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Abstract

The 5-HT¢ serotonin receptor antagonist MS-245 neither substitutes for nor antagonizes the discriminative stimulus effects of (—)nicotine.
However, MS-245 was shown to enhance the potency of (—)nicotine in Sprague—Dawley rats trained to discriminate 0.6 mg/kg of (—)nicotine
from saline vehicle in a typical two-lever drug discrimination paradigm such that a combination of MS-245 (5.0 mg/kg) plus the EDs( dose of (—)
nicotine caused the animals to respond as if they had received the training dose of (—)nicotine. MS-245 also potentiated the hypolocomotor
actions, but not the antinociceptive effects, of (—)nicotine in mice. The results suggest possible involvement of serotonin-regulated signaling

mechanisms in certain behavioral effects of nicotine.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Certain drugs of abuse initiate a cascade of neuronal events
that ultimately involves dopamine- and cAMP-regulated
phosphoprotein (DARPP-32) — an integrator of intracellular
signaling (Svenningsson et al., 2003, 2004). For example,
stimulation of dopamine receptors alters cyclic adenosine 5'-
monophosphate (cAMP) levels that subsequently regulate
protein kinase A (PKA). Activation of PKA can further
modulate the phosphorylation state of DARPP-32. That is,
PKA-mediated phosphorylation of DARPP-32, depending upon
where phosphorylation occurs, can either inhibit or disinhibit
protein phosphatase-1 (Svenningsson et al., 2004). Phosphory-
lation of a particular DARPP-32 threonine residue (i.e., Thr**)
results in the inhibition of protein phosphatase-1 to enhance
dopaminergic signaling. Phosphorylation of a different threo-
nine residue (i.e., Thr’®) results in inhibition of Thr* phos-
phorylation. Activation of D; receptors, — receptors that are
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positively coupled to adenylate cyclase — increases levels of
phospho-Thr**-DARPP-32 and decreases levels of phospho-
Thr’>-DARPP-32. Activation of D, dopamine receptors, which
are negatively coupled to adenylate cyclase, produces the
opposite effect (Hamada et al., 2004; Svenningsson et al., 2004).

It has been demonstrated that DARPP-32 plays a role in
nicotine-mediated behaviors. Nicotine, acting on a432 nicotinic
acetylcholine receptors, stimulates release of striatal dopamine,
and systemic administration of nicotine (presumably via its
actions on nucleus accumbens) also depresses mouse spontane-
ous motor activity (Hamada et al., 2004, 2005; Marubio et al.,
2003; Rao et al., 2003; Wonnacott et al., 2000; Zhu et al., 2005).
Evidence suggests the actions might be related. Although the
effect of nicotine on DARPP-32 phosphorylation may be dose-
and time-dependent (Hamada et al., 2004, 2005), systemic
injection of nicotine has been shown to increase phosphorylation
of DARPP-32 both at Thr** and Thr”® (Zhu et al., 2005).
Evidence that DARPP-32 regulates some nicotine-induced
behaviors is supported by the demonstration that DARPP-32
knock-out mice generally exhibit enhanced behavioral
responses (e.g. motor effects) to nicotine (Hamada et al., 2004;
Zhu et al., 2005) when compared to wild type mice. It has been
postulated that because nicotine produces a more pronounced
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effect in DARPP-32 knock-out animals than in wild type mice,
that DARPP-32 exerts an inhibitory effect over the behavioral
actions of nicotine (Zhu et al., 2005).

Nicotine also stimulates the release of serotonin (5-HT) in the
striatum (Reuben and Clarke, 2000). The neostriatum, nucleus
accumbens, and prefrontal cortex receive moderately high
serotonergic innervation, and 5-HT levels are further increased
when dopamine levels in these regions are increased (Sven-
ningsson et al., 2002). Certain behavioral and biochemical
effects induced by enhanced serotonergic neurotransmission
also appear to be regulated by DARPP-32 as evidenced by the
action of 5-HT and other serotonergic agonists in DARPP-32
knock-out mice (Svenningsson et al., 2002). Furthermore, it has
been shown that 5-HT can produce an increase in phospho-
Thr**-DARPP-32 and a decrease in phospho-Thr’>-DARPP-32.
Although the actions of 5-HT on DARPP-32 seem to involve
multiple phosphorylation sites, its effects on Thr** and Thr’> can
be accounted for, at least in part, by a 5-HT¢ receptor mechanism
(Svenningsson et al., 2002). For example, the 5-HTq4 receptor
antagonist Ro 04-6790 [4-amino-N-(2,6-bis-methylaminopyr-
imidin-4-yl)benzenesulfonamide] reduced the effects of 5-HT
both on phospho-Thr**- and phospho-Thr’>-DARPP-32 (Sven-
ningsson et al., 2002).

