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ABSTRACT

Excess weight is a major risk factor for type-2 diabetes, cardiovascular disease, and other comorbidities. Animal models
of feeding provide insight into the problem and provide a means for the discovery and evaluation of pharmacotherapeu-
tic treatment. Mammalian models are the most commonly used, but recently non-mammalian models have been utilized
(e.g., C. elegans). Planarians provide an intermediate model. They are the earliest extant animal with a primitive
brain-like structure and are a convenient model of mammalian behavioral endpoints and drug-induced effects. The pur-
pose of the present study was to determine if a quantitative measure of presumptive feeding behavior could be visual-
ized using an imaging technique. Colored food pellets were prepared and in some experiments, plasmid-delivered green
fluorescent protein was added. Both visible and fluorescence microscopy displayed clear indication of internalization of
the red dye and localization to the digestive system. This new methodology establishes a convenient way to study nor-
mal physiological feeding behavior as well as modifications induced by drugs or other exogenous substances.
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1. Introduction

It is estimated currently that there are nearly 100 million
people who are either overweight or obese (overweight
defined as having a body mass index (BMI; weight (kg)/
height (m)?) > 25; obese defined as having a BMI of > 30
kg/m’® [1] just in the United States population alone [2].
Such conditions are major healthcare concerns because
as weight increases to reach the levels defined as over-
weight and obese, there is a substantially increased risk
of morbidity from hypertension, dyslipidemia (e.g., high
total cholesterol or high levels of triglycerides), type-2
diabetes, stroke, osteoarthritis, liver and gallbladder dis-
ease, sleep apnea and respiratory problems, chronic low-
grade inflammation, gynecological problem (e.g., ab-
normal menses and infertility) and cancer (e.g., endo-
metrial, breast, prostate, and colon) among others [3].
Epidemiological data show modest increases in morbid-
ity with BMIs > 25 kg/m® and even greater mortality rate
increases (up to double) with BMIs > 30 kg/m’ [4]. The
conditions represent major contributors to cost to the
healthcare system [5] and to preventable death [6].

There is thus a medical need for effective interventions,
including pharmacotherapeutic, to prevent or manage
BMI of > 25 kg/m” [1]. Several attempts to achieve good
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efficacy and safety with only low occurrence of adverse
events (AEs) have not been completely successful. For
example, in 1997 the Food and Drug Administration
(FDA) requested the voluntary withdrawal of dexfenflu-
ramine and fenfluramine from the market because of a
reported association between cardiovascular AEs and the
use of either dexfenfluramine or fenfluramine alone or in
combination with phentermine. Sibutramine was with-
drawn for similar reasons. Orlistat (tetrahydrolipstatin),
which is the sole prescription weight-loss drug available
in the United States as of this writing, is a lipase inhibitor
currently available in prescription and nonprescription
formulations, but it produces unpleasant gastrointestinal
AEs in some people. As we recently reviewed, there is
considerable evidence for an anorexigenic action result-
ing from CB,; cannabinoid receptor competitive inhibit-
tion of endogenous agonist ligand binding or the inhibit-
tion of constitutive activity by rimonabant and other
compounds [7-9]. However, shortly after the European
Medicines Agency’s call for withdrawal of rimonabant
from the market in 2008 (due mainly to psychiatric AEs),
it was withdrawn from application to the FDA [10].
More recently, an FDA advisory panel recommended
approval of QNEXA (a combination of topiramate and
phentermine), but the drug’s sponsor will likely be re-
quired to have patients take monthly pregnancy tests (to
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avoid the possibility of birth defects), restrict drug dis-
tribution to a small number of registered pharmacies, and
have healthcare providers go through special training
regarding the drug’s relative benefits and risks.

Future advances will benefit from investigation of
novel compounds using animal models. A recent review
discusses the drawbacks of using rodent research in obe-
sity and describes a model using C. elegans [11]. We
have previously published on the utility of planarians for
a variety of endpoints in pharmacologic research [12,13].
We here extend this series of studies to describe a simple
and convenient model of feeding in planarians that can
be used to evaluate the anorexigenic potential or action
of substances.

2. Materials and Methods
2.1. Animals

The planarians (Dugesia dorotocephala) were purchased
from Carolina Biological Supply Company (Burlington,
NC, USA). They were acclimated to ambient room tem-
perature (21°C) and were tested within two days of re-
ceipt.

2.2. Plasmid Prep and Bacterial Transformation

The procedure similar to that previously described [14]
was used. Plasmid pEGFP-C1 (Invitrogen, Carlsbad, CA)
encoding an enhanced green fluorescent protein (EGFP)
in which the expression of EGFP mRNA was driven by
the immediate-early cytomegalovirus (CMV) promoter
was prepared according to the manufacturer’s instruct-
tions. Chemically competent E. coli bacterial cells TOP10
(Invitrogen) were transformed with pEGFP-C1 using the
heat shock procedure. Single kanamycin-resistant colo-
nies were grown in LB medium in the presence of 30 pug/
mL kanamycin overnight. About 2 mL of the overnight
bacterial culture was spun at 5000 x g for 10 min at 4°C,
and supernatant was removed by aspiration.

