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a b s t r a c t
Background: Nicotine is one of the world’s most addictive substances and the primary reason that humans
inhale tobacco smoke. The pharmacological effects of nicotine can be investigated in planarians, aquatic
ﬂatworms that possess an integrated neural network including cephalic ganglia that some consider the
earliest ‘brain’ and spinal cord. Here, we tested the hypothesis that nicotine exposure elicits mammalianlike behaviors in planarians.
Methods: Planarian motility and stereotypy (C-shape hyperkinesias) were quantiﬁed following acute nicotine exposure. During repeated nicotine exposure, we investigated the presence of withdrawal, tolerance,
behavioral sensitization, and environmental place conditioning.
Results: Acute nicotine exposure increased stereotypical activity and elicited biphasic effects on motility. A
low concentration (0.01 mM) increased motility whereas higher concentrations (0.3–10 mM) elicited the
opposite effect. Planarians exposed to nicotine (0.03 mM) for 60 min and then tested in water displayed
reduced motility that was not observed during exposure to water, acute nicotine, or continuous nicotine.
Nicotine-treated planarians withdrawn from the drug for 3 days before being challenged with nicotine
displayed behavioral sensitization at low concentrations (0.1, 0.3 mM) but tolerance at higher concentrations (1, 3 mM). Planarians conditioned with nicotine in the ambient light (non-preferred environment)
displayed a reduction in their natural preference for a dark environment.
Conclusions: The present results suggest nicotine elicits mammalian-like effects in planarians, including decreased motility and increased stereotypy following acute administration and abstinence-induced
withdrawal, behavioral sensitization, tolerance, and place conditioning during repeated exposure.
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Nicotine addiction is characterized by compulsive tobacco use,
loss of control over tobacco consumption despite its harmful
effects, the appearance of withdrawal symptoms upon cessation of
tobacco smoking, and relapse after periods of abstinence (McLellan
et al., 2000). Most smokers wish to discontinue tobacco consumption, but relapse rates are as high as 80% one year after the quit date,
even with the use of pharmacological and non-pharmacological
therapies (Dwoskin et al., 2009). When administered to rodents,
nicotine produces pharmacological effects that are consistent
with most other addictive substances. Acute nicotine administration produces hyperactivity in rats (Jerome and Sanberg, 1987).
Rats exposed repeatedly to nicotine, then a period of abstinence,
and then reintroduced to nicotine, display an enhanced hyper-
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activity compared to the increase in activity produced by initial
exposure (Schoffelmeer et al., 2002). The augmented behavioral
response is deﬁned as behavioral sensitization (reverse tolerance)
(Vanderschuren and Kalivas, 2000; Narendran and Martinez, 2008).
Following repeated nicotine administration in rats, a withdrawal
syndrome can be evoked by abrupt discontinuation of nicotine
exposure or administration of a nicotinic antagonist (Kenny and
Markou, 2001). The rewarding and reinforcing effects of nicotine
in rats are commonly studied in the conditioned place preference
and self-administration procedures (Le Foll and Goldberg, 2005)
As part of our ongoing investigation into drug action and
abuse issues using the planarian model (Raffa and Rawls, 2008),
the present study investigated the pharmacological effects of
nicotine in planarians, ﬂatworms that possess a primitive, yet
centralized, nervous system (cephalic ganglia and spinal processes) and utilize neurotransmitter systems, including glutamate,
dopamine, serotonin, acetylcholine, and GABA (Eriksson and
Panula, 1994; Vyas et al., 2010; Nishimura et al., 2010). Planarians
display mammalian-like behaviors during exposure to addictive
substances that include enhanced motility and stereotypical activity; abstinence-related withdrawal; behavioral sensitization to
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2. Methods
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2.1. General methodology
Planarians (Dugesia dorotocephala) were purchased from Carolina Biological
Supply (Burlington, NC, USA), acclimated to room temperature (21 ◦ C), and tested
within three days of receipt. Nicotine hydrogen tartrate salt was purchased from
Sigma–Aldrich (St. Louis, MO).
Nicotine solutions were prepared daily in tap water containing AmQuel®
water conditioner (sodium hydroxymethanesulfonate) (1 ml Amquel per 1 gallon of water). All behavioral experiments were conducted in plastic petri dishes
(5.5 cm diameter) containing water or nicotine under room temperature conditions.