If certain behavioral actions of nicotine are regulated by
DARPP-32, and are enhanced in DARPP-32 knock-out mice, it
might be possible to mimic these actions by direct antagonism
of 5-HTg receptor pathways. That is, pretreatment of animals
with a 5-HTg receptor antagonist might be reasonably expected
to enhance certain actions of nicotine. We have identified MS-
245 [5-methoxy-(N;-benzenesulfonyl)-N,N-dimethyltrypta-
mine) as one of the first examples of a 5-HTg receptor
antagonist (Glennon et al., 2000; Tsai et al., 2000). In the
present investigation this 5-HTs antagonist was utilized in
attempts to modulate the actions of nicotine in three different
behavioral assays: a) the discriminative stimulus effects of (—)
nicotine-trained rats, b) the locomotor activity of (—)nicotine in
mice, and ¢) antinociceptive actions of (—)nicotine in mice.

2. Materials and methods
2.1. Drug discrimination studies

Seven male Sprague—Dawley rats (Charles River Laborato-
ries), weighing 250-300 g at the beginning of the study, were
trained to discriminate (15-min pre-session injection interval)
0.6 mg/kg of (—)nicotine from saline vehicle (sterile 0.9% saline)
under a variable interval 15-s schedule of reward (i.e., sweetened
condensed milk) using standard two-lever Coulbourn Instru-
ments operant equipment as previously described (Young
and Glennon, 2002). Animal studies were conducted under
an approved Institutional Animal Care and Use Committee
protocol.

In brief, animals were food-restricted to maintain body
weights at approximately 80% that of their free-feeding weight,
but were allowed free access to water in their individual home
cages. Daily training sessions were conducted with the training
dose of (—)nicotine or saline. For approximately half the

animals, the right lever was designated as the drug-appropriate
lever, whereas the situation was reversed for the remainder of
the animals. Learning was assessed every fifth day during an
initial 2.5-min non-reinforced (extinction) session followed by a
12.5-min training session. Data collected during the extinction
session included response rate (i.e., responses per minute) and
number of responses on the drug-appropriate lever (expressed
as a percent of total responses). Animals were not used in the
subsequent stimulus generalization studies until they consis-
tently made >80% of their responses on the drug-appropriate
lever after administration of training drug and <20% of their
responses on the same drug-appropriate lever after administra-
tion of saline. During the testing (i.e., stimulus generalization)
phase of the study, maintenance of the training-drug/saline
discrimination was insured by continuation of the training
sessions on a daily basis (except on a generalization test day).
On one of the two days before a generalization test,
approximately half the animals would receive the training
dose of training drug and the remainder would receive saline;
after a 2.5-min extinction session, training was continued for
12.5 min. Animals not meeting the original training criteria
during the extinction session were excluded from the subse-
quent generalization test session. During the investigations of
stimulus generalization, test sessions were interposed among
the training sessions. The animals were allowed 2.5 min to
respond under non-reinforcement conditions. An odd number of
training sessions (usually 5) separated any two generalization
test sessions. In the combination tests, MS-245 was adminis-
tered 30 min prior to (—)nicotine. Stimulus generalization was
considered to have occurred when the animals, after a given
dose of drug, or drug combination, made >80% of their
responses (group mean) on the training drug-appropriate lever.
Animals making fewer than 5 total responses during the 2.5-min
extinction session were considered as being behaviorally
disrupted. Percent drug-appropriate responding and response
rate data refer only to animals making > 5 responses during the
extinction session (Young and Glennon, 1986). Where
applicable, an EDs, dose was calculated by the method of
Finney (1952). These doses represent the drug dose where
animals would be expected to make 50% of their responses on
the drug-appropriate lever.

2.2. Locomotor studies

Male ICR mice (Harlan Sprague Dawley Inc.; Indianapolis,
IN) were used, weighing 27 to 34 g at the time of testing. The
animals were housed in groups of five in solid-bottom plastic
cages (38%x22x15 cm). Food and water were available ad lib.
The mice were naive to the test apparatus (Tru-Scan Activity
System, Coulbourn Instruments Inc., Allentown, PA), which
consisted of three plexiglas monitors (40 cm®). At the start of
the experiment, the mice were removed from the vivarium and
brought to the test laboratory for a 45- to 60-min acclimation
period. Tests were conducted between 0930 h and 1730 h. The
animals were treated with either saline, MS-245 (5.0, 10, or
15 mg/kg), (—)nicotine (0.01, 0.03, 0.1, 0.3, 1.0, or 3.0 mg/kg)
alone, or 0.3 mg/kg of nicotine in combination with 5.0, 10, or
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15 mg/kg of MS-245 just prior to being placed in activity cages
for 30 min. Mice were used only once and each dose of test
agent (or combination of drugs) was studied in 8 mice (n=8/
group). The behavioral analysis examined three measures of
activity: movement time (s), movement distance (cm), and
vertical entries (rearing). Data for each measure were analyzed
statistically by an analysis of variance (ANOVA) followed by
Dunnett’s #-test (statistical significance set at p < 0.05) for post-
hoc comparison tests.

