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Abstract

Serotonin2C (5-HT2C) receptors have been implicated to treat mood disorders such as depression and anxiety. In the present

study, the capacities of two 5-HT2C agonists, MK212 and mCPP, to produce conditioned taste aversions in mice were evaluated. On
two training days, Swiss-Webster male mice (19e34 g) were trained to associate the flavor of a novel solution with the injection of
various doses of MK212 or mCPP. On two alternate training days, mice were trained to associate a different flavored solution with

an injection of saline. For testing, both flavored solutions were presented simultaneously and an avoidance of the MK212 or mCPP-
paired solution indicated conditioned taste aversion. Robust conditioned taste aversions were observed to solutions paired with 1.0
or 10 mg/kg MK212 or mCPP. Acquisition of conditioned taste aversions was blocked by nonselective serotonin antagonists
cyproheptadine, bromo-LSD, metergoline, methysergide and mianserin. Selective 5-HT2B/2C antagonist SB206,553 blocked both

MK212- and mCPP-induced conditioned taste aversion although selective 5-HT2B/2C antagonist SB200,646 only blocked mCPP-
induced conditioned taste aversion. In a single-bottle procedure, MK212, bromo-LSD, and mianserin failed to alter acquisition rate
of a LiCl-induced conditioned taste aversion. Taken together, these data indicate that the serotonin agonists MK212 and mCPP

produce conditioned taste aversion and that these effects are mediated predominantly through 5-HT2C receptors.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The serotonin2C (5-HT2C) receptor is implicated in
mood disorders such as depression, obsessiveecompul-
sive disorder and anxiety (Baez et al., 1995; Bourin et al.,
1998). For example, 5-HT2C agonist mCPP is reported
to induce mild anxiety in normal subjects and to

* Corresponding author. Tel.: C11 215 707 6770; fax: C11 215 707

3678.

E-mail address: ellen.walker@temple.edu (E.A. Walker).
0028-3908/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.neuropharm.2005.07.015
potentiate anxious responses in patients with generalized
anxiety disorder, phobias, and panic disorder (Charney
et al., 1987; Kahn et al., 1988; Sevy et al., 1994).
However, in animal models, 5-HT2C agonists can
produce anxiolytic or anxiogenic effects depending on
the test and species used. For example, in rats, mCPP
produced anxiogenic effects in the open-field test
(Guitton and Dudai, 2004), elevated T and plus-maze
tests (Griebel et al., 1997; Mora et al., 1997), the Vogel
drinking conflict test (Griebel et al., 1997), social
interaction test (Kennett et al., 1989) and light/dark
box (Bilkei-Gorzo et al., 1998). A number of antagonists
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with affinity for 5-HT2C receptors such as SB200,646A,
mianserin, metergoline, and cyproheptadine reversed
mCPP-induced anxiety in the social interaction test in
rats and may themselves produce anxiolytic effects in
a number of these models (Griebel et al., 1997; Kennett
et al., 1989, 1994a, 1994b, 1996).

In mice, mCPP either lacks anxiogenic effects
(Dhonnchadha et al., 2003) or actually produces anxio-
lytic effects (Greibel, 1995). Similarly, 5-HT2C non-
selective antagonist mianserin and selective antagonists
SB206,553 and SDZ SER082 lacked anxiolytic activity in
the mouse defense test battery, four plates test, elevated
plus-maze, and the light/dark choice models of anxiety
(Dhonnchadha et al., 2003; Griebel et al., 1997).
However, 5-HT2C knock-out mice displayed decreased
trait anxiety in some models, suggesting some role for
5-HT2C receptors in the regulation of certain types of
anxiety (Tecott, 1996). Overall, the effects of nonselective
5-HT2C agonist mCPP and both nonselective and
selective 5-HT2C antagonists in the different models of
anxiety are difficult to interpret for a variety of reasons
such as: (1) different models of anxiety tap different
ethological or conditioned fears or stresses; (2) different
subtypes of 5-HT receptor and perhaps different brain
regions may underlie specific anxiety responses between
rats and mice, as well as strains of mice; and (3) most of
the compounds studied to date do not have exclusive
selectivity for 5-HT2C receptors (Dhonnchadha et al.,
2003).

