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ABSTRACT
A specific role for the dopamine D3 receptor in behavior has yet to
be elucidated. We now report that dopamine D2/D3 agonists elicit
dose-dependent yawning behavior in rats, resulting in an inverted
U-shaped dose-response curve. A series of experiments was
directed toward the hypothesis that the induction of yawning is a
D3 receptor-mediated effect, whereas the inhibition of the yawn-
ing observed at higher doses is due to competing D2 receptor
activity. We compared several dopaminergic agonists with a
range of in vitro D3 selectivity, including PD-128,907 [(S)-(�)-(4aR,
10bR)-3,4,4a,10b-tetrahydro-4-propyl-2H,5H-[1]benzopyrano-
[4,3-b]-1,4-oxazin-9-ol HCl], PD-128,908 [(R)-(�)-(4aS,10bS)-
3,4,4a,10b-tetrahydro-4-propyl-2H,5H-[1]benzopyrano-[4,3-b]-
1,4-oxazin-9-ol HCl], quinelorane [(5aR-trans)-5,5a,6,7,8,
9,9a,10-octahydro-6-propylpyrido[2,3-g]quinazolin-2-amine dihy-
drochloride], pramipexole (N�-propyl-4,5,6,7-tetrahydrobenzo-
thiazole-2,6-diamine), 7-OH-DPAT [(�)-7-hydroxy-2-dipropylami-
notetralin HBr], quinpirole [trans-(�)-(4aR)-4,4a,5,6,7,8,
8a,9-octahydro-5-propyl-1H-pyrazolo[3,4-g]quinoline HCl], bro-
mocriptine [(�)-2-bromo-12�-hydroxy-2�-(1-methylethyl)-5�-(2-
methylpropyl) ergotaman-3�,6�-18-trione methanesulfonate], and
apomorphine [(R)-(�)-5,6,6a,7-tetrahydro-6-methyl-4H-dibenzo-
[de,g]quinoline-10,11-diol HCl] with respect to their ability to in-
duce yawning in rats. A series of D2/D3 antagonists differing in
selectivity for D3 over D2 receptors were evaluated for their ability
to alter the effects of the dopamine agonists. The antagonists
L-741,626 (3-[4-(4-chlorophenyl)-4-hydroxypiperidin-L-yl]methyl-
1H-indole), haloperidol (4-[4-(4-chlorophenyl)-4-hydroxy-

1-piperidinyl]-1-(4-fluorophenyl)-1-butanone HCl), nafadotride (N-
[(1-butyl-2-pyrrolidinyl)methyl]-4-cyano-1-methoxy-2-naphtha-
lenecarboxamide), U99194 (2,3-dihydro-5,6-dimethoxy-N,N-
dipropyl-1H-inden-2-amine maleate), SB-277011A (trans-N-[4-
[2-(6-cyano-1,2,3,4-tetrahydroisoquinolin-2-yl)ethyl]cyclohexyl]-
4-quinolinecarboxamide), and PG01037 (N-{4-[4-(2,3-di-
chlorophenyl)-piperazin-1-yl]-trans-but-2-enyl}-4-pyridine-2-
yl-benzamide HCl) were used to determine effects on dose-
response curves for D2/D3 agonist-induced yawning. In addition,
the potential contribution of cholinergic and/or serotonergic
mechanisms to the yawning response was investigated using a
series of pharmacological tools including scopolamine [(a,S)-a-
(hydroxymethyl)benzeneacetic acid (1a,2b,4b,5a,7b)-9-methyl-3-
oxa-9-azatricyclo[3.3.1.02,4]-non7-yl ester hydrobromide], mian-
serin (1,2,3,4,10,14b-hexahydro-2-methyldibenzo[c,f]pyra-
zino[1,2-a]azepine HCl), and the D3-preferring antagonists nafa-
dotride, U99194, SB-277011A, and PG01037 to differentially
modulate yawning induced by PD-128,907, physostigmine [(3aS)-
cis-1,2,3,3a,8,8a-hexahydro-1,3a,8-trimethylpyrrolo[2,3-b]indol-
5-ol methylcarbamate hemisulfate], and N-[3-(trifluoromethyl)phe-
nyl]piperazine HCl. The results of these experiments provide
convergent evidence that dopamine D2/D3 agonist-induced
yawning is a D3 agonist-mediated behavior, with subsequent
inhibition of yawning being driven by competing D2 agonist activ-
ity. Thus, dopamine agonist-induced yawning may represent an in
vivo method for selectively identifying D3 and D2 receptor-
mediated activities.