2.3. Antinociception assay

Animals used in the study were male ICR mice (24 to 28 g)
purchased from Harlan Laboratories (Indianapolis, IN). The
animals were housed and fed as described for the locomotor
studies (see above). Antinociception was assessed by the tail-
flick method of D’Amour and Smith (1941) as modified by
Dewey et al. (1970) using a standard Columbus Tail-Flick
Analgesia Meter (Columbus Instruments Inc., Columbus, OH).
A mouse’s exposure to the heat source was limited to 10 s to
prevent or minimize tissue damage to the animal’s tail. A control
response (2 to 4 s) was determined for each mouse before
treatment, and a test latency was determined after drug
administration. Specifically, 15 min prior to injection of drug,
baseline tail-flick was determined for each mouse. The animal
then was injected with MS-245 (1.0, 3.0, 10 or 30 mg/kg) or (—)
nicotine (0.3, 1.0, or 3.0 mg/kg) 30 min or 5 min before the test,
respectively. In the combination test, doses of MS-245 (10 or
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Fig. 1. Results (percent drug-appropriate responding+S.E.M.) of stimulus
generalization studies with (—)nicotine and MS-245 in rats (n=7) trained to
discriminate 0.6 mg/kg of (—)nicotine from saline vehicle (top panel). S=0.9%
saline. The animals’ response rate at each dose is shown in the bottom panel.
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Fig. 2. MS-245 enhances the stimulus effect of (—)nicotine. Shown is the effect
(percent (—)nicotine-appropriate responding+S.E.M.) of the EDs, dose of (—)
nicotine administered alone and in combination with doses of MS-245 to rats
(n=7) trained to discriminate 0.6 mg/kg of (—)nicotine from saline vehicle. The
effect of administration of the (—)nicotine training dose (0.6 mg/kg) is shown for
comparison; S=0.9% saline (top panel). The animals’ response rates are shown
in the bottom panel.

30 mg/kg) were combined with doses of nicotine (0.3, 1.0 or
3.0 mg/kg). In this procedure, MS-245 was administered first
and 25 min later a dose of nicotine was injected; after 5 min, the
test started. An antinociceptive response was calculated as
percent maximum possible effect (% MPE), where % MPE=
[(test—control)/(10—control)] x 100. Groups of 9 to 10 animals
were used for each dose and for each combination of treatments.
Data were analyzed statistically by analysis of variance
(ANOVA) followed by Student’s ¢ (statistical significance set
at p <0.05) for post-hoc comparison tests.

2.3.1. Drugs

(—)Nicotine hydrogen tartrate was purchased from Sigma-
Aldrich (St. Louis, MO). The 5-HTg4 antagonist 5-methoxy-(IN;-
benzenesulfonyl)-N,N-dimethyltryptamine hydrogen oxalate
(MS-245) was synthesized as previously described (Glennon
et al., 2000). Doses of (—)nicotine refer to the weight of the base
and doses of MS-245 refer to the weight of the salt. Solutions of
both drugs were made fresh daily in 0.9% sterile saline. Both
drugs were administered by the subcutaneous (s.c.) route of
administration. Doses of nicotine were administered in a 1 ml/kg
or 10 ml/kg injection volume in rats and mice, respectively.
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Fig. 3. MS-245 potentiates the stimulus effects of a saline-like dose of (—)nicotine.
Shown is the effect (percent (—)nicotine-appropriate responding+S.E.M.) of
0.06 mg/kg of (—)nicotine administered alone and in combination with doses of
MS-245 to rats (n=7) trained to discriminate 0.6 mg/kg of (—)nicotine from saline
vehicle; S=0.9% saline (top panel). The animals’ response rates are shown in the
bottom panel.

Doses of MS-245 were administered in a 10 ml/kg injection
volume in mice. In rats, doses of <5.0 mg/kg were administered
in an injection volume of 1 ml/kg but solubility problems
necessitated a 2 ml/kg injection volume for doses of MS-
245>5.0 mg/kg. The pre-session injection interval(s) for each
drug or drug combination in each test/species was based on
previous studies (Dukat and Wesolowska, 2005; Young and
Glennon, 2002). In drug discrimination substitution tests in rats,
MS-245 was administered 45 min prior to tests. In combination
tests with nicotine, MS-245 was administered 30 min prior to
administration of nicotine; 15 min later, the test session started.
In the locomotor activity test in mice, the administration of
nicotine, MS-245, or the combination of both drugs, was
immediately followed by placement into the activity arena for
30 min. In the tail-flick test, mice were administered MS-245
(alone) or nicotine (alone) at 30 min or 5 min prior to tests,
respectively. In combination tests with nicotine, MS-245 was
administered 25 min prior to administration of nicotine; 5 min
later, a test session was begun.

