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Abstract

Sweetened diets share commonalities with drugs of abuse, but studies comparing behavioral 

effects of different sweeteners are lacking. Common table sugar produces rewarding and 

withdrawal effects in planarians. We postulated that Splenda and Equal would produce similar 

responses and used a tetrad of behavioral assays to test this hypothesis. Acute exposure to a 

relatively high concentration (10%) of each sweetener produced stereotyped responses (C-shapes) 

and reduced motility, with Equal producing greater motor effects than sucrose or Splenda. In 

experiments testing for anxiogenic-like effects, planarians withdrawn from Splenda (1, 3%) or 

sucrose (1, 3%), but not Equal, and placed into a petri dish with dark and light compartments spent 

more time in the dark compared to water controls. In place conditioning experiments, both 

Splenda (0.01%) and sucrose (0.01%) produced an environmental preference shift. Maltodextrin 

(0.1%), a principal ingredient of Splenda and Equal, produced a significant preference shift. In 

contrast, sucralose, an indigestible polysaccharide contained in Splenda and Equal, was 

ineffective. Our data reveal that Splenda produces sucrose-like rewarding and withdrawal effects in 

planarians that may be dependent on maltodextrin and dextrose. The ineffectiveness of Equal may 

be due to the presence of aspartame, which is too water insoluble to test in our planarian assay, or 

to its bitter aftertaste that could mask any rewarding effects produce by maltodextrin or dextrose.
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1. Introduction

Sucrose produces behavioral and neurochemical effects in laboratory rats comparable to 

those produced by drugs of abuse, including conditioned place preference, locomotor 

sensitization, anxiogenic and depressant responses during forced abstinence, and 

enhancement of mesolimbic dopamine transmission [1–3]. Sucrose also produces a 

dopamine-dependent environmental preference shift and abstinence-induced withdrawal 

responses in planarians [16], which are the simplest living animals having bilateral 

symmetry and a CNS with cephalization [10]. Planarians utilize neurotransmitter systems, 

including glutamate, dopamine, serotonin, acetylcholine, and GABA [9], and display 

addictive-like behaviors including stereotypies, changes in motility, spontaneous withdrawal, 

behavioral sensitization, anxiogenic responses, and place conditioning, when exposed to 

drugs of abuse [6, 11–12]. Here, we compared behavioral effects of Splenda, Equal, and 

sucrose in planarians using a tetrad of behavioral assays, including anxiogenic and place 

conditioning assays that take advantage of the tendency of planarians to spend more time in 

dark environments [15]. We tested effects of the actual sweeteners, rather than the 

sweetening ingredients, to better model human exposure.

2. Experimental Procedures

2.1. Subjects and drugs

Planarians (Dugesia dorotocephala) were purchased from Carolina Biological Supply 

(Burlington, NC, USA). Sucrose was purchased from Sigma-Aldrich (St. Louis MO, USA). 

Splenda and Equal packets were purchased from Acme Markets. Drugs were dissolved in 

spring water. Concentrations were based on prior work [15].

Stereotypy and motility experiments—An individual planarian was placed for 5 min 

into a petri dish (5.5 cm diameter) containing Splenda (0.1, 1, 10%) or spring water. The 

dish was placed over graphing paper with gridlines spaced 0.5 cm apart. Motility counts 

were quantified as the number of gridlines crossed or recrossed over the 5-min exposure. C-

shaped movements, previously defined as stereotypical movements, were also quantified 

over the 5-min exposure interval [13–15]. Experiments were repeated with sucrose and 

Equal.

2.2. Light/dark experiments

An individual planarian was removed from its home jar and placed into a secondary jar 

(identical to their home jar) containing Splenda (0.1, 1, 3%) or spring water for 30 min. 

Each planarian was then removed and placed at the midline of a petri dish (5.5 cm diameter) 

containing spring water. A sleeve of black construction paper covered one half of the dish on 

the top, bottom and vertical sides to create a dark and ‘ambient’ light environment. Each 

planarian was given free access to roam the ‘ambient’ and dark sides of the dish, and time 

spent in each compartment was recorded over 10 min. Experiments were repeated with 

sucrose and Equal.
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2.3. Environmental place conditioning (EPC) experiments

An individual planarian was placed at the midline of a petri dish split into light/dark 

compartments (as described above) containing spring water. Time spent in the least-

preferred (or aversive) setting (light) was determined over a 5-min interval (pre-test). 

Planarians were then conditioned for 30 min with Splenda (0.01%) or spring water in the 

least-preferred environment followed by 30 min with spring water in the preferred 

environment (dark). Immediately following conditioning, planarians were placed at the 

midline of a petri dish containing just water and allowed free access to the light and dark 

sides of the dish for 10 min. Time spent in the drug-paired environment was again 

determined (post-test). The difference in time spent in the drug-paired environment was 

determined. Experiments were repeated with sucrose and Equal. Additional experiments 

were conducted with maltodextrin (0.1, 1, 3%) and sucralose (0.1, 1, 3%), which are two of 

the major individual ingredients of both Splenda and Equal.

