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a b s t r a c t

No pharmacological therapy is approved to treat methamphetamine physical dependence, but it has been
hypothesized that serotonin (5-HT)-enhancing drugs might limit the severity of withdrawal symptoms.
To test this hypothesis, we used a planarian model of physical dependence that quantifies withdrawal
as a reduction in planarian movement. Planarians exposed to methamphetamine (10 �M) for 60 min,
and then placed (tested) into drug-free water for 5 min, displayed less movement (i.e., withdrawal)
than either methamphetamine-naïve planarians tested in water or methamphetamine-exposed planari-
ans tested in methamphetamine. A concentration-related inhibition of withdrawal was observed when
methamphetamine-exposed planarians were placed into a solution containing either methamphetamine
and 5-HT (0.1–100 �M) or methamphetamine and the 5-HT1A receptor agonist 8-hydroxy-N,N-
erotonin
-HT1A

dipropyl-2-aminotetralin (8-OH-DPAT) (10, 20 �M). Planarians with prior methamphetamine exposure
displayed enhanced withdrawal when tested in a solution of the 5-HT1A receptor antagonist N-[2-[4-
(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-pyridyl)cyclohexanecarboxamide (WAY 100635) (1 �M).
Methamphetamine-induced withdrawal was not affected by the 5-HT2B/2C receptor agonist meta-
chlorophenylpiperazine (m-CPZ) (0.1–20 �M). These results provide pharmacological evidence that
serotonin-enhancing drugs inhibit expression of methamphetamine physical dependence in an inver-

wal, p
tebrate model of withdra

barrier to identification of agents to treat methamphetamine
hysical dependence is the lack of a sensitive withdrawal measure

n mammals. Human trials rely on diverse endpoints, including dys-
horia, depression, anxiety, and psychomotor disturbances, that
re difficult to quantify [7,36]. Rodents develop methamphetamine
hysical dependence, but the associated withdrawal symptoms
re more difficult to quantify than opiate-induced withdrawal
henomena [6]. A simpler species that displays a quantifiable
bstinence-induced withdrawal response to psychostimulants is
lanarians, aquatic flatworms that utilize mammalian-relevant
eurotransmitters, such as serotonin (5-HT), dopamine, and
lutamate, that mediate addiction [4,15,17,25–31,39]. Metham-
hetamine produces alterations in 5-HT function in mammals

hich underlie its addictive properties [8,12,14,38]. Midbrain 5-HT
eurons innervate, and dampen the activity of, mesocorticolim-

bic dopamine neurons that are activated by methamphetamine
18,19,21,22]. Amphetamine-induced hyperactivity and behavioral
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ossibly through a 5-HT1A-like receptor-dependent mechanism.
© 2010 Elsevier Ireland Ltd. All rights reserved.

sensitization is attenuated by 5-HT1A receptor agonists, 5-HT1B
receptor antagonists, and 5-HT2A receptor antagonists [1,13,23,24].
These collective data suggest that 5-HT-enhancing drugs are
capable of managing addiction-related behaviors caused by
methamphetamine abuse. We hypothesized that planarians would
be an ideal organism to investigate this hypothesis because they
contain well-defined 5-HT system and display sensitive responses
to methamphetamine, including spontaneous withdrawal and con-
ditioned place preference [10,30,31]. We specifically determined if
methamphetamine withdrawal is affected by 5-HT, a 5-HT1A recep-
tor agonist (8-OH-DPAT), a 5-HT1A receptor agonist (WAY 100635),
or a 5-HT2B/2C receptor agonist (m-CPZ).