Each experiment used independent groups of planarians that were not reused for
additional experiments. Behavioral observations were conducted by a well-trained
experimenter who was blinded to treatment. All experiments were conducted
between 1 PM and 5 PM
2.2. Behavioral experiments

Experiment 1 (: Does acute nicotine exposure affect planarian motility and stereotypical activity?). Individual planarians were placed into a petri plastic dish (5.5 cm
diameter) containing different concentrations of nicotine solution (0, 0.01, 0.03, 0.1,
0.3, 1, 3, 10 mM). The dish was placed over paper with gridlines spaced 0.5 cm apart.
Motility counts were quantiﬁed as the number of gridlines crossed or re-crossed
over a 5-min observation interval (Raffa and Valdez, 2001). Stereotypical counts
were deﬁned as the number of C-like hyperkinesias during the same 5-min interval
(Rawls et al., 2009). Prior work has demonstrated that motility and C-shape hyperkinesias displayed by planarians are not caused by changes in the pH or osmolarity
of the solution (Rawls et al., 2009).
Experiment 2 (: Does the condition of nicotine abstinence produce withdrawal in planarians?). Physiological dependence is present when the withdrawal of a drug
produces symptoms and signs that are frequently the opposite of those produced
when the drug is present (O’Brien, 2006). It is thought that the organism adjusts to a
new level of homeostasis during the period of drug exposure and reacts in opposite
fashion when the new equilibrium is disturbed by removal of the drug. The presence
of a withdrawal symptom or sign is the hallmark characteristic of physical dependence. Prior work has demonstrated that planarians display a reduction in motility
(grid crossings) following spontaneous discontinuation of extended exposure to
addictive substances such as cocaine, amphetamine, methamphetamine, cannabinoids, opioids, and benzodiazepines (Raffa and Rawls, 2008). We routinely use this
endpoint (reduced motility) to quantify the condition of abstinence-induced withdrawal. In the present experiments, individual planarians were tested in nicotine
(0.03 mM) or water for 60 min. Planarians from both the nicotine- and waterpretreated groups were then placed into a petri dish containing nicotine (0.03 mM)
or water for 5 min, and motility counts during this 5-min exposure were quantiﬁed
as described above.
Experiment 3 (: Does repeated nicotine exposure elicit sensitization or tolerance in
planarians?). Individual planarians were treated with nicotine for 5 min (0.1, 0.3,
1, 3 mM) in three different test sessions: initial exposure (day 1); second exposure, 120 min later on day 1 (day 1 ); and challenge exposure on day 4. C-shape
hyperkinesias were quantiﬁed over each 5-min interval
Experiment 4 (: Does nicotine induce environmental place conditioning in planarians?).
It is well established that planarians prefer a dark versus a light environment. When
given a choice between the two environments, they will typically spend about 90%
of the time in the dark (Raffa et al., 2003).
Therefore, we used a biased placed conditioning design to test the hypothesis that planarians conditioned with nicotine in the ambient light (non-preferred
environment) – but not in the dark (preferred environment) – display a subsequent
shift in their normal preference for the dark. The experimental design consisted of
conditioning and test phases (see Fig. 4 for description). During conditioning, petri
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cocaine; cross-sensitization to cocaine and glutamate; and conditioned place preference to methamphetamine (Kusayama and
Watanabe, 2000; Raffa et al., 2008; Raffa and Valdez, 2001; Raffa
and Rawls, 2008; Rawls et al., 2006, 2007, 2008, 2009; Venturini
et al., 1989; Umeda et al., 2005; Palladini et al., 1996; Pagán et al.,
2008, 2009; Rowlands and Pagán, 2008a). Two studies demonstrated that acute nicotine exposure alters stereotypical activity
and motility and produces quantiﬁable withdrawal effects following cessation of exposure (Buttarelli et al., 2000; Pagán et al., 2009).
Here, we used multiple behavioral assays to further characterize
nicotine withdrawal in planarians and to test the hypothesis that
nicotine produces behavioral sensitization and place conditioning
in planarians.
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Fig. 1. Acute nicotine administration increases planarian motility and stereotypy.
Planarians were exposed to different concentrations of nicotine (0.01, 0.03, 0.1, 0.3,
1, 3, 5, 10 mM). Motility and stereotypical activity was quantiﬁed during 5 min of
nicotine exposure and presented as mean activity counts ± S.E.M. in 5 min. **p < 0.01
compared to water control for stereotypical activity and ++ p < 0.01 compared to
water control for motility. N = 8 planarians per group.