Dopamine D3 receptors have received considerable in-
terest since originally cloned (Sokoloff et al., 1990). The D3
receptor shares significant sequence homology with the
dopamine D2 receptor but displays a much more restricted,
limbic pattern of distribution compared with that of the D2
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receptor in the rat (Levesque et al., 1992) and human brain
(Gurevich and Joyce, 1999). Based in large part on this
restricted distribution and high sequence homology, it has
been hypothesized that the D3 receptor may be of interest
as a pharmacological target for antipsychotics and anti-
parkinsonian therapeutics (for review, see Joyce, 2001).
Additionally, the D3 receptor is thought to play a role in
reinforcement pathways because the D3 receptor is ex-
pressed in high levels within the mesolimbic dopaminergic
system and, more specifically, the nucleus accumbens shell
(Sokoloff et al., 1990; Stanwood et al., 2000).

However, progress in defining a role for the D3 receptor
has been slowed by the inability to identify behavioral effects
that can be linked exclusively to a D3 mechanism (Levant,
1997). This is, at least in part, due to the lack of pharmaco-
logically selective compounds acting at either the D3 or D2
receptors, as well as the fact that potentially selective ago-
nists have failed to elicit obvious, direct behavioral changes.
Although D2/D3 agonists and antagonists have been shown
to produce changes in body temperature, locomotor activity,
and other behavioral measures (Millan et al., 1995; Pugsley
et al., 1995; Varty and Higgins, 1998), a role for the D3
receptor in the regulation of these effects has typically not
been confirmed by studies using D3 receptor-deficient mice
(Boulay et al., 1999a,b; Xu et al., 1999). Recently, increases in
locomotor activity by dizocilpine maleate (MK-801) (Leriche
et al., 2003) and blockade of the convulsant effects of dopa-
mine uptake inhibitors (Witkin et al., 2004) have been pro-
posed as in vivo models of D3 receptor activation. However,
systematic replication of those findings or confirmation by
other means has not been reported. The studies reported
herein provide evidence supporting the contention that
yawning induced by D2/D3 agonists is mediated specifically
through D3 receptor activation.

The ability of dopaminergic agonists to elicit biphasic yawn-
ing resulting in an inverted U-shaped dose-response curve in
rats has been a long-studied phenomenon (e.g., Mogilnicka and
Klimek, 1977; Holmgren and Urba-Holmgren, 1980; Yamada
and Furukawa, 1980). An early hypothesis regarding the bipha-
sic regulation of apomorphine-induced yawning behavior attrib-
uted the induction of yawning behavior to a D2 agonist activity,
whereas the inhibition seen at higher doses was thought to be
due to a competing D1 agonist activation (Yamada and Fu-
rukawa, 1980; Urba-Holmgren et al., 1982). The cloning of the
dopamine D3 receptor and the development of agonists such as
PD-128,907 (Pugsley et al., 1995) and 7-OH-DPAT [(�)-7-hy-
droxy-2-dipropylaminotetralin HBr] (Levesque et al., 1992;
Pugsley et al., 1995), as well as antagonists including U99194
(Cannon et al., 1982; Haadsma-Svensson and Svensson, 1998),
SB-277011A (Reavill et al., 2000; Stemp et al., 2000), and
PG01037 (Grundt et al., 2005) with greater degrees of in vitro
selectivity for the D3 receptor have allowed greater insights into
the regulation of dopaminergic agonist-induced yawning behav-
ior to be made. Based on a series of studies examining the
unconditioned behavioral effects of 7-OH-DPAT (Daly and
Waddington, 1993; Ferrari and Giuliani, 1995; Kurashima et
al., 1995), as well as binding studies (Levant et al., 1995),
Levant (1997) hypothesized in an extensive review that D2/D3
agonist-induced yawning may be a D3 agonist-mediated effect,
whereas the inhibition seen at higher doses was a result of
concomitant D2 agonist activation.