A learning model that may be used to express the
aversive properties of drugs in a variety of species is the
conditioned taste aversion paradigm. Conditioned taste
aversion is a classically conditioned response in which
a novel flavor (conditioned stimulus) is avoided when a
nausea-inducing agent (unconditioned stimulus) follows
its consumption. Conditioned taste aversion is extremely
robust, obtained after long delays between intake and
drug administration, acquired within a few trials, and
learned after drugs or doses that are innocuous or even
reinforcing under other circumstances (Riley, 1998). If
the organism is fluid-deprived but only offered a flavored
solution that has been paired with a nausea-inducing
agent, the organism can be presumed to be in a conflict
between thirst, which increases drinking, and condi-
tioned taste aversion which suppresses drinking (Ervin
and Cooper, 1988). Indeed, a number of anxiolytics from
a variety of drug classes will block conditioned taste
aversion under certain conditions (Riley and Lovely,
1978; Ervin and Cooper, 1988).

In addition to the possible usefulness as a conflict
procedure, conditioned taste aversion is a sensitive
learning and memory paradigm (Welzl et al., 2001) that
can be used to study the pharmacology of many agents
(Riley, 1998). A number of serotonin agonists have been
used as unconditioned stimuli to induce condition taste
aversion in rats. For example, l-5-HTP (Ervin and
Cooper, 1988), mCPP (De Vry et al., 2000; Guitton and
Dudai, 2004), fluoxetine (Prendergast et al., 1996), and
fluvoxamine (Olivier et al., 1999) produce conditioned
taste aversions. In the present study, we evaluated the
capacity of MK212, a relatively selective 5-HT2C full
agonist, and mCPP, a nonselective 5-HT2C partial
agonist to induce conditioned taste aversions in mice.
To speed acquisition and testing, we adopted a two-
stimulus conditioned taste aversion procedure (Gommans
et al., 2000) in which mice discriminated two novel
flavors paired with either saline or drug (D’Mello et al.,
1977; Kumar et al., 1983). We established dosee
response curves for the capacity of MK212 and mCPP
to induce conditioned taste aversions in mice. Further-
more, we evaluated a series of nonselective and selective
5-HT2C antagonists as well as opioid antagonist naltrex-
one and 5-HT2A/2C antagonist ketanserin to block the
acquisition of these conditioned taste aversions. Pre-
vious investigators have suggested that a select group of
5-HT2A/2C antagonists such as mianserin may impede
learning while 5-HT2 agonists may enhance learning in
rabbits (Welsh et al., 1998a; Romano et al., 2000).
Therefore, we examined the capacity of agonist MK212
and antagonists bromo-LSD and mianserin to alter the
rate of acquisition of LiCl-induced conditioned taste
aversions in mice.

2. Methods

2.1. Subjects

Male Swiss-Webster mice (NZ 280) (Ace Animals,
Inc., Philadelphia, PA) weighing between 19 and 34 g
were housed individually in cages in a colony room and
were maintained under a 12 h light/dark cycle. Food was
freely available in the home cages and mice were water-
restricted as described below. All mice were maintained
in accordance with the guidelines of the Institutional
Animal Care and Use Committee of Temple University
and the ‘‘Guide for the Care and Use of Laboratory
Animals’’ (Institute of Laboratory Animal Resources,
National Academy Press 1996; NIH publication No.
85e23, revised 1996). The highest standards of animal
welfare were maintained throughout these studies and
the experiments were specifically designed to reduce the
number of mice required.

2.2. Apparatus

During the experiment, mice were transferred to
experimental cages in a separate room. Centrifuge tubes
fitted with rubber stoppers and drinking tubes were used
to deliver the solutions (Allegiance Healthcare, McGraw
Park, IL). The tubes were weighed on a scale set to the
1/100 g (Sartorius Laboratories, Goettingen, Germany).
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2.3. Procedure

Prior to either conditioning procedure, mice were
water-restricted for 23 h/day. During weekdays, mice
had access to water in the centrifuge tubes for 30 min in
the morning in the experimental cages (between 9:30 am
and 10:30 am) and 30 min in the afternoon in the home
cage (between 3:30 pm and 4:30 pm). On weekends, mice
had access to water bottles in their home cages for
60 min/day. Conditioned taste aversion training began
when water consumption was stable during the morning
session for three consecutive days as determined by one-
way analysis of variance.

