell proliferation in Drosophila 
digestive system maintenance (Nagy et al., 2018), and mammalian 
keratinocyte proliferation, migration, and differentiation during 
epidermal wound healing (Du et al., 2024; Qiang et al., 2021). 
Some studies have taken pharmacological approaches to modify 
autophagic flux. Exogenous treatment with chemicals known to 
inhibit autophagy impairs head regeneration in hydra (Suknovic et 
al., 2021), mesentery regeneration in sea anemones (Bossert and 
Thomsen, 2017), fin regeneration in zebrafish (Chen et al., 2024), 
cell proliferation and blastema formation in injured newt limbs 
(Peng et al., 2021), and muscle and nerve regeneration in rodents 
(Nichenko et al., 2016). Pharmacological approaches to induce 
autophagy appear to improve nerve, muscle, and liver regeneration 
in rodents (Balnis et al., 2025; Ding et al., 2018; Huang et al., 2016; 
Xiang et al., 2021) and heart regeneration in zebrafish (Xie et al., 
2021). Together, these suggest that upregulation of autophagy 
contributes to normal tissue regeneration and maintenance in a 

variety of model systems, and loss of autophagic flux leads to a 
failure to regenerate tissues upon damage.

Several studies have implicated autophagy in planarian tissue 
maintenance beginning with the discovery that the ortholog for 
human death-associated protein-1 (Gtdap-1) is upregulated after 
injury or starvation and RNA interference (RNAi)-based knock-
down of its function leads to delayed regeneration and tissue 
lysis (González-Estévez et al., 2007a, 2007b). Planarian studies 
focusing on other autophagy-related genes (atg) unveil similar 
injury- and starvation-induced expression, dysmorphic blastemal 
tissue, decreased regeneration speed, and head regression pheno-
types (Jin et al., 2022; Kang et al., 2019; Ma et al., 2025; Ma et al., 
2018). Furthermore, proteins that sense the status of cell energy 
have been implicated in balancing the mitotic/apoptotic ratio that 
controls tissue maintenance and growth after injury and starva-
tion (González-Estévez et al., 2012; Oviedo et al., 2008; Pascual-
Carreras et al., 2020; Tu et al., 2012). The planarian is an excellent 
model through which to study the role of autophagy because of 
its ability to fully regenerate tissue and to transition from growth 
to proportional degrowth. In our study, we take a pharmacological 
approach to characterizing the role of autophagy in Schmidtea 
mediterranea. We find that treatment with a known late-stage au-
tophagy inhibitor, chloroquine, results in planarian head regression 
and tissue lysis and that starved planarians are significantly more 
sensitive compared to their fed counterparts. Following injury, 
chloroquine reduces regeneration speed and negatively impacts 
photoreceptor regeneration but does not completely inhibit new 
tissue replacement. We also find that a gradient of chloroquine 
sensitivity exists in the planarian as different regenerates along the 
anterior-posterior (A/P) axis undergo tissue lysis over time in a tail-
to-prepharyngeal sequence with prepharyngeal tissues exhibiting 
significantly low sensitivity. Our results highlight the importance of 
autophagy-based turnover in homeostatic tissue maintenance in 
the planarian, suggest a potential underlying autophagy gradient, 
and open new paths to studying the effects of chloroquine in a 
highly regenerative model system.

		
Results and Discussion

Chloroquine induces Planarian head regression and lysis
Chloroquine is a lysosomotropic compound that inhibits autopha-

gic flux by increasing lysosomal pH, thus blocking autophagosome-
lysosome fusion and inhibiting hydrolytic enzyme function (Mauthe 
et al., 2018). We chose a chloroquine-based strategy to study 
autophagy and lysosomal function for several reasons. Chloroquine 
diphosphate water solubility allows for direct planarian treatment 
in culture and removes the need for a feeding- or injection-based 
administration of double-stranded RNA (dsRNA) for RNAi-based 
knockdown of autophagy-related genes. This approach presum-
ably provides ubiquitous and sustained autophagy inhibition in 
all cells as RNAi approaches are tied to genes expressed only in 
specific cell types.