dishes containing nicotine (0.1 mM) or water were placed in an ambient light or
dark environment. We covered the top and bottom of each petri dish with paper to
create a dark environment. Planarians were conditioned with water in the ambient
light for 10 min and then immediately conditioned with either water or nicotine in
the dark for 10 min [W(L)/W(D) group and W(L)/N(D) group]. Separate groups of
planarians were conditioned with nicotine in the ambient light for 10 min and then
immediately conditioned with either water or nicotine for 10 min [N(L)/W(D) group
and N(L)/N(D) group]. In a ﬁnal group of planarians, water was ﬁrst paired with the
dark environment for 10 min followed immediately by the pairing of nicotine with
ambient light for 10 min [W(D)/N(L)].
Two hours following conditioning, preference testing was conducted. Half of a
petri dish was covered on the top and bottom by paper to create a dark side and
ambient light side. Planarians were then placed at the midpoint of the petri dish
(i.e., in-between the dark and ambient light environments) containing water and
the amount of time spent on the dark and light sides of the dish during a 10-min
test interval was determined. Results from the place conditioning experiments were
presented as a preference score. The preference score was deﬁned as the difference
between the amount of time spent in the preferred environment (dark) during the
test phase and the amount of time spent in the non-preferred environment (ambient
light) during the test phase
2.3. Data analysis
Comparisons of group means (±S.E.M.) were evaluated by one-way ANOVA followed by a Dunnett’s post hoc analysis or, for the behavioral sensitization/tolerance,
two-way ANOVA (treatment, day) followed by a Bonferroni test for multiple comparisons. Values of p < 0.05 were considered statistically signiﬁcant.

3. Results
3.1. Acute nicotine alters planarian motility and stereotypical
activity
Planarians exposed to water (nicotine naïve) did not display
C-like hyperkinesias (i.e., stereotypical activity counts) (Fig. 1).
The lowest nicotine concentration that produced signiﬁcant Clike hyperkinesias was 1 mM and concentrations ranging from
1 to 5 mM concentration-dependently increased stereotypical
activity (p < 0.01 for 1, 3, 5 mM). The highest nicotine concentration, 10 mM, increased C-like hyperkinesias compared to the
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revealed a signiﬁcant drug effect [F(3, 28) = 447.6, p < 0.0001], day
effect [F(2, 56) = 25.11, p < 0.0001], and interaction [F(6, 56) = 60.71,
p < 0.0001]. A within-subjects ANOVA comparing group means
across days for the 0.1 mM [F(2, 21) = 23.81, p < 0.0001] and 0.3 mM
[F(2, 21) = 37.31, p < 0.0001] nicotine experiments indicated significant main effects. Post hoc analysis revealed that 0.1 mM nicotine
caused greater stereotypy on day 4 than on day 1 (initial exposure) (p < 0.001). A similar increase in stereotypical activity was
observed in planarians treated with 0.3 mM nicotine (p < 0.001).
For higher nicotine concentrations, a within-subjects ANOVA comparing group means across days for the 1 mM [F(2, 21) = 52.92,
p < 0.0001] and 3 mM [F(2, 21) = 66.46, p < 0.0001] nicotine experiments indicated signiﬁcant main effects. Post hoc analysis revealed
that 1 or 3 mM nicotine produced less stereotypy on day 4 than on
day 1 (initial exposure) (p < 0.001).
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3.4. Nicotine produces environmental place conditioning in
planarians
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Fig. 2. Nicotine (0.03 mM) produces abstinence-induced withdrawal behavior in
planarians. Planarians pre-treated with nicotine (N) or water (W) for 60 min were
then tested in N or water (W) for 5 min. Data are presented as mean motility
counts ± S.E.M. in 5 min. *p < 0.05 compared to W/W and ++ p < 0.01 compared to
N/W. N = 8 planarians per group.