2.3.1. Two-bottle, discrimination procedure
The procedure was modified from that described by

Gommans et al. (2000). Mice received two injections on
each of the four training days: an injection of saline or
a dose of antagonist prior to drinking a flavored
solution, and; an injection of MK212, mCPP or saline
after drinking a flavored solution. Specifically, mice were
injected with saline or a dose of antagonist (cyprohep-
tadine, bromo-LSD, metergoline, methysergide, mian-
serin, SB200,646, SB206,533, ketanserin, or naltrexone)
and placed in the experimental cages for 30 min. For two
alternate training days, mice were presented with one of
two novel flavored solutions (conditioned stimulus) for
an additional 30 min. The flavor of the conditioned
stimulus was either an almond-scented saccharin solu-
tion or a banana-scented dilute saline solution. The
assignments of flavored solutions were counterbalanced
within the training groups to prevent palatability
preferences. In addition, tube placement (left vs. right)
was also counterbalanced to avoid location preferences.
Immediately after the 30 min drinking interval, the
centrifuge tubes were removed and the mice were injected
with MK212, mCPP, or saline. For each mouse, one
flavored solution was paired with an injection of a dose
of MK212 or mCPP (unconditioned stimulus) for two
training days and the other flavored solution was paired
with an injection of saline for two alternate training days.
Each mouse completed four total training sessions [two
pairings: CSC (Flavor 1)CUS (MK212 or mCPP); two
pairings: CS� (Flavor 2)C no US (Saline)]. After the
injections of MK212, mCPP or saline, the mice remained
in the experimental cages for 1 h before returning to their
home cages. The solution bottles were weighed and
recorded before and after the drinking period. Once
training began, mice continued to have access to water
for 30 min in their home cages and 60 min on the
weekends.

Three or four days after the last training session,
testing began. On the two test days, mice were injected
with saline or a dose of antagonist and placed in the
experimental cages. After 30 min, the mice were
presented with both flavored solutions simultaneously
and allowed to drink from either tube for 30 min. No
injections were administered after the test days and the
mice were returned to their home cages. The positions of
the two-flavored solutions were alternated on the two
test days.

2.3.2. Single, bottle, conditioned taste aversion
procedure

To examine the effects of an agonist, neutral
antagonist, and inverse agonist on the acquisition of
conditioned taste aversions, mice received injections of
saline, MK212 (0.1 or 1.0 mg/kg), bromo-LSD (0.32 or
3.2 mg/kg) or mianserin (0.1 or 1.0 mg/kg). Saline,
MK212, and bromo-LSD were injected 5 min prior to
60 min access to almond-saccharin solution and mian-
serin injected 15 min prior to 60 min access to almond-
saccharin solution. After 60 min, the saccharin bottles
were removed and the mice were injected with either
saline or 2.4 mEq/kg LiCl, i.p. After the injections of
saline or LiCl, the mice remained in the experimental
cages for 1 h before returning to their home cages. Mice
received LiCl pairing days for two or three days during
the week alternating with 60 min access to water bottles
in their home cages on the other days. The solution
bottles were weighed and recorded before and after the
drinking period. Once training began, mice continued to
have access to water for 30 min in their home cages and
for 60 min on weekends.

2.4. Drugs

The following compounds were used: D-2-bromoly-
sergic acid diethylamine hydrogen tartrate (bromo-
LSD), naltrexone HCl (supplied by the National
Institute on Drug Abuse, Rockville, MD), 6-chloro-
2[1-piperazinyl]pyrazine (MK212 HCl), m-chlorophe-
nylpiperazine HCl (mCPP), lithium chloride, sodium
saccharin (purchased from Sigma Aldrich, St. Louis,
MO), cyproheptadine HCl, ketanserin tartrate, meter-
goline HCl, methysergide maleate, mianserin HCl,
SB200,646 [N-(1-methyl-5-indolyl)-N#-(3-pyridyl)urea
HCl] and SB206,533 [5-methyl-1-(3-pyridylcarbamoyl)-
1,2,3,5-tetrahydropyrrolol[2,3-f]indole HCl] (Tocris
Cookson Inc., Ellisville, MO). SB 206,553 was dissolved
in a few drops of Tween 80 (ICI Americas, Wilmington,
DE) and sterile water. SB 200,646 was dissolved in a few
drops of 8.5% lactic acids and sterile water. Higher
concentrations of SB 200,646 required sonication just
prior to injection to maintain SB 200,646 in solution. All
other drugs were dissolved in sterile water and injected
intraperitoneally (i.p.) in a volume of 1.0 ml/kg. Drug
doses were expressed on the basis of milligrams per
kilogram of the salt.