3. Results

Rats were trained to discriminate 0.6 mg/kg (—)nicotine from
saline vehicle (Fig. 1). The animals’ response rates are also shown

in Fig. 1. Administration of (—)nicotine doses lower than the
training dose resulted in an orderly decrease in drug-appropriate
responding. The EDs dose calculated for (—)nicotine=0.11 (95%
CL 0.05-0.24) mg/kg. Tests of stimulus generalization with MS-
245 showed that doses of 3.0 mg/kg to 10 mg/kg produced a
maximum of only 11% (—)nicotine-appropriate responding
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Fig. 4. MS-245 enhances the hypolocomotor actions of 0.3 mg/kg of (—)nicotine
in mice. Shown is the effect (+S.E.M.) of saline, MS-245 (15 mg/kg), (-)
nicotine (N; 0.3 and 3.0 mg/kg) alone, and 0.3 mg/kg of (—)nicotine in
combination with MS-245 (15 mg/kg), on several measures of mouse locomotor
activity (7= 6 animals per dose or dose combination). MS-245 doses (5, 10, and
15 mg/kg) had no effect on the actions of 3.0 mg/kg of (—)nicotine (data not
shown). A combination of (—)nicotine (0.3 mg/kg) and MS-245 (15 mg/kg)
produced a significant decrease in total movement time (upper panel; Dunnett’s
t *p<0.0005), total movement distance (center panel; Dunnett’s 7 *p<0.001)
and vertical entries (lower panel; Dunnett’s ¢ *p<0.0001) relative to 0.3 mg/kg
of (—)nicotine administered alone (i.e., as control group for Dunnett’s  test).
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(Fig. 1). Administration of these doses did not substantially
influence the animals’ response rates (Fig. 1).

Administration of the calculated ED5( dose of (—)nicotine to the
(—)nicotine-trained animals elicited 52% (—)nicotine-appropriate
responding (Fig. 2). Administration of MS-245 in combination
with the EDsy dose of (—)nicotine produced an increase in (—)
nicotine-appropriate responding such that 0.11 mg/kg of (-)
nicotine (i.e., the EDs, dose) together with 5.0 mg/kg of MS-245
resulted in stimulus generalization; that is, the combination
produced 86% (—)nicotine-appropriate responding (Fig. 2). The
animals’ response rates were not substantially different from con-
trol response rates except that 5.0 mg/kg of MS-245 in combi-
nation with nicotine resulted in about a 50% increase in the
animals’ response rate (Fig. 2). Administered together with a low
dose of (—)nicotine (i.e., 0.06 mg/kg) that elicited saline-
appropriate responding, MS-245 produced a dose-related increase
in drug-appropriate responding. A combination of 0.06 mg/kg of
(—)nicotine (which, by itself, produced 13% nicotine-appropriate
responding) with 10 mg/kg of MS-245 elicited nearly 60% (—)
nicotine-appropriate responding (Fig. 3). The animals’ response
rates were fairly consistent under these conditions (Fig. 3).

Mice treated with (—)nicotine in the locomotor activity study
displayed statistically significant effects in total movement time
(F(6,49)=66.24, p<0.0001), total movement distance (F(6,49)=
9.44, p<0.0001), and vertical entries (F(6,49)=13.93, p<
0.0001). Dunnett’s post-hoc comparison tests revealed that the
effects of nicotine doses of 0.01, 0.03, 0.1, 0.3 and 1.0 mg/kg
were not statistically different than those following admin-
istration of saline (data not shown, except see Fig. 4 for the
effect of 0.3 mg/kg). In contrast, mice treated with 3.0 mg/kg
of nicotine produced a statistically significant (p<0.05) de-
crease in all three measures: that is, 75% reduction in total
movement time, 70% reduction in total movement distance,
and 95% decrease in vertical entries (Fig. 4). Various doses
(5.0, 10, and 15 mg/kg) of MS-245 produced effects in total
movement time (£(3,28)=0.37, p>0.05), total movement dis-
tance (F(3,28)=1.18, p>0.05), and vertical entries (F(3,28)=
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Fig. 5. MS-245 does not potentiate the antinociceptive effects of (—)nicotine in
mice. Shown are the antinociceptive effect (% MPE, percent maximal possible
effect, £S.E.M.) of (—)nicotine doses and MS-245 (30 mg/kg) alone, and the
effect (£S.E.M.) of 3.0 mg/kg of (—)nicotine in combination with 10 and 30 mg/
kg of MS-245 (n=9—-10 mice per dose or dose combination).

1.69, p>0.05) that were not statistically different than those
seen following administration of saline (see Fig. 4 for the
effects of the 15 mg/kg dose).

A combination of 0.3 mg/kg of (—)nicotine together with MS-
245 doses of 5.0 and 10 mg/kg had little effect on locomotor
activity (data not shown). However, 0.3 mg/kg of (—)nicotine plus
15 mg/kg of MS-245 resulted in significant suppression of total
movement time (p<0.0005 relative to the control dose of 0.3 mg/
kg of nicotine alone), total movement distance (»p<0.001), and
vertical entries (p<0.0001) (Fig. 4) such that they approached the
effect of the higher (i.e., 3.0 mg/kg) dose of (—)nicotine.