Planarians (Dugesia dorotocephala) were purchased from Car-
olina Biological Supply and tested within 72 h. Methamphetamine
was obtained from the National Institute on Drug Abuse. Seroton-
ergic compounds (5-HT, 8-OH-DPAT, WAY 100635, and m-CPZ)
were purchased from Tocris Bioscience. To quantify planarian
movement [25–31], individual planarians were placed into a clear

plastic petri dish (14-cm diameter) containing room-temperature
(21 ◦C) tap water treated with AmQuel® water conditioner. The
dish was located over paper with gridlines spaced 0.5 cm apart.
Planarian movement was quantified as the number of grid-
lines crossed or re-crossed over a 5-min observation period. The

dx.doi.org/10.1016/j.neulet.2010.08.027
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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Table 1
Methamphetamine (10 �M) produces abstinence-induced withdrawal. Planarians
pretreated with water (W) or methamphetamine (M) for 60 min were then treated
with W or M for 5 min. Planarian movement (±SEM) was quantified over the 5-min
treatment interval.

Pretreatment/treatment Planarian movement ± SEM N

W/W 81 ± 3.2 10
M/W 41 ± 1.7** 12
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Fig. 1. Serotonin (S) inhibits abstinence-induced methamphetamine withdrawal.
M/M 84 ± 3.8 10
W/M 90 ± 2.5 10

** P < 0.01 compared to W/W.

lanarian movement consists of constant-velocity, horizontal, and
orward-directed movement, with periodic turns, but rarely any
tops. The speed of movement is essentially constant for at least
0 min [25–31,33]. Prior to measurement of planarian movement,
ach organism was placed into individual 0.5 ml vials contain-
ng water or methamphetamine for 60 min. Planarians were then
laced for 5 min into one of the following: 5-HT (0.001–100 �M);
-OH-DPAT (0.1–20 �M); WAY 100635 (0.001–1 �M); or m-CPZ
0.1–20 �M). The concentration of methamphetamine used to
nduce abstinence-induced withdrawal, as well as concentrations
f 5-HT and 5-HT agonists/antagonists that do not affect planarian
ovement when given alone, were selected on the basis of prior

tudies [5,30,31]. Data were expressed as the mean (±SEM) of the
otal number of gridlines crossed by each planarian in the 5-min
est interval. Comparisons of group means were determined by a
ne-way ANOVA followed by a Bonferroni post hoc test. Values of
< 0.05 were considered statistically significant.

The withdrawal response described here is quantified as a
eduction in planarian movement. Drug-naïve planarians normally
ravel at a constant, apparently near-maximal speed, so the only
hange is slowing of the speed (movement). Although physiological
tresses can alter planarian movement, we have demonstrated that
he reduction in planarian movement is due to withdrawal from a
pecific drug and not some other factor, such as pH or osmolarity
25–31,33]. Equally important, we only describe withdrawal when
cute or continued exposure to the same concentration of drug does
ot decrease planarian movement.

Effects of both acute methamphetamine (10 �M) exposure and
ethamphetamine withdrawal on planarian movement are pre-

ented in Table 1. One-way ANOVA revealed a significant main
ffect [F(3, 38) = 68.09, P < 0.0001]. Planarians pretreated with
ethamphetamine and tested in water displayed movement that
as significantly less compared to methamphetamine-naïve pla-
arians tested in water (P < 0.01) but not significantly different

rom methamphetamine-pretreated planarians tested in metham-
hetamine (P > 0.05). Planarians that were pretreated with water
nd tested in water or methamphetamine did not display signifi-
antly different movement (P > 0.05).

Effects of increasing 5-HT concentrations (0.001, 0.01, 0.1, 1, 10,
nd 100 �M) on abstinence-induced methamphetamine (10 �M)
ithdrawal are presented in Fig. 1. One-way ANOVA revealed a sig-
ificant main effect [F(7, 56) = 5.590, P < 0.001]. Methamphetamine-
reated planarians that were withdrawn and tested in water
isplayed significantly less movement than methamphetamine-
aive planarians tested in water (P < 0.001). Movement displayed
y planarians treated with methamphetamine and then tested

n water was significantly lower than movement displayed by
ethamphetamine-exposed planarians tested in 5-HT (10 �M,
< 0.05 and 100 �M, P < 0.01). Additionally, in methamphetamine-

xposed planarians, movement was not significantly different
hen planarians were tested in water or 5-HT (10, 100 �M)