Two-flavored solutions were used as the conditioned
stimuli: almond-flavored (McCormick Flavorings,
Hunt Valley, MD) 0.15% w/v saccharin solution; and
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banana-flavored (McCormick Flavorings, Hunt Valley,
MD) dilute 0.09% w/v sodium chloride solution. In the
single-bottle experiments, 2.4 mEq/kg LiCl i.p. (0.15 M
LiCl) was injected in a volume of 2.0 ml/kg, i.p., after
access to almond-saccharin solution.

2.5. Data analysis

Repeated measures, one-way analyses of variance
with TukeyeKramer Multiple Comparison post hoc
tests were used to compare water consumption or
solution consumption across days. If water consumption
was not significantly different for three consecutive days,
discrimination training or conditioned taste aversion
experiments could begin. In the single-bottle procedure,
one-way analysis of variance was used to compare
consumption between groups of mice pretreated with
saline, MK212, bromo-LSD, and mianserin. In the two-
bottle, discrimination experiments, doseeresponse data
for MK212 and mCPP were subjected to a two-way
analysis of variance with dose and solution (drug-paired
vs. saline-paired) as the factors. Bonferroni post tests
were used to compare differences where applicable
(GraphPad Prism v. 4.0, San Diego, CA).

After training, the two test sessions were averaged
together and the mean amounts of drug-paired solution
were expressed as a percentage of total solution intake in
the discrimination experiments. The percentages scores
were analyzed with a one sample t-test to determine
whether the % drug choice differed significantly from
50% (GraphPad Instat v. 3.01, San Diego, CA). Scores
similar to 50% would indicate that conditioned taste
aversion was not acquired and the mice drank both
solutions equally. If % drug choice was significantly
below 50%, a conditioned taste aversion was obtained.

3. Results

3.1. Doseeresponse curves for MK212 and mCPP

Agonists MK212 (F(3,84)Z 3.6; p! 0.02) and mCPP
(F(3,48)Z 6.7; p! 0.001) dose-dependently produced
conditioned taste aversions in mice (Fig. 1). The solu-
tions associated with dose of 1.0 mg/kg MK212
( p! 0.01) and 10 mg/kg MK212 ( p! 0.001) as well
as 1.0 mg/kg mCPP ( p! 0.01) and 10 mg/kg mCPP
( p! 0.001) were consumed significantly less frequently
than the solutions associated with saline when mice were
presented with both solutions simultaneously on test
days. Higher doses of 32 mg/kg MK212 and mCPP
suppressed overall consumption of both the drug-paired
and saline-paired solutions indicating that these doses
produce an unconditioned aversion to both solutions.
Based on the robust conditioned taste aversion induced
by 10 mg/kg MK212 and 10 mg/kg mCPP, these doses
were selected for the subsequent antagonism studies.

3.2. Effects of nonselective serotonin antagonists

Doses of 10 mg/kg MK212 (t(19)Z 14, p! 0.0001)
and 10 mg/kg mCPP (t(9)Z 5.9, p! 0002) significantly
reduced the choice of the drug-paired solution to
20% and 29%, respectively, in the choice test session
(Figs. 2e4). Low (0.32 mg/kg, t(4)Z 0.13;) and high
doses (10 mg/kg, t(4)Z 0.069) of cyproheptadine
blocked the acquisition of conditioned taste aversions
produced by 10 mg/kg MK212, i.e., choice was not
significantly different than 50% in these groups (Fig. 2,
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Fig. 1. Doseeresponse curves for MK212 (upper panels) and mCPP

(lower panels) to induce conditioned taste aversions in mice. Ordinate:

Amount of fluid consumed in grams. Both the saline-paired fluid (open

symbols) and drug-paired fluid (closed symbols) were presented

simultaneously. On these test days, antagonists were injected prior to

fluid access but there were no injections after fluid access. Values for

the two test days were averaged together for an individual mouse and

then averaged into a group mean. Abscissa: Doses of MK212 and

mCPP, in mg/kg [1.0 and 3.2 mg/kg MK212 (NZ 10 each); 10 mg/kg

MK212 (NZ 20); 32 mg/kg MK212 (NZ 6); 1.0 and 3.2 mg/kg

mCPP (NZ 5 each); 10 mg/kg mCPP (NZ 10); and 32 mg/kg mCPP

(NZ 7)]. * Indicates a significant difference between consumption of

the drug-paired solution and the saline-paired solution on test days.