We hypothesized that if autophagy is required for homeostatic 
tissue maintenance, then chloroquine treatment would lead to 
phenotypes in whole unamputated planarians. We also assumed 
that planarians under prolonged starvation would be particularly 
sensitive to chloroquine treatment because of a possible autophagy 
requirement in an energy-depleted state. We starved planarians for 
40 days to ensure that they had transitioned to degrowth (Fig. 1A). 
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This timeline was chosen because of previous planarian studies 
showing increased apoptotic cell death after a 40-day starvation 
period (Pellettieri et al., 2010). A “Fed” group of planarians was then 
provided pureed calf liver on three alternating days while a “starved” 
group was not fed during this time (Fig. 1A). Both groups were then 
treated with chloroquine, and planarians were monitored daily for 
resulting phenotypes. While we expected to observe animal-wide 
tissue lysis due to an expected autophagy requirement in all cell 

ing observed in our chloroquine-treated animals is likely due to a 
proposed effect it has on epidermal uptake into phagocytes. Head 
regression observed in chloroquine-treated planarians might not 
be a neoblast-specific phenotype but due to the failure to broadly 
maintain anterior tissues in the absence of autophagy. This fits 
with studies highlighting atg gene expression in tissues including 
intestinal branches, epidermis, and cephalic ganglia but primarily 
outside of the piwi-positive neoblast population (Jin et al., 2022; Ma 

Fig. 1. Chloroquine induces tissue maintenance 
phenotypes. (A) Molecular structure of chloro-
quine. (B) Schedule of starvation period, feeding and 
chloroquine treatment. Two groups of planarians 
were starved for 40 days. The “Fed” group was fed 
on days 40, 42, and 44, while the “Starved” group 
was not fed on these days. Both groups were 
treated with 10 µM chloroquine and monitored 
for tissue maintenance phenotypes every 24 h for 
the duration of the experiment. (C) Representative 
images demonstrating the effects of chloroquine 
treatment on whole unamputated animals. In both 
“Fed” and “Starved” groups, chloroquine induced 
head regression (arrows) and subsequent tissue 
lysis. Scale bars: 500 µm.

Fig. 2. Chloroquine-induced phenotypes occur earlier in starved planarians. Quanti-
fications of percentage of planarians exhibiting head regression (A) or tissue lysis (B) 
in “Fed” (closed circles) and “Starved” (open circles) groups over twenty-five days. Each 
data point represents a daily average. N=4 independent replicates (9-10 animals per 
treatment, per experiment). Error bars indicate standard error, and probability values 
were calculated using analysis of variance with repeated measures using a General 
Linear Mixed Model (PROC GLIMMIX, SAS Studio 3.82).

types, we surprisingly found that the first phenotype 
induced by chloroquine was head regression and loss of 
tissues anterior to the pharynx (Fig. 1B). This is consistent 
with recent RNAi experiments designed to knockdown 
planarian atg1 function, where loss of atg1 resulted in 
head regression (Ma et al., 2025). For both head regres-
sion and tissue lysis, we found that the starved group 
was significantly more sensitive to chloroquine treatment 
with the starved group showing peak head regression 
at day 4 and the fed group at day 13 (Fig. 1B and Fig. 
2). This is consistent with an increased requirement for 
autophagy in starved planarians and indicates that these 
chloroquine-induced effects are energy-dependent and 
not due to general drug toxicity.

As head regression is one of the characteristic phe-
notypes of planarian stem cell loss or dysfunction, this 
result suggests that autophagy is required for normal 
neoblast behavior. However, we did not observe ventral 
curling, another hallmark of neoblast deficiency, instead 
chloroquine treatment resulted in tissue lysis and death, 
suggesting a role for autophagy in non-neoblast cells, 
perhaps in cells that are participating in cell turnover or 
tissue remodeling. A recent study unveiled that planar-
ian epidermal turnover rate is significantly higher on the 
ventral side compared to that on the dorsal side (Lee et 
al., 2024). We imagine that ventral curling phenotypes 
observed in neoblast-deficient worms are due to the high 
ventral cell turnover rate without the replenishment of 
new neoblast-derived cells. The absence of ventral curl-
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et al., 2025; Ma et al., 2018). We propose that chloroquine-induced 
head regression occurs because anterior tissues require a higher 
rate of autophagic flux for anterior tissue maintenance.

			 
Chloroquine leads to regeneration delay and loss of photorecep-
tor regeneration

Head regression observed in whole unamputated planarians 
could be due to neoblast failure to contribute new differentiated 
cells or due to disruptions in general anterior cell maintenance and 
turnover. Therefore, we assessed whether chloroquine inhibits the 
ability for planarians to regenerate lost tissue following amputa-
tion. Because blastemal cells are post-mitotic and constructed 
from neoblast division progeny, we reasoned that failure to form 
a blastema would indicate chloroquine sensitivity in early neoblast 
function. We starved planarians for 14 days prior to the start of the 
experiment (Fig. 3A). A “Fed” group of planarians was then provided 
pureed calf liver on three alternating days while a “starved” group 
was not fed during this time (Fig. 3A). Head regions were ampu-
tated and posterior tail fragments were isolated and left untreated 
or treated with chloroquine. Tail fragments were monitored daily 
for regenerative growth.