This hypothesis was evaluated in the present studies using
a host of pharmacological tools. The abilities of a series of
compounds with varying in vitro selectivities for the D3 rel-
ative to D2 receptors to elicit yawning were examined. A
series of antagonists, again defined by binding in vitro selec-
tivity for the D3 and D2 receptors, were evaluated with
respect to their modification of dose-response relationships
for D2/D3 agonists, with the majority of the studies using
PD-128,907 as a prototype D3 agonist.

Finally, in addition to dopaminergic mechanisms, yawning
can be induced by cholinergic (Urba-Holmgren et al., 1977;
Yamada and Furukawa, 1980) or serotonergic (Stancampi-
ano et al., 1994) compounds. Although the exact mechanisms
and neural pathways involved in the regulation of yawning
behavior have not been fully elucidated, there is a large set of
data that suggests that dopaminergic, serotonergic, and cho-
linergic induction of yawning occur via distinct mechanisms.
In addition, both dopaminergic and serotonergic pathways
are thought to eventually feed onto cholinergic neurons, thus
allowing for differential regulation of dopaminergic and se-
rotonergic yawning, with a cholinergic component common in
all three pathways (for review, see Argiolas and Melis, 1998).
Therefore, some D3 antagonists that reduced PD-128,907-
induced yawning were also assessed for their capacity to
alter nondopaminergic-induced yawning.

The convergent evidence from the agonist and antagonist
studies support the hypothesis that dopamine agonist-in-
duced yawning is mediated specifically through activation of
D3 receptors. Therefore, yawning in rats may provide a crit-
ical model for establishing the in vivo activities of putative
D3-selective ligands, a first step toward defining their role in
normal and pathological physiological states.

Materials and Methods
Subjects

Male Sprague-Dawley rats (250–400 g) were obtained from Har-
lan (Indianapolis, IN) and housed three to a cage for the duration of
the study. Rats had free access to standard Purina rodent chow and
water and were maintained in a temperature- and humidity-con-
trolled environment on a 12-h dark/light cycle with lights on at 7:00
AM. All studies were performed in accordance with the Declaration
of Helsinki and with the Guide for the Care and Use of Laboratory
Animals, as adopted and promulgated by the National Institutes of
Health, and all experimental procedures were approved by the Uni-
versity of Michigan Committee on the Use and Care of Animals.

Behavioral Observations

Yawning. Yawning behavior was defined as a prolonged (�1 s),
wide opening of the mouth followed by a rapid closure. On the day of
testing, rats were transferred from their home cage to a test chamber
(19- � 9- � 8-inch clear shoe box rodent cage with standard cob
bedding) and allowed to habituate to the chamber for a period of 30
min. Antagonist or vehicle was administered as a 30-min pretreat-
ment prior to the injection of agonist or vehicle. Behavioral observa-
tions began 10 min after all injections, and the total number of yawns
was recorded for a period of 20 min thereafter. Dose-response curves
were first generated for all agonists with a vehicle pretreatment,
with antagonists substituted for vehicle pretreatments in subse-
quent sets of experiments. Each rat was tested multiple times, with
separate groups of rats used to establish dose-response curves for
each agonist or antagonist � agonist combination. At least 48 h was
allowed between experimental sessions to allow for a drug washout
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period. Food and water were unavailable during individual test
sessions, and all experiments were conducted between the hours of
12:00 and 6:00 PM.