Vertical bars represent GS.E.M.
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Fig. 2. Cyproheptadine (left panel), bromo-LSD (center panel), and metergoline (right panel) prevent the acquisition of MK212- and mCPP-induced

conditioned taste aversions in mice. Ordinate: Amount of drug-paired fluid divided by the total amount of fluid consumed on the test days expressed

as a percentage; 50% drug choice (dotted lines) indicates both fluids were chosen equally, i.e., no aversion to either fluid was obtained. Abscissa:

pretreatment doses of antagonists in mg/kg. Data for 10 mg/kg MK212 (solid bars, NZ 20) and 10 mg/kg mCPP (open bars; NZ 10) alone are

from Fig. 1. Cyproheptadine: 0.32 mg/kg (NZ 5 each); 10 mg/kg (NZ 5 each); 32 mg/kg (N Z 4). Bromo-LSD: 0.032 mg/kg (NZ 7, 14); 0.1 mg/

kg (NZ 5). Metergoline: 1.0 mg/kg (N Z 5, 10); 3.2 mg/kg (NZ 5, 6). * Indicates the mean consumption differs significantly from 50%, i.e.,

conditioned taste aversion developed to MK212 or mCPP. Vertical bars represent GS.E.M.
left panel). Similarly, low (0.32 mg/kg, t(4)Z 1.5) and
high doses (10 mg/kg, t(4)Z 1.5; 32 mg/kg, t(3)Z 1.6) of
cyproheptadine also blocked the acquisition of condi-
tioned taste aversions produced by 10 mg/kg mCPP.
Bromo-LSD doses of 0.032 mg/kg (t(6)Z 1.7; t(13)Z
1.8) and 0.1 mg/kg (t(9)Z 0.66) blocked acquisition of
conditioned taste aversion produced by both MK212
andmCPP, respectively. A dose of 1.0 mg/kgmetergoline
(t(4)Z 24, p! 0.0001; t(9)Z 2.4, p! 0.04) failed to
block the conditioned taste aversions produced by
MK212 and mCPP, i.e., drug choice remained signifi-
cantly less than 50%.However, higher doses of 3.2 mg/kg
metergoline (t(4)Z 1.4; t(5)Z 0.26) did block acquisi-
tion of MK212- and mCPP-induced conditioned taste
aversions.
Nonselective serotonin antagonists methysergide and
mianserin were studied in combination with 10 mg/kg
MK212 (Fig. 3). Doses of 5.6 mg/kg (t(9)Z 2.9, p!
0.02) and 10 mg/kg (t(4)Z 13, p! 0.0002) methysergide
failed to completely block MK212 conditioned taste
aversions (Fig. 3, left panel). Lower (t(6)Z 2.2) and
higher (t(4)Z 0.001) doses of methysergide did block the
acquisition of conditioned taste aversions, however.
Doses of 0.032 mg/kg (t(7)Z 7.7, p! 0.0001) and
1.0 mg/kg (t(4)Z 6.0, p! 0.004) mianserin failed to
completely block MK212-induced conditioned taste
aversions (Fig. 3, right panel). Although all five mice
selected the drug-paired solution between 47% and 49%
in the choice test, the mean value remained significantly
different than 50% due to the lack of individual
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Fig. 3. Methysergide (left panel) and mianserin (right panel) prevent the acquisition of MK212-induced conditioned taste aversions in mice. Ordinate:
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variability observed after the combination of 1.0 mg/kg
mianserin and 10 mg/kg MK212. A dose of 0.32 mg/kg
mianserin (t(3)Z 0.73) did however, prevent the acqui-
sition of MK212 induced conditioned taste aversions.
Large doses of 3.2 mg/kg ketanserin (t(7)Z 2.8, p! 0.03)
and 1.0 mg/kg naltrexone (t(4)Z 2.7, p! 0.05) failed
to block the conditioned taste aversions produced by
10 mg/kg MK212, i.e., drug choice remained signifi-
cantly less than 50% (data not shown).