(—)Nicotine (0.3-3.0 mg/kg) produced a dose-related
(EDsp=1.8 mg/kg; 95%CL=0.9-3.6 mg/kg) and statistically
significant (F(3,35)=15.88, p<0.0001) antinociceptive effect
in mice using the tail-flick assay (Fig. 5). Student’s ¢ post-hoc
comparison tests revealed that only 3.0 mg/kg, but not lower
doses, of (—)nicotine produced a statistically significant (p<
0.05) antinociceptive effect. MS-245 (i.e.,, 1.0, 3.0, 10 and
30 mg/kg) was found to lack statistically significant (F(4,44)=
0.84, p>0.05) antinociceptive actions (the effect of the highest
dose evaluated is shown in Fig. 5). Doses of 10 and 30 mg/kg of
MS-245 were examined in combination with 0.3, 1.0, and
3.0 mg/kg of (—)nicotine. A statistical comparison of the results
with 10 and 30 mg/kg of MS-245, in combination with nicotine
versus 3.0 mg/kg of (—)nicotine alone, found no statistical
significance (£(2,26)=0.68, p>0.05). These data are shown in
Fig. 5. The combinations of MS-245 (30 mg/kg) with 0.3 and
1.0 mg/kg of (—)nicotine were not statistically significant (data
not shown).

4. Discussion

Although the discriminative stimulus effects of nicotine are
mediated primarily via nicotinic acetylcholinergic receptors
(presumably by activation of a432 nACh receptors) (Rosecrans
etal., 1978; Stolerman et al., 1983), it is generally agreed (but see
Corrigall and Coen, 1994) that indirect dopamine receptor
activation contributes to nicotine’s stimulus actions (Desai et al.,
2003; Gasior et al., 1999; Mansbach et al., 1998; Rosecrans
et al., 1978; Schechter and Meehan, 1993 and references
therein). Recent studies have suggested that 5-HT¢ serotonin
receptors can modulate the actions of dopamine through phos-
phorylation of DARPP-32 at Thr’* and Thr’”’ (e.g. Svennings-
son et al., 2002). In the present study, the 5-HT¢ antagonist MS-
245 failed to produce (—)nicotine-like stimulus effects (Fig. 1).
But, administered in combination with the EDsy dose of (—)
nicotine, MS-245 enhanced the stimulus actions of (—)nicotine
such that following a combination of 5.0 mg/kg of MS-245 plus
the EDs dose of (—)nicotine, the animals made >80% of their
responses on the (—)nicotine-appropriate lever. That is, at this
dose combination, the animals responded as if they had been
administered the training dose of (—)nicotine. The potency
enhancing action of MS-245 is not of a simple additive nature
because a combination of a “saline-like” dose of MS-245
(10 mg/kg) together with an “inactive” dose of (—)nicotine
(0.06 mg/kg; which, by itself, produced only 13% nicotine-
appropriate responding), produced nearly 60% (—)nicotine-
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appropriate responding (Fig. 3); solubility concerns with MS-
245 precluded the evaluation of higher doses. Clearly, MS-245 is
able to enhance the stimulus actions of (—)nicotine.

Nicotine produces a hypolocomotor effect in mice, and «4-
containing (Marubio et al., 2003) and p2-containing (King et al.,
2004) nACh receptors play an important role in this action as
demonstrated by the attenuated responding seen in either a4 or 32
knock-out mice following administration of nicotine. Activation
of nACh receptors results in, among other effects, the release of
dopamine — particularly in the striatum (Rao et al., 2003, and
references therein). In fact, nicotine can modulate dopaminergic
neurotransmission by enhancing dopamine release in several
brain regions (Ramos et al., 2004; Role and Berg, 1996;
Wonnacott, 1997; Wonnacott et al., 2000). In the present study,
low doses of (—)nicotine (0.01 to 1.0 mg/kg) produced an effect
on mouse locomotor activity comparable to that seen following
administration of saline. In contrast, 3.0 mg/kg of (—)nicotine
decreased all measures of locomotor activity by >60% (Fig. 4).
Co-administration of a MS-245 dose, which by itself had no effect
on locomotor activity, together with nicotine, enhanced the effect
of 0.3 mg/kg of (—)nicotine such that the combination produced
effects approaching those seen following a 3.0 mg/kg dose of (—)
nicotine administered alone (Fig. 4). Here too, then, MS-245 had a
potentiating effect on the actions of (—)nicotine. A combination of
MS-245 and a higher (i.e.,, 3.0 mg/kg) dose of (—)nicotine
produced effects similar to that seen following 3.0 mg/kg of (—)
nicotine alone. The lack of further or enhanced locomotor
suppression of this high dose of nicotine by MS-245 might be
simply due to the already low level (i.e., “flooring” or “bottoming
out” effect) of locomotor activity observed at this high nicotine
dose.

Because neither D; nor D, dopamine receptors seem to be
involved in the antinociceptive effects of (—)nicotine in mice
(Damaj and Martin, 1993), we also examined the effect of MS-
245 alone, and in combination with (—)nicotine, in the mouse tail-
flick assay for comparison. MS-245 displayed no antinociceptive
action and failed to enhance the effect of (—)nicotine when given
in combination. These results might reflect mechanistic differ-
ences and suggest that either DA-mediated DARPP-32 modula-
tion is not involved in nicotine-induced antinociception, or that
MS-245 behaves differently in this procedure.