2.4. Data analysis

Comparisons of group means (± S.E.M.) were evaluated by one- or two-way ANOVA 

followed by a Dunnett’s or Bonferroni test post-hoc test to identify group differences or a 

Student’s t-test. P < 0.05 was considered significant.

3. Results

3.1. Sweeteners produce motor effects

Two-way ANOVA revealed treatment [F(2, 101) = 3.501, P < 0.05] and concentration [F(2, 

101) = 10.25, P < 0.001] effects and a significant interaction [F(4, 101) = 2.642, P < 0.05] 

(Fig. 1A). Equal produced more C-shapes (6.86 ± 2.54) than sucrose (0.92 ± 0.57) (P < 

0.001) or Splenda (2.67 ± 0.74) (P < 0.05). Planarians tested in spring water did not display 

C-shapes. Decreased motility was detected only at a concentration of 10% for both Equal 

and Splenda, which coincided with enhanced C-shape activity [compound (percentage of 

water control: Equal (17 ±3.04%) (P < 0.5); Splenda (31 ± 4.41%) (P < 0.001)]. Sucrose did 

not reduce motility (0.1–10%) tested (P > 0.05). (data not shown).

3.2. Splenda or sucrose withdrawal produces anxiogenic-type responses

One-way ANOVA revealed a main effect for sucrose [F(3, 44) = 7.076, P < 0.001] (Fig. 1B) 

and Splenda [F(3, 47) = 24.46, P < 0.0001] (Fig. 1C) but not Equal [F(3, 44) = 0.3889, P > 

0.05] (Fig. 1D). Planarians pretreated with sucrose and tested in spring water spent more 

time in the dark relative to sucrose-naïve planarians (1%, P < 0.001 and 3%, P < 0.05). 

Similarly, Splenda-withdrawn planarians tested in spring water spent more time in the dark 

compared to Splenda-naïve planarians (1%, P < 0.001 and 3%, P < 0.001).

3.3. Splenda and sucrose produce environmental place conditioning (EPC)

For the experimental set, 96% (72/75) of planarians spent more time in the dark versus light 

compartment during the pre-test. Planarians conditioned with Splenda (0.01%) displayed 

EPC (i.e., spent more time in ambient light after conditioning than before conditioning) 
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compared to water controls (P < 0.05, Student’s t-test) (Fig. 2A). Equal (0.01–1%) did not 

produce place conditioning effects (P > 0.05) (Fig. 2C).

Sucrose (0.01%) conditioning also produced EPC compared to sucrose-naïve planarians (P < 

0.5, Student’s t-test) (Fig. 2B). It should be noted that in our earlier study [16] 1% sucrose 

produced significant EPC relative to water controls, but a lower concentration of 0.1% did 

not reach statistical significance. In the present experiments, 0.01% did produce significant 

CPP relative to water controls. The difference between the two studies is most likely due to 

variability in the water control groups. A similar degree of variability is also observed in rat 

and mouse studies (i.e., the control group should theoretically be ‘zero’ but is normally 

going to present as a negative or positive shift). For the 0.01% concentration of sucrose 

tested here, the preference shift was 96 and the water control group was −6.5. In the earlier 

study, the 0.1% group (0.01% was not tested) showed about a 60 second preference shift and 

the water control was approximately 20. Therefore, concentrations of sucrose in the 0.01 to 

1% range all produce a preference shift, but differences between the water control groups 

can ultimately affect the significance level.

3.4. Maltodextrin, but not sucralose, produces environmental place conditioning (EPC)

For the maltodextrin experiments, one-way ANOVA revealed a significant main effect [F(3, 

44) = 4.52, P < 0.01] (Fig. 3A). Planarians conditioned with a concentration of 0.1% 

maltodextrin displayed a significant environmental shift compared to water controls (P < 

0.05). Higher concentrations of maltodextrin (1, 3%) were ineffective. In contrast, sucralose 

did not produce significant EPC at any of the concentrations tested [F(3, 44) = 0.4263, P > 

0.05] (Fig. 3B).

4. Discussion

Splenda produced place conditioning, suggest of a rewarding of drug-seeking effect, and an 

anxiogenic-like response following spontaneous withdrawal. The efficacy of Splenda, as 

well as its motor effects at a higher concentration, was similar to sucrose [16]. The main 

ingredient of Splenda is sucralose, which is approximately 1000-fold sweeter than sucrose 

[5]. Sucralose is made by replacing three hydrogen-oxygen groups on the sucrose molecule 

with three chlorine atoms, yielding an intense sweetener that activates the same taste buds as 

sucrose, which may explain its sucrose-like rewarding, drug-seeking and withdrawal effects 

in planarians.

Samples of Splenda, Equal and related artificial sweeteners do not list amounts or relative 

ratios of each of the individual components. However, Splenda and Equal do contain 

maltodextrin and dextrose, which are both easily digestible and readily absorbed in humans. 