3.3. Effects of selective 5-HT2C antagonists

All three doses of SB200,646 (1.0 mg/kg, t(4)Z 3.4,
p! 0.03; 10 mg/kg, t(5)Z 4.1, p! 0.01; 32 mg/kg,
t(7)Z 21, p! 0.0001) failed to prevent the acquisition
of conditioned taste aversions produced by 10 mg/kg
MK212, i.e., choice of the drug-paired solution was
significantly less than 50% (Fig. 4, left panel). Higher
doses of SB200,646 were effective, however, in prevent-
ing mCPP-induced conditioned taste aversions. High
doses (10 mg/kg, t(4)Z 2.6; 32 mg/kg, t(7)Z 1.1) but
not a lower dose (1.0 mg/kg, t(5)Z 10, p! 0.0002) of
SB200,646 blocked the acquisition of conditioned taste
aversions produced by 10 mg/kg mCPP. The 5HT2C an-
tagonist SB206,553 blocked both MK212 (t(5)Z 0.65)
and mCPP (t(4)Z 0.48) induced conditioned taste
aversions (Fig. 4, right panel).

3.4. 5-HT2C compounds and acquisition of LiCl-induced
conditioned taste aversion

Neither lower (Fig. 5, upper panel) nor higher (Fig. 5,
lower panel) doses of MK212, bromo-LSD, or mianser-
in, altered the rate of acquisition of a LiCl-induced
conditioned taste aversion in mice. Injection of LiCl
after 60 min access to almond-saccharin solution pro-
duced a rapid conditioned taste aversion after a single
pairing ( p! 0.001) that lasted for at least 10 trials in
both experiments (F(8,45)Z 8.1; p! 0.0001; F(9,45)Z 7.7;
p! 0.0001, respectively). Pretreatment doses of 0.1 and
1.0 mg/kg MK212, 0.032 and 0.32 mg/kg bromo-LSD,
or 0.1 and 1.0 mg/kg mianserin failed to alter the
acquisition of LiCl-induced conditioned taste aversion.

4. Discussion

Swiss-Webster mice rapidly learned to avoid novel
flavored solutions paired with injections of 5-HT2C

agonists MK212 and mCPP (Fig. 1). The greatest degree
of separation between consumption of the flavored
solution paired with MK212 or mCPP and consumption
of the flavored solution paired with saline was observed
after doses of 10 mg/kg ( p! 0.001). Lower doses of
1.0 mg/kg MK212 and mCPP also produced significant
conditioned taste aversion ( p! 0.01). The higher dose
of 32 mg/kg MK212 and mCPP produced a generalized
decrease in overall consumption on the four training
days (data not shown) which was reflected in an
avoidance of both flavored solutions on test days
(Fig. 1). These data are the first reports to indicate
dose-dependent, conditioned taste aversions produced
by MK212 and mCPP in mice and support previous
findings in other species that these 5-HT2C agonists
possess potential aversive stimulus effects in a variety of
procedures (Alves et al., 2004; Clineschmidt et al., 1979;
De Vry et al., 2000; Griebel et al., 1997; Guitton and
Dudai, 2004; Sevy et al., 1994). Indeed, mCPP has been
reported to elicit nausea as well as anxiety in humans
after initial administration (Walsh et al., 1994).

There are many advantages of this two-choice
training procedure (D’Mello et al., 1977; Gommans
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Fig. 5. Effects of saline, MK212, bromo-LSD, and mianserin on acquisition of LiCl-induced conditioned taste aversions in a single-bottle procedure.