Complicating the interpretation of results from mouse
studies is that Hirst et al. (2003) have found lower levels of
5-HTg receptor mRNA in mouse brain than in rat brain.
Additionally, despite the high degree of sequence homology
between mouse and rat 5-HTg receptors, and even though 5-HT
and certain other serotonergic agents display comparable
affinities for the two species homologs, some agents bind
with higher affinity at one over the other (Hirst et al., 2003).
Hence, a specific role for 5-HTg receptors in the actions of MS-
245 in mouse brain must be viewed cautiously.

Taken together, the data show that the 5-HT antagonist MS-
245, by itself, did not substitute for (—)nicotine in rats trained to
discriminate (—)nicotine from vehicle, had no effect on mouse
locomotor activity, and lacked measurable antinociceptive
action in the mouse tail-flick assay. Yet, MS-245 enhanced the
effects of (—)nicotine in the drug discrimination task and on

measures of locomotor activity, but not on antinociception
action. A common factor involving the actions of nicotine and 5-
HTs antagonists is DARPP-32. Although involvement of
DARPP-32 is one explanation for the observed effect of the
MS-245/nicotine combinations, further work is obviously
necessary. For example, nicotine can activate o7 nACh receptors
which, too, can influence DARPP-32, but this occurs through a
glutamatergic mechanism (Hamada et al., 2005). Also, dopa-
mine released by nicotine can activate both D; and D, dopamine
receptors and these receptor types have opposing actions on
DARPP-32. In addition, MS-245 has been shown to bind at 5-
HT, and Dj receptors (Russell et al., 2001); although its affinity
for these receptors is about 30- to 40-fold lower than its affinity
for 5-HTg receptors, and although its function (as agonist or
antagonist) at these receptor types is unknown, their involve-
ment cannot be dismissed. In this regard, it might be noted that
the 5-HT, agonist 1-(2,5-dimethoxy-4-iodophenyl)-2-amino-
propane (DOI) and/or the 5-HT, agonist Ro 60-0175 depressed
the stimulus and locomotor effects of nicotine in rodents
(Batman et al., 2005; Grottick et al., 2001), and that the 5-HT,
antagonist ketanserin was without effect on the hypolocomotor
actions of nicotine in mice (Damaj et al., 1994). It might be
parenthetically noted, if there is evidence for 5-HT, receptor
involvement, that 5-HT, receptor ligands can also modulate
phosphorylation of DARPP-32 (Svenningsson et al., 2002).
Although more studies are required to assess the role of Dj
dopamine autoreceptors in mediating the stimulus effects of
nicotine, it would seem their role is minimal (Gasior et al., 1999).
For example, neither a D5 partial agonist nor D5 antagonist had
an effect on nicotine discriminative performance or nicotine-
induced motor activity of rats (Le Foll et al., 2005). Never-
theless, DARPP-32 has been implicated in certain behavioral
(e.g. locomotor) actions of nicotine, and 5-HT antagonists have
been shown to modulate the actions of DARPP-32 (e.g. Hamada
et al., 2004; Svenningsson et al., 2002).

We have recently found that MS-245 enhances the stimulus
properties of (+)amphetamine in rats trained to discriminate (+)
amphetamine from saline vehicle in a two-lever operant
procedure (Pullagurla et al., 2004). Furthermore, Frantz et al.
(2002) have shown that (+)amphetamine produces enhanced
locomotor effects following administration of the 5-HTg
antagonist SB-258510A, and that SB-258510A also altered
self-administration of (+)amphetamine in a manner indicative of
enhanced reinforcing properties (Frantz et al., 2002). In both
studies, a role for DARPP-32 might be suspected. Alternatively,
it could be that 5-HTy receptor antagonists simply increase
levels of dopamine by an as yet to be elucidated mechanism.
Indeed, there is some evidence for the latter possibility.
Administered alone, 5-HTy antagonists generally have little to
no effect on the basal levels of dopamine, serotonin, or
norepinephrine (Dawson et al., 2000, 2001, 2003; Frantz et al.,
2002; Lacroix et al., 2004) in various brain regions. The
pretreatment of rats with SB-258510A, however, potentiated
amphetamine-induced increases in dopamine levels in rat
frontal cortex and nucleus accumbens (Frantz et al., 2002),
and administration of the 5-HT¢ antagonist SB-271046 (at a
dose that had no effect by itself) to rats in combination with (+)
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amphetamine, elevated striatal levels of DA and 5-HT beyond
that produced by (+)amphetamine alone (Dawson et al., 2003).
The mechanism whereby this occurs is not understood and may
or may not be related to the effects observed for nicotine in this
investigation. Nonetheless, the present results do demonstrate,
for the first time, that MS-245 can enhance the stimulus effects
of (—)nicotine in the drug discrimination paradigm with rats
trained to discriminate (—)nicotine from vehicle, and the
hypolocomotor actions of (—)nicotine in mice. Moreover, the
results of the locomotor studies are not inconsistent with what
has been reported with DARPP-32 knock-out mice. The most
parsimonious explanation for the observed results is that
blockade of 5-HT¢ serotonin receptors might interfere with
down-stream signaling of dopamine receptor activation.