P > 0.05).
Effects of progressively increasing concentrations (0.1, 1, 10, and

0 �M) of the 5-HT1A receptor agonist 8-OH-DPAT on abstinence-
Planarians exposed to 10 �M methamphetamine (M) or water (W) for 60 min were
tested in W or serotonin (S) (0.001–100 �M) for 5 min (N = 7–9 planarians/group).
*P < 0.05, ***P < 0.001 compared to W/W and +P < 0.05, ++P < 0.01 compared to M/W.

induced methamphetamine (10 �M) withdrawal are presented in
Fig. 2. One-way ANOVA revealed a significant main effect [F(5,
42) = 7.576, P < 0.001]. Methamphetamine-treated planarians that
were withdrawn and tested in water again displayed significantly
less movement than methamphetamine-naive planarians tested
in water (P < 0.001). Movement displayed by planarians treated
with methamphetamine and then tested in water was significantly
lower than movement displayed by methamphetamine-exposed
planarians tested in 8-OH-DPAT (10 �M, P < 0.01 and 20 �M,
P < 0.001). Additionally, in methamphetamine-exposed planarians,
movement was not significantly different when planarians were
tested in water or 8-OH-DPAT (10, 20 �M) (P > 0.05).

Effects of progressively increasing concentrations (0.001, 0.01,
0.1, and 1 �M) of the 5-HT1A receptor antagonist WAY 100635
on abstinence-induced methamphetamine (10 �M) withdrawal
are presented in Fig. 3. One-way ANOVA revealed a significant
main effect [F(5, 45) = 23.94, P < 0.001]. Methamphetamine-treated
planarians that were withdrawn and tested in either water
or WAY 100635 (0.001, 0.01, 0.1, and 1 �M) displayed signifi-
cantly less movement than methamphetamine-naive planarians
tested in water (P < 0.001). However, in the case in which
methamphetamine-exposed planarians were withdrawn and
tested in the highest concentration (1 �M) of WAY 100635, move-
ment was significantly less than the movement displayed by
methamphetamine-exposed planarians that were withdrawn and
tested in water (P < 0.05). None of the concentrations of WAY
100635 (0.001, 0.01, 0.1, and 1 �M) significantly affected planarian
movement compared to water (P > 0.05) (Fig. 3, inset).

Effects of progressively increasing concentrations (0.1, 1, 10, and
20 �M) of the 5-HT2B/2C receptor agonist m-CPZ on abstinence-

induced methamphetamine (10 �M) withdrawal are presented in
Fig. 4. A one-way ANOVA indicated a significant main effect [F(5,
43) = 15.46, P < 0.001]. Methamphetamine-treated planarians that
were tested in either water or m-CPZ (0.1, 1, 10, and 20 mM) dis-
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Fig. 2. 8-OH-DPAT (5-HT1A agonist) inhibits abstinence-induced metham-
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Fig. 3. WAY 100635 (5-HT1A antagonist) enhances abstinence-induced metham-
phetamine withdrawal. Planarians exposed to 10 �M methamphetamine (M) or
water (W) for 60 min were tested in W or WAY 100635 (WAY) (0.001–1 �M) for
hetamine withdrawal. Planarians exposed to 10 �M methamphetamine (M) or
ater (W) for 60 min were tested in W or 8-OH-DPAT (DPAT) (0.1–20 �M) for 5 min

N = 7–10 planarians/group). *P < 0.05, **P < 0.01, ***P < 0.001 compared to W/W and
+P < 0.01, +++P < 0.001 compared to M/W.

layed significantly less movement than did methamphetamine-
aïve planarians tested in water (P < 0.001). Movement displayed
y planarians treated with methamphetamine and then tested in
ater was not significantly different than movement displayed by
ethamphetamine-exposed planarians tested in any of the con-

entrations of m-CPZ (0.1, 1, 10, and 20 �M) (P > 0.05), although
here was a trend toward significance displayed by the higher m-
PZ concentrations (1, 10, and 20 �M).