water control group (p < 0.01), but the effect was less pronounced
than that observed with nicotine concentrations in the 1–5 mM
range. For motility experiments, planarians exposed to water
displayed 62.8 ± 1.7 motility counts over the 5-min observation
interval. One-way ANOVA revealed a signiﬁcant drug effect for
the motility data [F(8, 63) = 218.6, p < 0.0001] (Fig. 1). Compared
to the water control group, only the lowest nicotine concentration, 0.01 mM, signiﬁcantly increased motility counts (79.5 ± 2.5)
(p < 0.01). Higher nicotine concentrations (0.3, 1, 3, 5, 10 mM)
concentration-dependently decreased planarian motility counts
compared to water (p < 0.01).
3.2. The condition of nicotine abstinence results in a withdrawal
response
Planarian motility counts following nicotine abstinence, during continuous water or nicotine exposure, and during acute
nicotine exposure are presented in Fig. 2. One-way ANOVA indicated a signiﬁcant main effect for the data set [F(3, 28) = 8.447,
p = 0.0004]. Planarians pretreated with nicotine (0.03 mM) for
60 min and then tested in water (N/W) displayed lower motility
counts compared to: 0.03 mM nicotine-naïve planarians tested in
water (W/W) (p < 0.05); 0.03 mM nicotine-pretreated planarians
tested in 0.03 mM nicotine (N/N) (p < 0.01); and water-pretreated
planarians tested in 0.03 mM nicotine (W/N) (p < 0.01). Nicotinenaïve planarians tested in water (W/W) displayed motility counts
that were not signiﬁcantly different than the motility counts displayed by nicotine-pretreated planarians tested in nicotine (N/N)
or water-pretreated planarians tested in nicotine (p > 0.05).
3.3. Repeated, intermittent nicotine administration produces
sensitization and tolerance
Stereotypy of planarians exposed to nicotine (0.1, 0.3, 1, 3 mM)
twice on day 1 (1, 1 ) and then treated with the same nicotine
concentration on day 4 are displayed in Fig. 3. Two-way ANOVA

During the test phase, as expected, 100% of nicotine-naïve planarians [W(L)/W(D)] spent a greater amount of time on the dark
side (Fig. 4, schematic). Similarly, 100% of planarians conditioned
with 0.1 mM nicotine in both dark and ambient light environments
[N(L)/N(D)] spent more time in the dark during subsequent testing,
and 95% of planarians conditioned with nicotine in only the dark
environment [W(L)/N(D)] spent more time in the dark. However,
only 70% of planarians in which nicotine exposure was paired with
just the non-preferred environment (ambient light) during conditioning [W(D)/N(L)] spent more time in the dark during testing. The
reversed pairing during conditioning [N(L)/W(D)] produced similar effects with 65% of those planarians spending more time on the
dark side.
For each group we also calculated a preference score, the
difference between time spent in the preferred (dark) and nonpreferred (light) environments during testing (Fig. 4). One-way
ANOVA comparing mean preference scores indicated a signiﬁcant main effect [F(4, 96) = 4.644, p = 0.0019]. Planarians in which
nicotine conditioning was paired with ambient light during conditioning displayed a signiﬁcant reduction in preference for the
dark upon subsequent testing [p < 0.01 for N(L)/W(D) and p < 0.05
for W(D)/N(L)]. Preference scores were not affected by the order in
which nicotine was paired with the ambient light during conditioning (p > 0.05) [i.e., preference scores were not signiﬁcantly different
in the N(L)/W(D) and W(D)/N(L) groups].
4. Discussion
These results provide the ﬁrst evidence that nicotine produces behavioral sensitization, tolerance, and place conditioning
in planarians. We conﬁrm prior evidence that spontaneous discontinuation of nicotine exposure elicits a withdrawal syndrome and
acute nicotine administration increases motility and stereotypical
activity in planarians (Buttarelli et al., 2000; Pagán et al., 2009). The
nicotine effect on acute stereotypy was concentration-dependent,
with lower concentrations producing minimal effects and higher
concentrations eliciting marked enhancements. We quantiﬁed
planarian stereotypical activity as the frequency of C-shape hyperkinesias (Rawls et al., 2009, 2010a,b). The relation between C-shape
hyperkinesias displayed by planarians and stereotypy displayed by
rodents is unclear, but drugs that possess abuse liability in humans
often enhance stereotypical activity in rodents (Koob, 1992).