Acknowledgments

This work was supported in part by DA-05274 and MH-
60599.

References

Batman AM, Munzar P, Beardsley PM. Attenuation of nicotine’s discriminative
stimulus effects in rats and its locomotor activity effects in mice by serotonergic
5-HT, /¢ receptor agonists. Psychopharmacology 2005;179:393-401.

Corrigall WA, Coen KM. Dopamine mechanisms play at best a small role in the
nicotine discriminative stimulus. Pharmacol Biochem Behav 1994;48:817-20.

Damaj MI, Martin BR. Is the dopaminergic system involved in the central
effects of nicotine in mice? Psychopharmacology 1993;111:106-8.

Damaj MI, Glennon RA, Martin BR. Involvement of the serotonergic system in
the hypoactive and antinociceptive effects of nicotine in mice. Brain Res
Bull 1994;33:199-203.

D’Amour FE, Smith DL. A method for determining loss of pain sensation.
J Pharmacol Exp Ther 1941;72:74-9.

Dawson LA, Nguyen HQ, Li P. In vivo effects of the 5-HT4 antagonist SB-
271046 on striatal and frontal cortex extracellular concentrations of
noradrenaline, dopamine, 5-HT, glutamate and aspartate. Br J Pharmacol
2000;130:23—6.

Dawson LA, Nguyen HQ, Li P. The 5-HT; receptor antagonist SB-271046
selectively enhances excitatory neurotransmission in the rat frontal cortex
and hippocampus. Neuropsychopharmacology 2001;25:662—8.

Dawson LA, Nguyen HQ, Li P. Potentiation of amphetamine-induced changes
in dopamine and 5-HT by a 5-HT, receptor antagonist. Brain Res Bull
2003;59:513-21.

Desai RI, Barber DJ, Terry P. Dopaminergic and cholinergic involvement in the
discriminative stimulus effects of nicotine and cocaine in rats. Psychophar-
macology (Berl) 2003;167:335-43.

Dewey WL, Harris LS, Howes JS, Nuite JA. The effect of various
neurohormonal modulations on the activity of morphine and the narcotic
antagonists in tail-flick and phenylquinone test. J Pharmacol Exp Ther
1970;175:435-42.

Dukat M, Wesolowska A. Antinociception: mechanistic studies on the action of
MD-354 and clonidine. Part 1. The 5-HT; component. Eur J Pharmacol
2005;528:59-64.

Finney D. Probit analysis. London: Cambridge University Press; 1952.

Frantz KJ, Hansson KJ, Stouffer DG, Parsons LH. 5-HTg receptor antagonism
potentiates the behavioral and neurochemical effects of amphetamine but not
cocaine. Neuropharmacology 2002;42:170-80.

Gasior M, Shoaib M, Yasar S, Jaszyna M, Goldberg SR. Acquisition of nicotine
discrimination and discriminative stimulus effects of nicotine in rats
chronically exposed to caffeine. J Pharmacol Exp Ther 1999;288:1053-73.

Glennon RA, Lee M, Rangisetty JB, Dukat M, Roth BL, Savage JE, et al. 2-
Substituted tryptamines: agents with selectivity for 5-HTg serotonin
receptors. J Med Chem 2000;43:1011-8.

Grottick AJ, Corrigall WA, Higgins GA. Activation of 5-HT,¢ receptors reduces
the locomotor and rewarding effects of nicotine. Psychopharmacology
2001;157:292-8.

Hamada M, Higashi H, Nairn AC, Greengard P, Nishi A. Differential regulation
of dopamine D, and D, signaling by nicotine in neostriatal neurons.
J Neurochem 2004;90:1094—-103.

Hamada M, Hendrick JP, Ryan GR, Kuroiwa M, Higashi H, Tanaka M, et al.
Nicotine regulates DARPP32 phosphorylations at multiple sites in
neostriatal neurons. J Pharmacol Exp Ther 2005;315:872-8.

Hirst WD, Abrahamsen B, Blaney FE, Calver AR, Aloj L, Price GW,
et al. Differences in the central nervous system distribution and phar-
macology of the mouse 5-hydroxytryptamine-6 receptor with rat and
human receptors investigated by radioligand binding, site-directed
mutagenesis, and molecular modeling. Mol Pharmacol 2003;64:
1295-308.

King SL, Caldarone BJ, Picciotto MR. P2-Subunit-containing nicotinic
acetylcholine receptors are critical for dopamine-dependent locomotor
activation following repeated nicotine administration. Neuropharmacology
2004;47(Suppl 1):132-9.

Lacroix LP, Dawson LA, Hagan JJ, Heidbreder CA. 5-HTg receptor antagonist
SB-271046 enhances extracellular levels of monoamines in the rat medial
prefrontal cortex. Synapse 2004;51:158—64.