We observed that chloroquine did not inhibit regeneration as tail 
fragments formed an anterior unpigmented blastema in treated 
groups (Fig. 3B). This is consistent with previous studies where 
loss of select autophagy-related genes results in morphological 
defects but does not preclude blastemal growth (Jin et al., 2022; 
Kang et al., 2019; Ma et al., 2025). We used the reemergence of 
photoreceptors over time as a measure of regeneration rate and 

found that chloroquine causes delays in regeneration between days 
4 and 7 (Fig. 3C). In addition to this, although we did not directly 
measure blastema size, we made note of smaller blastemas in the 
chloroquine-treated group compared to untreated controls. We did 
not detect a statistically significant difference with chloroquine 
treatment between starved and fed groups. However, a phenotype 
observed in chloroquine treated tail fragments is the failure to re-
generate photoreceptors in both starved and fed groups (Fig. 3 B,C). 
While 100% of untreated fragments regenerated photoreceptors 
by day 7, only 25% of chloroquine-treated fragments regenerated 
photoreceptors by day 10 (Fig. 3C).

Together, these data suggest that chloroquine negatively affects 
homeostatic tissue maintenance and the rate of regeneration but 
does not inhibit blastema formation. Instead, chloroquine appears 
to disrupt the regeneration of at least some anterior structures. 
Consistent with a primary role for autophagy in anterior tissue 
maintenance and turnover, we discovered that chloroquine-treated 
fragments that regenerated considerable blastemal tissue subse-
quently underwent head regression around 14dpa (Fig. 3B). Previ-
ous studies have shown that planarian pigment cell and epidermal 
turnover is mediated through their internalization by intestinal 
phagocytes and that chloroquine treatment affects turnover by 
inhibiting this internalization event (Lee et al., 2024; Lindsay-
Mosher et al., 2024). Therefore, it is possible that the collapse of 
anterior tissues is due to a failure to undergo normal turnover and 
maintenance through a similar mechanism. While chloroquine 
appeared to promote a faster degrowth rate and tissue lysis, no 
head regression phenotype was reported (Lee et al., 2024). This 

Fig. 3. Chloroquine affects photoreceptor 
regeneration and rate. (A) Schedule of 
starvation period, feeding, amputation and 
chloroquine treatment. Four groups of pla-
narians were starved for 14 days. The “Fed” 
group was fed on days 14, 16 and 18, while 
the “Starved” group was not fed on these 
days. Some groups were treated with 10 µM 
chloroquine or left untreated. Planarian heads 
were amputated and posterior fragments 
were monitored for tissue regeneration 
phenotypes every 24 h for the duration of 
the experiment. (B) Representative images 
at 6 dpa (top two rows) demonstrating the 
effects of chloroquine treatment on regener-
ating posterior fragments. In both “Fed” and 
“Starved” groups, chloroquine did not com-
pletely inhibit blastemal formation (brackets), 
but did negatively impact regeneration speed 
and photoreceptor regeneration. Fragments 
in bottom row exhibited head regression by 
14dpa following extensive blastemal growth. 
(C) Comparing the percentage of fragments 
containing regenerated photoreceptors be-

tween chloroquine-treated (closed circles) and untreated (open circles) groups over ten days. Each data point represents a daily average. N=4 independent 
replicates (9-10 animals per treatment per experiment). Error bars indicate standard error and probability values were calculated using analysis of variance 
with repeated measures using a General Linear Mixed Model (PROC GLIMMIX, SAS Studio 3.82). Scale bars: 500 µm.
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could be due to differences in the length of initial starvation time 
and/or concentration of administered chloroquine. Indeed, we did 
not observe tissue maintenance phenotypes at 1µM chloroquine.

			 
A gradient of Chloroquine sensitivity along the A/P axis

One possible mechanism by which autophagic flux controls 
anterior tissue maintenance and turnover is through interaction 
between anterior tissues and the nearby intestinal network (Lee et 
al., 2024). The rapid collapse of anterior tissues after chloroquine 
treatment highlights a greater role for autophagic-mediated turnover 
in anterior tissues than in posterior tissues. Therefore, we became 
interested in whether cells along the A/P axis exhibit different 
sensitivities to chloroquine-induced lysis and death. Planarian 
axial patterning is controlled by positional control genes (PCGs) 
that emanate primarily from muscle tissue and form morphogen 
gradients along all body axes (Cutie et al., 2017; Scimone et al., 
2017; Scimone et al., 2016). Members of conserved signaling 
pathways have been shown to control these patterning systems, 
and upregulation or downregulation of these signals leads to se-
vere patterning defects and failure to control normal neoblast fate 
(Petersen and Reddien, 2008, 2009). So, it would be reasonable 
to suggest that levels of autophagy-based turnover would vary 
along the A/P axis. We hypothesized that if this were the case, 
then isolated fragments along the A/P axis would exhibit different 
levels of lysis in response to chloroquine.