We provide evidence that abstinence-induced metham-
hetamine withdrawal in an invertebrate is inhibited by
-HT-enhancing agents. Expression of methamphetamine phys-

cal dependence was inhibited by administration of 5-HT or
y a 5-HT1A agonist (8-0H-DPAT) and slightly, but significantly,
nhanced by administration of a 5-HT1A antagonist (WAY 100635).
ethamphetamine-induced withdrawal was not affected by a 5-
T2B/2C agonist (m-CPZ), suggesting that the abstinence response
as selective for 5-HT1A compounds. A major role for 5-HT1A-like

eceptors in planarian methamphetamine physical dependence
s supported by evidence that planarians display characteristic
ehavioral responses following acute 5-HT exposure and express
-HT1A-like receptors that show partial homology to mammalian 5-
T1A receptors which contribute to the psychostimulant-induced
-HT response [3,32,34,36,37,39]. Four sequences of 5-HT recep-
ors in planarians, designated 5-HTpla1 to 5-HTpla4, have been
dentified in molecular biology studies, all of which are similar to
he human 5-HT1A receptor. The 5-HTpla1 receptor displays partial
omology to the human 5-HT1A, human 5-HT7 receptor, Xenopus 5-
T7, and Drosophila 5-HTdro1 receptor. Of the four planarian 5-HT
eceptors, the 5-HTpla4 receptor is the most abundantly expressed
nd displays partial homology to the human 5-HT1A, human 5-
T7 receptor, Xenopus 5-HT7, and Drosophila tyramine receptor.
eficits in 5-HT1A receptor function have been linked to addiction-

elated adverse effects of methamphetamine, including a clinical
5 min (N = 7–9 planarians/group). ***P < 0.001 compared to W/W and +P < 0.05 com-
pared to M/W. (Inset) WAY planarians were exposed to WAY (0.01–10 �M) for
5 min.

trial demonstrating that 5-HT1A receptor dysfunction is a causative
factor in methamphetamine-induced psychosis [9]. Neurochemi-
cal data indicate 5-HT1A receptor activation inhibits hyperactivity,
and prefrontal 5-HT release, produced by acute methamphetamine
administration and inhibits behavioral sensitization induced by
repeated methamphetamine exposure [1,23]. Furthermore, acti-
vation of 5-HT1A receptor-expressing neurons originating in the
midbrain diminishes the activity of mesolimbic dopamine neurons
activated by methamphetamine exposure [18,19,21,22].

Augmentation of methamphetamine withdrawal by a 5-HT1A
receptor antagonist suggests expression of methamphetamine
physical dependence is opposed by endogenous tone at 5-HT1A-
like receptors. The components required for such a compensatory
response are present in planarians as they synthesize 5-HT and
display at least four subtypes of 5-HT1A-like receptors [34,39]. In
mammalian studies, acute methamphetamine exposure increases
extracellular 5-HT in terminal substrates of the brain reward cir-
cuit (e.g., nucleus accumbens, prefrontal cortex) but the outcome
reverses during psychostimulant withdrawal, where a reduction
in limbic 5-HT activity is observed [19,35]. Thus, one expla-
nation for our results with WAY 100635 is that planarians
withdrawn from methamphetamine display decreased 5-HT activ-
ity that embellishes the withdrawal response. In the case in
which methamphetamine-withdrawn planarians are treated with
a 5-HT1A antagonist, blockade of 5-HT1A-like receptor activity

further inhibits 5-HT activity, thereby producing an exaggera-
tion of the withdrawal response. In the reverse case, in which
methamphetamine-withdrawn planarians are treated with a 5-
HT1A agonist (8-OH-DPAT), 5-HT activity is either elevated or
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Fig. 4. m-CPZ (5-HT2B/2C agonist) does not affect abstinence-induced metham-
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58 (2010) 452–456.
hetamine withdrawal. Planarians exposed to 10 �M methamphetamine (M) or
ater (W) for 60 min were tested in W or m-CPZ (0.1–20 �M) for 5 min (N = 7–10
lanarians/group). ***P < 0.001 compared to W/W.

estored, thereby reducing the severity of withdrawal. Future stud-
es will attempt to determine the effect of methamphetamine

ithdrawal on 5-HT activity in planarians, akin to in vivo micro-
ialysis experiments conducted in rats.