Dopamine D2/D3 Agonist-Induced Yawning. A series of do-
paminergic agonists with varying degrees of in vitro selectivity for
the D3 and D2 receptors were used to assess the ability of D2/D3
agonists to induce yawning behavior in rats. The D2/D3 agonists
used in this series of experiments included 7-OH-DPAT (0.0032,
0.01, 0.032, and 0.1 mg/kg), apomorphine (0.001, 0.0032, 0.01, 0.032,
0.1, and 0.32 mg/kg), bromocriptine (0.32, 1.0, 3.2, and 10.0 mg/kg),
PD-128,907 (0.0032, 0.01, 0.032, 0.1, and 0.32 mg/kg), PD-128,908
(0.01, 0.032, 0.1, 0.32, and 1.0 mg/kg), pramipexole (0.00032, 0.001,
0.0032, 0.01, 0.032, 0.1, 0.32, and 1.0 mg/kg), quinelorane (0.0001,
0.00032, 0.001, 0.0032, 0.01, and 0.032 mg/kg), and quinpirole
(0.0032, 0.01, 0.032, 0.1, and 0.32 mg/kg). All agonists were investi-
gated in separate groups of rats, with doses presented in a random
order.

Effects of Dopaminergic Antagonists on D2/D3 Agonist-In-
duced Yawning Behavior. The effects of dopaminergic antago-
nists on D2/D3 agonist-induced yawning were examined, with each
antagonist � agonist combination determined in separate groups of
rats. Agonist and antagonist dose combinations were presented in a
random order, with dose-response curves for vehicle � agonist treat-
ments determined before and after antagonist � agonist combina-
tions to insure there were no changes in agonist-induced yawning
behavior.

D2-Selective Antagonists. The effects of L-741,626 (0.32 and 1.0
mg/kg) on yawning elicited by PD-128,907 (0.01, 0.032, 0.1, and 0.32
mg/kg) or quinelorane (0.00032, 0.001, 0.0032, 0.01, and 0.032 mg/
kg) were determined. Only a dose of 1.0 mg/kg L-741,626 was used in
the quinelorane-induced yawning studies.

Nonselective Dopamine Receptor Antagonism. Haloperidol
was used to determine the effects of nonselective dopaminergic an-
tagonist activity on PD-128,907 (0.032, 0.1, 0.32, and 1.0 mg/kg)- and
quinelorane (0.001, 0.0032, 0.01, 0.032, and 0.1 mg/kg)-induced
yawning. Doses of 0.01 and 0.032 mg/kg haloperidol were used in
PD-128,907 experiments, whereas only the lowest active dose of
0.032 mg/kg was used in quinelorane studies.

D3-Selective Antagonists. The D3-preferring antagonists nafa-
dotride (0.01, 0.1, and 0.32 mg/kg), U99194 (1.0, 3.2, and 10.0 mg/kg),
SB-277011A (3.2, 32.0, and 56.0 mg/kg), and PG01037 (10.0, 32.0,
and 56.0 mg/kg) were used to examine their effects on PD-128,907
(0.01, 0.032, 0.1, and 0.32 mg/kg)-induced yawning. In rats treated
with 0.32 mg/kg nafadotride, the range of doses used for PD-128,907-
induced yawning was extended to 1.0 mg/kg.

D1/D5- and D4-Selective Antagonists. The D1/D5 antagonist
SCH 23390 (0.01 mg/kg) and the D4 antagonist L-745,870 (3.2 mg/
kg) were used to address the possible involvement of these receptors
in yawning elicited by PD-128,907 (0.01, 0.032, 0.1, and 0.32 mg/kg).

Effects of Cholinergic and Serotonergic Agonists and An-
tagonists on Yawning. Yawning elicited by cholinergic and sero-
tonergic mechanisms was established by administration of phy-
sostigmine (0.01, 0.32, 0.1, 0.32, and 1.0 mg/kg i.p.) and TFMPP
(0.32, 1.0, 3.2, and 10.0 mg/kg), respectively. Scopolamine (0.0001,
0.001, and 0.01 mg/kg) was used to examine the effects of muscarinic
cholinergic antagonism on yawning elicited by physostigmine (0.1
mg/kg i.p.), TFMPP (3.2 mg/kg), and PD-128,907 (0.1 mg/kg). Like-
wise, the ability of the 5-HT2 receptor antagonist mianserin (0.0032,
0.032, and 0.32 mg/kg) to antagonize yawning induced by TFMPP
(3.2 mg/kg), physostigmine (0.1 mg/kg i.p.), and PD-128,907 (0.1
mg/kg) was determined.