To assess whether chloroquine sensitivity varies across the 
A/P axis, we starved planarians for 14 days prior to the start of the 
experiment. Planarians were then amputated at four A/P positions 
to give rise to head, prepharyngeal, pharyngeal, postpharyngeal, 

and tail fragments (Fig. 4A). Fragments were then treated with 
chloroquine or left untreated, and the number of fragments that 
underwent lysis over time was recorded. We found that fragments 
underwent lysis at different rates according to their A/P position 
with lysis first observed in tail fragments (Fig. 4B). Lysis was ob-
served in a tail-to-postpharyngeal-to-pharyngeal-to-prepharyngeal 
order over time. Prepharyngeal fragments exhibited significantly 
less lysis in response to chloroquine suggesting that chloroquine 
sensitivity varies along the planarian A/P axis and that the prepha-
ryngeal region is more resistant to autophagy inhibition (Fig. 4D). 
Indeed, an average of 20% of prepharyngeal fragments underwent 
lysis by day 14 (Fig. 4C). This is compared to the number of tail 
(86.6%), postpharyngeal (90%), and head (70%) fragments that 
lysed during this time. In our experiment, head fragments appear 
to lyse independently of this A/P gradient.

Prepharyngeal resistance to autophagy inhibition could be due 
to high endogenous levels or a higher rate of autophagic flux in that 
region, thus partially masking the effects of chloroquine. Although 
a more direct observation using markers of autophagy will have to 
be performed, there are genes that are enriched in prepharyngeal 
tissues that lend support to this. Expression analyses indicate 
that the homolog of human sirtuin-1 (Smed-Sirt-1) is expressed 
broadly in neoblasts and differentiated cells but is enriched in the 
prepharyngeal region (Ziman et al., 2020). While knockdown of its 
function leads to a decrease in autophagy markers and growth, 
it does not disrupt regeneration. Conversely, promotion of sirtuin 
function with resveratrol treatment increases growth. Another 
study unveiled the function of a novel family of genes in triclads, 
called blitzschnell (bls), that are enriched in prepharyngeal secretory 

Fig. 4. Chloroquine sensitivity across 
the planarian anterior-posterior (A/P) 
axis. (A) Planarians were amputated 
to give rise to five fragments along 
the A/P axis (head, prepharyngeal, 
pharyngeal, postpharyngeal, and tail) 
and treated with chloroquine. Planar-
ian tissue lysis was monitored daily 
for two weeks. (B) Quantifications of 
percentage of planarian fragments 
(excluding head fragments for clarity) 
that underwent tissue lysis over time. 
N=3 independent replicates (9-10 ani-
mals per treatment per experiment). 
(C) Quantifications of percentage of 
planarian fragments that underwent 
tissue lysis by day 14. N=3 indepen-
dent replicates (9-10 animals per 
treatment per experiment). Error bars 
indicate standard error and probability 
values were calculated using analysis 
of variance with repeated measures 
using a General Linear Mixed Model 
(PROC GLIMMIX, SAS Studio 3.82). 
(D) Representation of a proposed 
gradient of chloroquine sensitivity in 
the planarian. Highest sensitivity is 
observed in tail fragments and tapers 
off towards prepharyngeal region. 
Prepharyngeal fragments were highly 
resistant to chloroquine’s effects on 
tissue lysis/death.
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cells (Pascual-Carreras et al., 2020). Proposed to act as a nutrient 
sensor, bls gene expression is induced by feeding and has been 
shown to balance cell proliferation, apoptosis, and cell size in a 
nutrient-dependent fashion. Although no autophagy role for bls 
genes has been reported, they have been shown to interact with the 
insulin/Akt/mTOR pathway, a well characterized upstream inhibi-
tor of autophagy and regulator of planarian tissue maintenance 
(González-Estévez et al., 2012; Oviedo et al., 2008; Tu et al., 2012).