Acute nicotine exposure elicited bimodal effects on planarian
motility. Consistent with previous work in planarians and C. elegans (Pagán et al., 2009; Feng et al., 2006), higher concentrations
(0.3–10 mM) inhibited motility. Concentrations that produced the
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Fig. 3. Low concentrations of nicotine produce sensitization of stereotypical activity and high concentrations of nicotine produce tolerance to stereotypical activity. Planarians
were exposed to nicotine (0.1, 0.3, 1, 3 mM) twice on day 1 (120 min apart) and then re-exposed to the same concentration of nicotine for 5 min on day 4. Data are expressed
as mean stereotypy counts ± S.E.M. during 5 min of nicotine exposure versus day (1, 1 , 4). **p < 0.01 compared to the stereotypy counts produced by initial drug exposure (day
1). N = 8 planarians per group. Box) The percentage of the initial nicotine response (day 1) produced by nicotine challenge on day 4 is plotted versus log nicotine concentration.

greatest suppression in motility also caused the most pronounced
increase in C-shape hyperkinesias. It is interesting to note that the
lowest nicotine concentration (0.01 mM) caused a slight, but signiﬁcant, increase (about 126% of control) in motility that was not
observed in Pagán et al. (2009) study. Variations in experimental
design may account for the difference. For instance, Pagán et al.
(2009) measured planarian motility following a 15-min incubation
period with nicotine and then measured motility over an 8-min
test interval whereas we measured motility over a 5-min interval
without the utilization of an incubation period
Planarians displayed abstinence-induced withdrawal following
spontaneous discontinuation of nicotine exposure (Pagán et al.,
2009). The response to the abstinence condition observed here

was decreased motility, an endpoint we have used to quantify
planarian withdrawal to cocaine, amphetamines, benzodiazepines,
and opioids (Raffa and Valdez, 2001; Rawls et al., 2007, 2009).
We opted to test a nicotine concentration (0.03 mM) that lacked
acute effects on basal motility. Experiments revealed that only
those planarians spontaneously withdrawn from 0.03 mM nicotine
exposure displayed reduced motility. No other overt withdrawal
responses were observed, but, on the basis of prior work, it
can be predicted that such responses would be observed following withdrawal from higher nicotine concentrations. Pagán et al.
(2009) demonstrated that 0.1 mM nicotine produced four distinct planarian withdrawal responses: “HeadBops” (“nodding”-like
movements while gliding at the bottom of the dish), “HeadSwings”
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Fig. 4. Nicotine elicits environmental place conditioning in planarians. Table) The conditioning phase paired nicotine (N) (0.1 mM) or water (W) with the ambient light (L)
or dark (D) for 10 min. Preference testing was conducted 2 h later when planarians were placed for 10 min at the center of a petri dish containing water (half of dish was
covered on the top and bottom by paper to create a dark side and ambient light side). Data are presented as the (A) number of planarians (out of 20) that spent a greater
amount of time in the dark and (B) mean preference score (s) ± S.E.M. **p < 0.01, *p < 0.05 compared to W(L)/W(D). N = 20 planarians per group.
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(head rotation in the absence of gliding while the tail is ﬁxed to
the bottom of the dish), “TailTwists” (bending of the tail tip) and
“Corkscrews” (spiral rotation while ﬂoating/swimming). The presence of a withdrawal symptom or sign is the hallmark feature
of physical dependence, but the relevance of nicotine withdrawal
responses in planarians to nicotine physical dependence in mammals is unknown. One attractive feature of the planarian assay is
sensitivity as a quantiﬁable effect is present during the condition
of nicotine abstinence. It is often difﬁcult to detect withdrawal
signs or symptoms following spontaneous discontinuation of nicotine administration in mammals, although a well-documented
withdrawal syndrome comprised of somatic effects (e.g. forelimb
tremor, head twitches, jumps and piloerection) and affective signs
(e.g. anhedonia) is precipitated by administration of cholinergic
antagonists to nicotine-dependent rats (Kenny and Markou, 2001;
Malin, 2001). It is also possible that the reduced motility displayed
by planarians during the condition of nicotine abstinence reﬂects
a “depressive-like state”, similar to the immobility displayed by
nicotine-withdrawn rats in the forced swim assay (Chae et al.,
2008).
Nicotine sensitization and tolerance in planarians have not
been reported previously. Low concentrations produced sensitized
stereotypical responses in planarians exposed to nicotine twice on
day 1 and challenged with nicotine after 48 h of drug abstinence.