D3-Selective Antagonists on Cholinergic and Serotonergic
Yawning. The ability of nafadotride (0.01, 0.1, and 1.0 mg/kg),
U99194 (1.0, 3.2, and 10.0 mg/kg), SB-277011A (3.2, 32.0, and 56.0
mg/kg), and PG01037 (10.0, 32.0, and 56.0 mg/kg) to modulate yawn-
ing behavior induced by PD-128,907 (0.1 mg/kg), TFMPP (3.2 mg/
kg), and physostigmine (0.1 mg/kg i.p.) was determined in separate
groups of rats.

Drugs

(�)-7-OH-DPAT, (�)-bromocriptine [(�)-2-bromo-12�-hydroxy-2�-
(1-methylethyl)-5�-(2-methylpropyl) ergotaman-3�,6�-18-trione
methanesulfonate], haloperidol [4-[4-(4-chlorophenyl)-4-hydroxy-1-
piperidinyl]-1-(4-fluorophenyl)-1-butanone HCl], mianserin
[1,2,3,4,10,14b-hexahydro-2-methyldibenzo[c,f]pyrazino[1,2-a]az-
epine HCl], PD-128,907, PD-128,908, physostigmine [(3aS)-cis-
1,2,3,3a,8,8a-hexahydro-1,3a,8-trimethylpyrrolo[2,3-b]indol-5-ol
methylcarbamate hemisulfate], quinelorane [(5aR-trans)-
5,5a,6,7,8,9,9a,10-octahydro-6-propylpyrido[2,3-g]quinazolin-2-
amine dihydrochloride], (�)-quinpirole [trans-(�)-(4aR)-
4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazolo[3,4-g]quinoline
HCl], SCH 23390, scopolamine [(a,S)-a-(hydroxymethyl)benzeneace-
tic acid (1a,2b,4b,5a,7b)-9-methyl-3-oxa-9-azatricyclo[3.3.1.02,4]-
non7-yl ester hydrobromide], and TFMPP were obtained from Sig-
ma-Aldrich (St. Louis, MO). L-741,626, L-745,870, nafadotride
[N-[(1-butyl-2-pyrrolidinyl)methyl]-4-cyano-1-methoxy-2-naphtha-
lenecarboxamide], and U99194 were obtained from Tocris Cookson
Inc. (Ellisville, MO). Pramipexole (N�-propyl-4,5,6,7-tetrahydroben-
zothiazole-2,6-diamine) was generously provided by Dr. Edward F.
Domino (University of Michigan Medical School, Ann Arbor, MI),
SB-277011A by Dr. Deyi Zhang (Lily Research Labs, Indianapolis,
IN), and PG01037 by Dr. Amy H. Newman (Medicinal Chemistry
Section–National Institute on Drug Abuse, Baltimore, MD). All
drugs were dissolved in sterile water with the exception of haloper-
idol, which was dissolved in 5% ethanol, L-741,626, which was dis-
solved in 5% ethanol with 1 M HCl, and SB-277011A, which was
dissolved in 10% �-cyclodextrin. All drugs were administered s.c. in
a volume of 1 ml/kg, with the exception of physostigmine, which was
administered i.p. in a volume of 1 ml/kg. The 56.0 mg/kg doses of
SB-277011A and PG01037 were administered in a volume of 3 ml/kg
s.c. due to solubility limitations.

Data Analysis

All yawning studies were conducted with eight rats per group, and
results are expressed as mean number of yawns during the 20-min
observation period � S.E.M. A one-way, repeated-measures ANOVA
with post hoc Dunnett’s tests was used to determine whether ago-
nist-induced yawning was significantly greater compared with vehi-
cle (GraphPad Prism; GraphPad Software Inc., San Diego, CA).
Significant differences in the maximal amount of yawning elicited
were determined by one-way repeated-measures ANOVA with post
hoc Tukey’s honestly significant difference tests. Significant effects
of antagonist pretreatment on agonist-induced yawning was deter-
mined using an unbalanced, two-way ANOVA with post hoc Bonfer-
roni tests to determine significant differences among antagonist- and
vehicle-treated groups (SPSS; SPSS Inc., Chicago, IL). One-way re-
peated-measures ANOVAs with post hoc Dunnett’s tests were also
used to determine whether D3-preferring, cholinergic, or serotoner-
gic antagonists significantly inhibited yawning elicited by the max-
imal effective dose of D2/D3, cholinergic, or serotonergic agonists
(GraphPad Prism).