Le Foll B, Sokoloff P, Stark H, Golberg SR. Dopamine D5 receptor ligands
block nicotine-induced conditioned place preference through a mechanism
that does not involve discriminative-stimulus or antidepressant effects.
Neuropsychopharmacology 2005;30:720-30.

Mansbach RS, Rovetti CC, Freedland CS. The role of monoamine neurotrans-
mitter systems in the nicotine discriminative stimulus. Drug Alcohol Depend
1998;52:125-34.

Marubio LM, Gardier AM, Durier S, David D, Klink R, Arroyo-Jimenez MM, et al.
Effects of nicotine in the dopaminergic system of mice lacking the alpha4
subunit of neuronal nicotinic acetylcholine receptors. Eur J Neurosci
2003;17:1329-37.

Pullagurla M, Bondareva T, Young R, Glennon RA. Modulation of the stimulus
effects of (+)amphetamine by the 5-HT4 antagonist MS-245. Pharmacol
Biochem Behav 2004;78:263—-8.

Ramos EJ, Meguid MM, Zhang L, Miyata G, Fetissov SO, Chen C, et al.
Nicotine infusion into rat ventromedial nuclei and effects on monoaminergic
system. NeuroReport 2004;15:2293—7.

Rao TS, Correa LD, Adams P, Santori EM, Sacaan Al. Pharmacological
characterization of dopamine, norepinephrine and serotonin release in the rat
prefrontal cortex by neuronal nicotinic acetylcholine receptor agonists. Brain
Res 2003;990:203-8.

Reuben M, Clarke PB. Nicotine-evoked [*H]5-hydroxytryptamine release from
rat striatal synaptosomes. Neuropharmacology 2000;39:290-9.

Role LW, Berg DK. Nicotinic receptors in the development and modulation of
CNS synapses. Neuron 1996;16:1077-85.

Rosecrans JA, Kallman MJ, Glennon RA. The nicotine cue: an overview. In:
Colpaert FC, Rosecrans JA, editors. Stimulus properties of drugs: ten years
of progress. Amsterdam: Elsevier; 1978. p. 69—-81.

Russell MGN, Baker RJ, Barden L, Beer MS, Bristow L, Broughton HB, et al.
N-Arylsulfonylindole derivatives as serotonin 5-HT¢ receptor ligands. J Med
Chem 2001;44:3881-95.

Schechter MD, Meehan SM. Dopaminergic mediation of the stimulant
generalization of nicotine. Prog Neuro-Psychopharmacol Biol Psychiatry
1993;17:835-45.

Stolerman IP, Pratt JA, Garcha HS, Giardini V, Kumar R. Nicotine cue in rats
analyzed with drugs acting on cholinergic and 5-hydroxytryptamine
mechanisms. Neuropharmacology 1983;22:1029-37.

Svenningsson P, Tzavara ET, Liu F, Feinberg AA, Nomikos GG, Greengard P.
DARPP-32 mediates serotonergic neurotransmission in the forebrain. Proc
Natl Acad Sci U S A 2002;99:3188-93.

Svenningsson P, Tzavara ET, Carruthers R, Rachleff I, Wattler S, Nehls M, et al.
Diverse psychotomimetics act through a common signaling pathway.
Science 2003;302:1412-5.

Svenningsson P, Nishi A, Fisone G, Girault J-A, Nairn AC, Greengard P. DARP-
32: an integrator of neurotransmission. Annu Rev Pharmacol Toxicol
2004;44:269-96.



R. Young et al. / Pharmacology, Biochemistry and Behavior 85 (2006) 170-177 177

Tsai Y, Dukat M, Slassi A, MacLean N, Demchyshyn L, Savage JE, et al. N;-
(Benzenesulfonyl)tryptamines as novel 5-HT, antagonists. Bioorg Med
Chem Lett 2000;10:2295-9.

Wonnacott S. Presynaptic nicotinic ACh receptors. Trends Neurosci
1997;20:92--8.

Wonnacott S, Kaiser S, Mogg A, Soliakov L, Jones IW. Presynaptic nicotinic
receptors modulating dopamine release in the rat striatum. Eur J Pharmacol
2000;393:51-8.

Young R, Glennon RA. Discriminative stimulus properties of amphetamine and
structurally related phenalkylamines. Med Res Rev 1986;6:99-130.

Young R, Glennon RA. Nicotine and bupropion share a similar discriminative
stimulus effect. Eur J Pharmacol 2002;443:113-8.

Zhu H, Lee MS, Guan F, Agatsuma S, Scott D, Fabrizio K, et al. DARPP-32
phosphorylation opposes the behavioral effects of nicotine. Biol Psychiatry
2005;132:981-9.



	Effect of the 5-HT6 serotonin antagonist MS-245 on the actions of (−)nicotine
	Introduction
	Materials and methods
	Drug discrimination studies
	Locomotor studies
	Antinociception assay
	Drugs


	Results
	Discussion
	Acknowledgments
	References