For Splenda, which did produce significant place preference in our experiments, we 

conducted subsequent experiments identify which of the individual components were 

responsible for Splenda’s efficacy. We postulated that the place preference effects of Splenda 

must be due to one or more of the following ingredients – maltodextrin, dextrose or 

sucralose. In prior work, we showed that dextrose (glucose) produced significant place 

preference in planarians [16]. Here, our results indicated that maltodextrin, similar to 

dextrose, produced significant preference, with a concentration of 1% producing 
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approximately a 6-fold shift in preference relative to water controls. In contrast, sucralose, 

tested across the same concentration range, was ineffective. The lack of efficacy of sucralose 

could be due to the fact that is indigestible, at least in humans. Interestingly, lactulose, 

another indigestible carbohydrate, also does not produce CPP in planarians [16].

Equal caused greater stereotypical activity and motor deficits than Splenda or sucrose but 

did not produce rewarding or withdrawal effects. A principal difference in constituency 

between Splenda and Equal is that Splenda contains sucralose whereas Equal contains 

aspartame and acesulfame potassium, both of which are approximately 200-fold sweeter 

than sucrose. It is possible that observed differences between Splenda and Equal relate to 

how their specific sweetening ingredients are catabolized rather than the relative sweetness 

of each ingredient. Sucralose is not considerably catabolized by humans, but aspartame is 

catabolized into phenylalananine, methanol and aspartate [8]. Aspartate, like glutamate, is an 

excitatory amino acid that produces C-shape behaviors and changes in motility in planarians 

[13, 14]. The breakdown of aspartame into aspartate may have contributed to Equal’s 

stereotypical and motor effects that, in turn, created an aversive state that counteracted, or 

masked, the rewarding effects of maltodextrin and dextrose. It should be noted that 

movement disorders in humans have also been reported following aspartame consumption 

[4]. We considered the idea of testing aspartame by itself, to determine if it did produce 

aversive effects in planarians, but aspartame is highly lipophilic and relatively water 

insoluble, physiochemical properties that limit experimentation in the ‘aquatic’ planarian 

assay.

Another principal difference between Splenda and Equal is that Equal, at least in humans, is 

associated with a bitter aftertaste. Although it is unknown whether or not planarians express 

sweet taste receptors, it has been suggested that they possess chemosensory neurons and a 

taste sensory organ [17]. Therefore, it is conceivable that planarians, like humans, detect a 

bitterness during Equal exposure that masks any potential rewarding effects of maltodextrin 

and dextrin. Since Splenda is not associated with a bitter taste, the maltodextrin and dextrose 

can combine to produce rewarding effects in planarians that present as a shift in place 

preference.

In conclusion, Splenda, but not Equal, produced sucrose-like behavioral effects in planarians 

suggestive of an addictive-like phenotype. Differences between Splenda and Equal may 

relate to catabolism and metabolites, although planarian pharmacokinetics is poorly defined. 

Future studies will investigate underlying dopaminergic and pharmacokinetic mechanisms, 

examine effects of the specific sweetening ingredients, and study additional sweeteners, 

including saccharin, which is reported to be more reinforcing than cocaine or heroin in rats 

[7].
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Research Highlights

• Artificial sweeteners were compared with sucrose in planarians.

• Splenda produced sucrose-like rewarding effects in a place 

conditioning assay.

• Splenda produced sucrose-like anxiogenic effects following 

spontaneous withdrawal.

• Splenda, Equal and sucrose produced motor effects at higher 

concentrations.

• Maltodextrin, but not sucralose, produced rewarding effects.

• Equal did not produce rewarding and withdrawal effects.

Ouyang et al. Page 7

Neurosci Lett. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Splenda and sucrose produce withdrawal-induced anxiogenic effects
(1A) Planarians were exposed to different concentrations (0.1, 1, 10%) of sucrose, Splenda 

or Equal for 5 min and the number of C-shapes was recorded. N=12–14 planarians/

group. ***P < 0.001 or *P < 0.05 compared to 10% Equal. (1B–1D) Planarians were 

pretreated for 30 min with sucrose, Splenda or Equal and then tested in spring water for 10 

min for time spent in the light or dark. N=11–12 planarians/group. ***P < 0.001 or *P < 0.05 

compared to respective water control.
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Fig. 2. Splenda and sucrose produce place conditioning effects
(2A) Paradigm of EPC testing procedure. (2B–2D) Data are expressed as a difference score 

(post-test minus pre-test for time spent in light). N=12–14 planarians/group. *P < 0.05 

compared to respective water control.
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Fig. 3. Maltodextrin, but not sucralose, produces place conditioning effects
Planarians were conditioned with either maltodextrin (3A) or sucralose (3B). Data are 

expressed as a difference score (post-test minus pre-test for time spent in light). N=12 

planarians/group. *P < 0.05 compared to respective water control.
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