Planarians challenged with nicotine 120 min after initial exposure
did not display enhanced stereotypy, suggesting that detectable
sensitization was dependent on a minimum period of nicotine
abstinence or a minimum number of nicotine exposures. Tolerance
was detected following exposure to higher nicotine concentrations (1, 3 mM). Related work in C. elegans has demonstrated that
repeated, intermittent exposure to low nicotine concentrations
elicits behavioral sensitization whereas continuous, uninterrupted
nicotine exposure produces tolerance (Feng et al., 2006). Although
nicotine accumulation in planarians during repeated exposure may
have contributed to the sensitization and tolerance, this possibility is not supported by the observation that neither sensitized nor
tolerant responses were observed until planarians were withdrawn
from nicotine for 48 h. Further evidence that nicotine accumulation
was not a primary factor is that the opposing phenomena of sensitization and tolerance resulted from an identical experimental
protocol. Future neurochemical and pharmacokinetic studies are
planned to investigate nicotine accumulation and metabolism in
planarians.
The correlation between sensitization in planarians and mammals is unclear. Nicotine sensitization occurs in both rats and
mice (Vanderschuren and Kalivas, 2000). Nicotine doses as low as
0.1 mg/kg produce behavioral sensitization in rats but doses in the
0.4–0.6 mg/kg produce a more robust sensitized response (Domino,
2001; Villégier et al., 2003). These doses also fall within the range
used to demonstrate the rewarding effects of nicotine through selfadministration or conditioned place preference. Higher doses of
0.8 mg/kg or greater elicit profound locomotor depression, toxicity, seizures, and death in rats (Collins and Izenwasser, 2004).
Interestingly, doses of 0.4 mg/kg or 0.5 mg/kg, which are optimal
for producing sensitization in rats, failed to induce sensitization
in mice whereas mice did sensitize to a much smaller dose of
0.05 mg/kg (Itzhak and Martin, 1999; Kim and Kim, 1999). These
ﬁndings generally suggest that a more robust sensitized response
in rats and mice is favored by low doses of nicotine, a ﬁnding that
is consistent with the observed effects in planarians. Evidence that
humans develop sensitization to nicotine is quite limited. Part of
the difﬁculty in determining if sensitization occurs in humans is
a lack of knowledge about which physiologic or behavioral phenomena would be affected. In the only study that we could ﬁnd
in which nicotine sensitization was investigated in humans, nonsmokers exposed to three doses of nicotine daily for 8 days did not

display sensitization to gross motor coordination, working memory, attention, euphoria, drug liking, dysphoria, sedation, nausea,
psychomimetic symptoms, blood pressure, heart rate, or skin temperature (Heishman and Henningﬁeld, 2000). One application of
the present ﬁnding is that planarians may offer an attractive model
to study nicotine sensitization.
Environmental place conditioning was elicited by a concentration of nicotine (0.1 mM) that produced behavioral sensitization.
Because planarians have a natural preference for a dark environment, we used a biased place conditioning paradigm in which
nicotine exposure was paired with the non-preferred (ambient
light) environment. The hypothesis was that nicotine conditioning
in the non-preferred environment would attenuate the planarians
natural preference for the dark. Indeed, this is what we found. Not
surprisingly, all planarians that were either naïve to nicotine or
conditioned with nicotine in both the ambient light and dark spent
a greater amount of time in the dark. A similar result was displayed
by planarians conditioned with nicotine in the dark, as 95% of those
worms spent more time in the dark during testing. Planarians displayed a reduction in their natural preference for the dark in the
case in which nicotine was paired with ambient light during conditioning. Only 65–70% of these planarians spent more time in the
dark during testing. Preference was not dependent on the order
in which nicotine was paired with ambient light during conditioning (i.e., nicotine/light and water/dark pairings versus water/dark
and nicotine/light pairings produced shifts in preference). Thus, it
is unlikely that the shift in preference was due to prior association
with the condition of nicotine withdrawal [N(L)/W(D)]. It is worth
noting that nicotine does induce conditioned place preference in
rats (Le Foll and Goldberg, 2005), and that methamphetamine produces environmental place conditioning in planarians (Kusayama
and Watanabe, 2000).
In summary, we report that nicotine, as in mammals, produces behavioral sensitization, tolerance, abstinence-induced
withdrawal, and place conditioning in planarians. As such, they
provide a valuable model to study nicotine action, issues of abuse,
tolerance, and craving, and possible convenient screen for antinicotine agents.
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