Ordinate: amount of almond-saccharin solution consumed in grams. Abscissa: almond-saccharin solution and LiCl pairing days. On alternate days,

mice received 60 min access to water in the home cage (data not shown). Control mice were administered saline before and after access to almond-

saccharin solution (solid circles). Top panel: Effects of saline (NZ 6), 0.1 mg/kg MK212 (NZ 6), 0.032 mg/kg bromo-LSD (NZ 6), or 0.1 mg/kg

mianserin (NZ 6) pretreatments on LiCl-induced conditioned aversion. Bottom panel: effects of saline (NZ 4), 1.0 mg/kg MK212 (NZ 6),

0.32 mg/kg bromo-LSD (NZ 6), or 1.0 mg/kg mianserin (NZ 6) pretreatments on LiCl-induced conditioned aversion.
et al., 2000; Kumar et al., 1983) for studying the
behavioral and pharmacological effects of serotonin
agonists and antagonists in mice. Firstly, once the daily
drinking schedules are stabilized, training and testing
can be completed within two weeks. Secondly, graded,
easily quantifiable doseeresponse relationships were
obtained for full agonist, MK212 as well as partial
agonist, mCPP. Thirdly, the acquisition of MK212- and
mCPP-induced conditioned taste aversions were gener-
ally prevented in a dose-dependent manner by a series of
antagonists that block 5-HT2C receptors but not by
antagonists such as ketanserin (Knight et al., 2004) and
naltrexone (Emmerson et al., 1996) that bind to 5-HT2A

and opioid receptors, respectively. Therefore, this
sensitive, two-bottle conditioned taste aversion pro-
cedure is well-suited to study the pharmacological
relationships between 5-HT2C agonists and antagonists.

All of the nonselective antagonists blocked the
acquisition of MK212- and mCPP-induced conditioned
taste aversions. In general, cyproheptadine, bromo-LSD
and metergoline were equi-potent as antagonists of
MK212 and mCPP in the present study. Methysergide
and mianserin also blocked acquisition of MK212-
induced conditioned taste aversion. Taken together,
these data support previous investigations indicating
that cyproheptadine, bromo-LSD, metergoline, methy-
sergide and mianserin will block 5-HT2C agonists with
similar potencies in other behavioral assays (Berendson
et al., 1990; Gleason et al., 2001; Mansbach and Barrett,
1986; McKearney, 1990). Although, these antagonists
and agonists have affinities for other receptors, their
predominant actions appear to be through 5-HT2C

receptors (Barnes and Sharp, 1999). For example,
cyproheptadine failed to block an l-5-HTP-induced
conditioned taste aversion in rats and appeared to
augment the effects of l-5-HTP alone (Ervin and
Cooper, 1988). Indeed, in other behavioral studies,
cyproheptadine, methysergide, and mianserin failed to
block discriminative stimulus effects mediated by 5-HT1

agonists such as l-5-HTP yet antagonized the stimulus
effects mediated by 5-HT2 agonists (Friedman et al.,
1984; Walker et al., 1991; Yamamoto et al., 1991).
Metergoline, with approximately equal affinity for both
5HT1 and 5-HT2 receptors (Hoyer et al., 1985; Kennett,
1993), antagonizes both 5HT1 and 5-HT2 agonists
(Yamamoto et al., 1991) as well as MK212 and mCPP
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in the present study. Although these nonselective
antagonists have slightly different radioligand binding
profiles (Knight et al., 2004; Nelson et al., 1999), the
common receptor action that best explains the capacity
to block MK212- and mCPP-induced conditioned taste
aversions is through 5-HT2C receptors.

The selective antagonist studies with SB206,533 and
SB200,646 further support the role of 5-HT2C receptors
in the actions of MK212 and mCPP-induced condi-
tioned taste aversions in mice. Selective 5-HT2C/2B

antagonist SB206,553 blocked both MK212 and
mCPP-induced conditioned taste aversion. SB206,553
is a high affinity 5-HT antagonist with greater than 100-
fold selectivity over 5-HT2A receptors (Forbes et al.,
1995; Kennett et al., 1995). Interestingly, the only
antagonist that distinguished MK212 and mCPP in the
present study was SB200,646. SB200,646 has approxi-
mately equal, modest affinity for 5-HT2C and 5-HT2B

receptors and greater than 80-fold selectivity over 5-
HT2A (Forbes et al., 1993; Kennett et al., 1995). The
modest affinity of SB200,646 for 5-HT2C receptors may
suggest that doses higher than 32 mg/kg would be
required to prevent acquisition of conditioned taste
aversion produced by full agonist MK212 in mice. In
previous studies, SB200,646 blocked mCPP-induced
locomotion, hypophagia, and anxiety in the rat social
interaction test using similar doses to those used in the
present study (Kennett et al., 1994b). The observation
that SB200,646 appears to block mCPP but not MK212
may indicate that 5-HT2B receptors play a greater role in
these behavioral effects of mCPP relative to MK212.