2.3. Pellet Preparation

Approximately 250 mg of fresh beef liver was homoge-
nized (glass-teflon homogenizer) in water (1:1 w/v). Se-
parately, 0.1 g ultra-low gelling temperature agarose
(Sigma Aldrich, St. Louis, MO) was melted by heating in
9.9 mL water in a microwave oven and then kept at 37°C
to prevent solidification. About 25 uL of liver homoge-
nate, 25 pL melted agarose, and 0.7 pL red food coloring
was added to the bacterial pellet. Droplets (10 pL) of the
mix were applied on a Parafilm layer placed on ice, and
left to solidify for about 30 min.

2.4. Behavioral Procedure

Planarians were placed individually into a Petri dish
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(diameter = 5.1 cm) containing 10 mL tap water (with
AmQuel water conditioner, Kordon LLC, Hayward CA)
and food pellet for a 15- or 30-min period. The time each
planarian spent on the pellet was recorded. Each planar-
ian was then placed on a standard microscope slide and
was examined at 4% or 10x magnification 15-min later.
Fluorescence was registered using epifluorescent mi-
Croscopy.

3. Results
3.1. Feeding

The Planarians were observed during the 15-minute ob-
servation period and the amount of time that each pla-
narian spent at the food pellet exhibiting presumptive
feeding behavior was recorded. Presumptive feeding be-
havior was defined as the planarian in contact with the
food pellet with its proboscis visible/extended, and no
movement away from the pellet. In the absence of a food
pellet, planarians swam at a nearly constant locomotor
velocity (exhibiting normal exploratory-like behavior)
[12]. In the presence of the food pellet, of the total 900 s
of observation period (maximal possible time), the pla-
narians (N = 16) spent 203 + 47 s (mean + s.e.m.) (23 +
5%) engaging in presumptive feeding behavior.

3.2. Imaging

In order to determine if planarian proximity to the food
pellet, proboscis visible/extended, and interruption of
normal spontaneous locomotor activity was associated
with feeding behavior, as opposed to some other (such as
orientation or attentive behavior to a novel stimulus), a
different group of planarians were allowed to feed on the
colored-dye pellet for 30 minutes and then were placed
onto a standard microscope slide. No fixative was used;
the area adjacent to the planarian was blotted dry in order
to restrict movement to the field of view.

Visible-light photomicroscopy (Figures 1(a)-(g)) veri-
fied that the planarians were feeding—as was indicated
by the presence of red dye localized to the digestive
system. Transgenic expression of EGFP in planarians fed
with bacteria transformed with EGFP-coding construct

was reliably detected by epifluorescent microscopy (Fig-
ure 1(h)).

4. Discussion

Obesity is recognized as a healthcare problem and in-
creasingly as a risk factor for conditions that increase
morbidity and mortality. A benefit/risk evaluation suggests
the inclusion of a pharmaco-therapeutic intervention in a
comprehensive care management plan, particularly in
combination with non-pharmacologic approaches or if
the latter have not been entirely successful.
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Figure 1. Representative photomicrographs of planarians after presumptive feeding of a colored food pellet (see text for de-
tails): (a) Normal locomotor activity; (b) Eye region, visible light, 4x magnification, wide angle; (c) Same as in (a), but mid-
body; (d) Same as in (a), but caudal; () Through (g) 10x magnification showing coloration in digestive tract; (h) Fluores-
cence showing the localization of the fluorescent probe to the planarian digestive system.

Several advances have been made in the understanding
of the physiological processes involved in obesity and
new therapies have been tested. To date, no therapy has
been found to have the efficacy and safety to fully satisfy
the need. Thus, additional testing is needed to screen and
evaluate novel anorexigenic substances. Animal models
are an important part of this overall process. A recent
review describes the benefits of using a non-mamallian
model, C. elegans, for this purpose [11]. As described,
fat processing in C. elegans can be studied using lipid
affinity dyes (e.g., Nile Red, Sudan black, or Oil Red O)
and quantifying the visual or fluorescence intensity of
accumulated dye through the animal’s transparent body
or by using biochemical assays and other methods [15-
18]. For example, exposure of C. elegans to clozapine,
olanzapine, or quetapine, but not to fluphenazine, results
in fat accumulation, consistent with the effects produced
by these drugs in humans [19].

We have previously demonstrated that planarians are a
convenient yet robust model for studying the effects of
drugs on a variety of behavioral endpoints [12,20-24]. As
with C. elegans, the planarian model provides an excel-
lent transition from in vitro methods into higher animal
models. In the present study, this work was extended to a
convenient and robust method for observing and quanti-
fying feeding behavior in a planarian model. The ob-
served presumptive feeding activity was verified using
both visual and fluorescence microscopy. We demon-
strated the transgenic expression of a foreign protein
(EGFP) driven by CMV viral promoter in planarians.
This result opens a way to genetically modify planarians,
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and to test the effects of genetic variability on physio-
logical response in this model organism. In this study, the
microscopy was used simply to visualize and confirm
that feeding was occurring. The fluorescent was not
quantified in this study, but could be done. However, the
simple measurement of time spent feeding appears to be
a sufficient and convenient metric for quantitative study.
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