We propose a model whereby an A/P gradient of autophagic-
based turnover in the planarian exists with the highest level pres-
ent in the prepharyngeal region. This would allow for preferential 
maintenance and turnover of anterior tissues in response to 
nutrient levels or other external stressors. This might explain why 
anterior tissue regression occurs in neoblast-deficient, chloroquine-
treated, and atg1 RNAi-treated planarians. Additionally, a gradient 
of autophagic turnover rate might explain why some flatworms 
have lost regenerative capacity in posterior regions but maintain 
it in the head, and how reversal of A/P patterning signals rescue 
regenerative potential (Liu et al., 2013; Sikes and Newmark, 2013). 
Pharmacological approaches that induce autophagy have been 
shown to improve regeneration in a variety of model systems. 
Treatment with rapamycin, resveratrol, and metformin, known 
inhibitors of the mTOR complex and activators of autophagy, im-
proves nerve, muscle, and liver regeneration in rodents and heart 
regeneration in zebrafish. This indicates that autophagy plays an 
instructive role in promoting tissue regeneration and maintenance 
and lends support to the possibility that therapeutically increasing 
autophagic-based turnover rate might promote regeneration in 
aging or regeneration-deficient tissues.

			 
Materials and Methods

Planarian care and chloroquine treatment
The CIW4 asexual strain of Schmidtea mediterranea was main-

tained in 1X Montjuïc salts (1.6mM NaCl, 1.0mM CaCl2, 1.0mM 
MgSO4, 0.1mM MgCl2, and 0.1mM KCl; pH 7.0) in MilliQ water at 
21°C (Cebrià and Newmark, 2005). Planarians were fed pureed 
calf liver once a week until the start of each experiment discussed 
below. Chloroquine treatment was conducted using chloroquine 
diphosphate salt (Sigma-Aldrich) diluted with 1X Montjuïc salts in 
MilliQ water. Tested concentrations ranged from 1µM to 100µM 
and were guided by previous studies done in hydra and mice. Each 
experiment reported in this study was performed using 10µM 
chloroquine. Microscopic images were obtained on an Olympus 
SZX10 stereomicroscope and cropped using ImageJ software.

			 
Chloroquine treatment in whole unamputated planarians

For each experiment, 20 planarians were starved for 40 days prior 
to being separated into two equal numbered groups. One group 
(“Fed”) was fed pureed calf liver on days 40, 42, and 44 while the 
other group (“Starved”) was not fed on those days. Both groups 
were treated with 10µM chloroquine in planarian water starting on 
day 46. Chloroquine was replaced every 48 hours for the duration 
of the experiment. We monitored planarians daily for head regres-
sion and lysis/death. This experiment was replicated three times.

			 
Chloroquine treatment in amputated planarians

For each experiment, 40 planarians were starved for 14 days prior 
to being separated into two equal numbered groups. One group 

(“Fed”) was fed pureed calf liver on days 14, 16, and 18 while the 
other group (“Starved”) was not fed on those days. On day 21, all 
planarians were transversely amputated anterior to the pharynx 
and both “Fed” and “Starved” groups divided into two equal num-
bered groups (“-Chl” and “+Chl”). While the “-Chl” groups were left 
untreated, the “+Chl” groups were treated with 10µM chloroquine 
in planarian water starting on day 21. Chloroquine was replaced 
every 48 hours for the duration of the experiment. We monitored 
planarians daily for blastema and photoreceptor regeneration. This 
experiment was replicated four times.

			 
Assaying chloroquine sensitivity along the anterior-posterior 
(A/P) axis

For each experiment, 20 planarians were starved for 14 days. 
On day 14, all planarians were transversely amputated along 
four amputation planes along the A/P axis, giving rise to head, 
pre-pharyngeal, pharyngeal, post-pharyngeal and tail fragments. 
10 control and 10 chloroquine-treated fragments from each A/P 
position were placed into their own container. While the control 
group was left untreated, the chloroquine-treated group was treated 
with 10 µM chloroquine in planarian water starting on day 14. 
Chloroquine was replaced every 24 hours for the duration of the 
experiment. We monitored planarians daily for tissue lysis/death. 
This experiment was replicated three times.

			 
Statistical analysis

In each experiment (i.e., starvation, amputation, and body region), 
containers that held planarians received the chloroquine treatment 
and served as the experimental unit (EU). Individual worms served 
as subsamples and data were expressed as a percentage using 
Mean and Standard Error across all trials (Replicates). Analysis of 
Variance with repeated measures was performed using a General 
Linear Mixed Model procedure (PROC GLIMMIX) in SAS Studio 
3.82 where Day (Time) was the Random Variable. We used an 
Autoregressive Covariance Matrix (AR(1)) and differences among 
treatment effects was explored using the PDIFF function within 
the LSMEANS statement.
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