5-HT2C antagonists can be distinguished as neutral
antagonists and inverse agonists in vitro (Berg et al.,
1999; Schlag et al., 2004) and in vivo (Welsh et al., 1998b;
Harvey et al., 1999). For example, some compounds such
as mianserin and SB206,553 are proposed to reduce the
basal activity of 5-HT2C receptors and produce effects
opposite to those of agonists at the receptor in vitro (Berg
et al., 1999; Schlag et al., 2004), while 5-HT2C neutral
antagonist, 5-methoxygramine, has no apparent effect
on basal activity (Berg et al., 1999). In vivo 5-HT2A/2C

agonists, neutral antagonists, and inverse agonists
produce differential effects in the rabbit classically
conditioned nictitating membrane procedure. In this
assay, 5-HT2C agonists such as LSD, quipazine and
methylenedioxyamphetamine enhanced learning, pro-
posed neutral antagonists bromo-LSD and LY-53,857
had no effect on learning, and proposed inverse agonists
mianserin and ritanserin delayed acquisition (Alhaider
et al., 1993; Romano et al., 1991; Romano et al., 2000;
Welsh et al., 1998b). These in vivo studies suggest that
proposed inverse agonists SB206,553, mianserin, and
cyproheptadine could impede acquisition in the present
study by directly interfering with learning the association
between the unconditioned stimulus (flavored solution)
and conditioned stimulus (MK212 or mCPP).
Two observations in the present study suggest that
this is probably not the case. First, both proposed
neutral antagonists (bromo-LSD and methysergide)
and inverse agonists (mianserin, cyproheptadine, and
SB206,533) blocked agonists MK212 and mCPP in a
similar manner. This suggests that both classes of com-
pounds are directly competing with MK212 and mCPP
for 5-HT2C receptors as opposed to indirectly inhibiting
the process of learning. Additionally, the single-bottle
experiments failed to distinguish the actions of an
agonist (MK212), a neutral antagonist (bromo-LSD),
and an inverse agonist (mianserin) on the rate of
acquisition using LiCl as the unconditioned stimulus.
LiCl produces robust conditioned taste aversions in
both rats and mice (Riley, 1998; Welzl et al., 2001). If
mianserin, as an inverse agonist, impedes learning, the
acquisition of the LiCl-induced conditioned taste
aversion should be delayed. If MK212, as an agonist,
facilitates learning, the acquisition of the LiCl-induced
conditioned taste aversion should be more rapid.
However, in the present study, the pretreatment of
MK212, bromo-LSD, and mianserin failed to alter the
acquisition of the LiCl-induced conditioned taste
aversion under these conditions. The conditioned taste
aversion paradigm may not be the optimal assay to
uncover differences among agonists, inverse agonists,
and neutral antagonists due to the rapid acquisition of
the classically conditioned response (Riley, 1998). A
better learning procedure to detect differences in
learning rates may require a procedure that has a more
gradual learning curve (Ma and Yu, 1993; Romano
et al., 2000; Welsh et al., 1998b).

The results from the single-bottle tests also support
the notion that nonselective and selective antagonists
are blocking the acquisition and not the expression of
MK212- and mCPP-induced conditioned taste aversion.
In the present study, bromo-LSD and mianserin
blocked MK212-induced conditioned taste aversion in
the two-bottle choice procedure but failed to block
LiCl-induced conditioned taste aversion in the single-
bottle procedure. This pattern of antagonism is opposite
to the pattern observed for traditional anxiolytics such
as chlordiazepoxide, diazepam, phenobarbital, and
meprobamate. Traditional anxiolytics blocked condi-
tioned taste aversion produced by both LiCl and
l-5HTP in a one-bottle procedure but not in a two
choice procedure (Riley and Lovely, 1978; Ervin and
Cooper, 1988). Conditioned taste aversions may be
stronger under the two-bottle than under the one-bottle
(Dragoin, 1971; Ervin and Cooper, 1988). Taken
together, these studies suggest that traditional anxio-
lytics block the expression of conditioned taste aversion
whereas the 5-HT2C antagonists are blocking acquisi-
tion of MK212- and mCPP-induced conditioned taste
aversions by competing for the same, presumably 5-
HT2C receptors.
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