Insight into the relative contributions of pre- and post-synaptic
-HT1A receptors to methamphetamine dependence is not pro-
ided by the present results. Effects of pre- and post-synaptic
-HT1A receptors on methamphetamine addiction can be dis-
ociated in rats, with 5-HT1A autoreceptor activation enhancing
ddiction and post-synaptic 5-HT1A receptor activation oppos-
ng addiction [14]. Methamphetamine-induced addiction-related
ehaviors are believed to be shaped more by the ratio of limbic
-HT to dopamine levels rather than absolute levels of either neu-
otransmitter, with a greater 5-HT to dopamine ratio opposing
ddiction, and vice versa [2,14]. An enhanced 5-HT to dopamine
atio is achieved by activation of 5-HT1A receptors located on limbic
opamine terminals, which causes a direct reduction in extracellu-

ar dopamine, whereas 5-HT1A autoreceptor activation, by reducing
he level of extracellular 5-HT in limbic areas through inhibition of

idbrain 5-HT neuronal activity, shifts the ratio toward greater
opamine levels and thus enhances addiction-related behaviors
ollowing methamphetamine administration [1,23,24]. As more
nformation becomes available regarding the planarian genome,
t will be important to determine if a single, or multiple, 5-HT1A-
ike receptor subtypes are involved in psychostimulant physical
ependence and withdrawal in this species.

One promising application of the planarian withdrawal assay
s in vivo screening of potential abuse-deterrent compounds. The
ranslational capacity of the methodology needs to be further

elineated, but the ‘direction’ of the psychostimulant withdrawal
esponse in planarians and rats is similar. Planarians withdrawn
rom methamphetamine display reduced movement, and rats
ithdrawn from continuous administration of amphetamines dis-

[

[

etters 484 (2010) 113–117

play hypolocomotion [11,20,26,27,30,31,33]. The planarian assay
may also complement existing mammalian assays, such as the ele-
vated maze that determines the anxiety level of rats withdrawn
from repeated psychostimulant administration [16]. Advantages
of the planarian assay are: (a) amenability to screening therapeu-
tic candidates against different abused drugs, and combinations
of abused drugs, which are administered in exposure patterns
that mimic recreational and addictive drug use; (b) ability to
cost-effectively screen small amounts of synthetic compounds
of limited supply; (c) reduction of interpretive complications
caused by mammalian pharmacokinetics; and (d) less susceptibility
to higher-order confounders such as handling stress, testing-
environment familiarity, procedural stresses, and anticipation of
drug administration. One limitation of the model is that stimulants
do not significantly increase planarian movement or locomotion
following acute administration, which is different from the well-
documented behavioral activation that stimulants produce in rats
and mice. We believe this is because drug-naive planarians are
essentially moving at maximum speed, and that their acute expo-
sure to a stimulant is unable to further increase movement. Another
limitation of the planarian model is the lack of knowledge about
molecular targets, especially as it relates to the degree of homol-
ogy between addiction-related substrates in planarians, rodents,
and humans.

In conclusion, these results demonstrate that metham-
phetamine physical dependence in planarians is inhibited by a
5-HT1A agonist, but not by a 5-HT2B/2C agonist. Methamphetamine
withdrawal was enhanced by a 5-HT1A antagonist, suggesting that
5-HT1A-like receptor activity tonically opposes the withdrawal
response. These combined data provide a functional correlate to
previous molecular biology experiments and suggest that 5-HT1A-
like receptors regulate methamphetamine physical dependence in
planarians.
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24] E. Przegaliński, J. Siwanowicz, L. Baran, M. Filip, Activation of serotonin (5-
HT)1A receptors inhibits amphetamine sensitization in mice, Life Sci. 66 (2000)
1011–1019.

[

[

etters 484 (2010) 113–117 117

25] R.B. Raffa, G.W. Stagliano, S. Umeda, kappa-Opioid withdrawal in Planaria, Neu-
rosci. Lett. 349 (2003) 139–142.

26] R.B. Raffa, P. Desai, Description and quantification of cocaine withdrawal signs
in Planaria, Brain Res. 1032 (2005) 200–202.

27] R.B. Raffa, A.F. Martley, Amphetamine-induced increase in planarian locomotor
activity and block by UV light, Brain Res. 1031 (2005) 138–140.

28] S.M. Rawls, T. Gomez, G.W. Stagliano, R.B. Raffa, Measurement of glutamate
and aspartate in Planaria, J. Pharmacol. Toxicol. Methods 53 (2006) 291–295.

29] S.M. Rawls, T. Gomez, R.B. Raffa, An NMDA antagonist (LY 235959) attenuates
abstinence-induced withdrawal of planarians following acute exposure to a
cannabinoid agonist (WIN 55212-2), Pharmacol. Biochem. Behav. 86 (2007)
499–504.

30] S.M. Rawls, K. Gerber, Z. Ding, C. Roth, R.B. Raffa, Agmatine: identification and
inhibition of methamphetamine, kappa opioid, and cannabinoid withdrawal in
planarians, Synapse 62 (2008) 927–934.

31] S.M. Rawls, S. Baron, Z. Ding, C. Roth, N. Zaveri, R.B. Raffa, Nociceptin attenuates
methamphetamine abstinence-induced withdrawal-like behavior in planari-
ans, Neuropeptides 42 (2008) 229–237.

32] R.B. Rothman, B.E. Blough, M.H. Baumann, Dual dopamine-5-HT releasers:
potential treatment agents for cocaine addiction, Trends Pharmacol. Sci. 27
(2006) 612–618.

33] S. Sacavage, H. Patel, M. Zielinski, J. Acker, A.G. Phillips, R.B. Raffa, S.M. Rawls,
Withdrawal-like behavior in planarians is dependent on drug exposure dura-
tion, Neurosci. Lett. 439 (2008) 84–88.

34] O. Saitoh, E. Yuruzume, K. Watanabe, H. Nakata, Molecular identification of a
G protein-coupled receptor family which is expressed in planarians, Gene 195
(1997) 55–61.

35] D.S. Segal, R. Kuczenski, Repeated binge exposures to amphetamine and
methamphetamine: behavioral and neurochemical characterization, J. Phar-
macol. Exp. Ther. 282 (1997) 561–573.

36] S. Shoptaw, R.A. Rawson, M.J. McCann, J.L. Obert, The Matrix model of outpa-
tient stimulant abuse treatment: evidence of efficacy, J. Addict. Dis. 13 (1994)
129–141.

37] S.J. Shoptaw, U. Kao, K. Heinzerling, W. Ling, Treatment for amphetamine with-
drawal, Cochrane Database Syst. Rev. 15 (2009) CD003021.
38] Y. Takamatsu, H. Yamamoto, Y. Ogai, Y. Hagino, A. Markou, K. Ikeda, Fluoxetine
as a potential pharmacotherapy for methamphetamine dependence: studies in
mice, Ann. N. Y. Acad. Sci. 1074 (2006) 295–302.

39] S. Umeda, G.W. Stagliano, M.R. Borenstein, R.B. Raffa, A reverse-phase HPLC
and fluorescence detection method for measurement of 5-hydroxytryptamine
(serotonin) in Planaria, J. Pharmacol. Toxicol. Methods 51 (2005) 73–76.


	5-HT1A-like receptor activation inhibits abstinence-induced methamphetamine withdrawal in planarians
	Acknowledgement
	References