Results
Dopamine D2/D3 Agonists on Yawning Behavior.

D2/D3 agonists generally elicited dose-dependent increases
in yawning behavior, with a subsequent inhibition of
yawning seen at higher doses resulting in a characteristic in-
verted U-shaped dose-response curve as shown in Fig. 1.
PD-128,907 [F(5,35) � 19.86; p � 0.0001], quinelorane
[F(6,42) � 29.68; p � 0.0001], pramipexole [F(8,56) � 14.50;
p � 0.0001], 7-OH-DPAT [F(4,28) � 39.68; p � 0.0001],
quinpirole [F(5,35) � 42.47; p � 0.0001], and apomorphine
[F(6,42) � 3.81; p � 0.01] all elicited significant, dose-depen-
dent increases in yawning behavior compared with vehicle,
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whereas yawning induced by bromocriptine [F(4,28) � 1.14;
p 	 0.05] failed to reach significance. PD-128,908, the inac-
tive enantiomer of PD-128,907 (DeWald et al., 1990), did not
elicit yawning at any dose tested [F(4,28) � 0.30; p 	 0.05].
Significantly greater amounts of yawning compared with
vehicle were observed for PD-128,907 (0.032 and 0.1 mg/kg;
p � 0.01), quinelorane (0.001 and 0.0032 mg/kg; p � 0.01),
pramipexole (0.01, 0.032, and 0.1 mg/kg; p � 0.01; 0.32 mg/
kg; p � 0.05), 7-OH-DPAT (0.01 and 0.032 mg/kg; p � 0.01),
quinpirole (0.01, and 0.032 mg/kg; p � 0.01), and apomor-
phine (0.032 mg/kg; p � 0.05).

There were no significant differences [F(4,28) � 1.70; p 	

0.05] in the amount of yawning elicited by the maximal
effective doses of PD-128,907 (0.1 mg/kg; 20.0 � 1.7), quinelo-
rane (0.0032 mg/kg; 29.3 � 3.1), pramipexole (0.1 mg/kg;
24.5 � 4.4), 7-OH-DPAT (0.032 mg/kg; 23.4 � 3.0), and quin-
pirole (0.032 mg/kg; 27.5 � 2.9); however, the maximal effec-
tive dose of apomorphine (0.032 mg/kg; 10.4 � 3.1) [F(5,42) �
4.67; p � 0.01] produced significantly lower levels of yawning
compared with all other D2/D3 agonists that elicited signif-
icant amounts of yawning.

D2-Selective Antagonism of D2/D3 Agonist-Induced
Yawning. The effects of L-741,626, a D2-preferring antago-
nist approximately 50-fold selective for D2 compared with D3
receptors in vitro (Kulagowski et al., 1996) at behaviorally
active doses (Chaperon et al., 2003), on PD-128,907- and
quinelorane-induced yawning are shown in Fig. 2, A and B,
respectively. An analysis of variance determined that there
was an overall significant effect of L-741,626 on PD-128,907-
induced yawning and that the effect was dependent on both
the dose of L-741,626 and PD-128,907 administered [main
antagonist dose effect, F(2,103) � 8.29, p � 0.001; main
agonist dose effect, F(4,103) � 20.34, p � 0.001; antagonist
dose � agonist dose interaction, F(6,103) � 7.52, p � 0.001].
Likewise, L-741,626 significantly modified quinelorane-in-
duced yawning, an effect that was dependent on both the
dose of L-741,626 as well as the dose of quinelorane [main
antagonist dose effect, F(1,79) � 11.91, p � 0.001; main
agonist dose effect, F(4,79) � 18.64, p � 0.001; antagonist
dose � agonist dose interaction, F(4,79) � 11.81, p � 0.001].
L-741,626 significantly increased the amount of yawning
elicited by high doses of both PD-128,907 (0.32 mg/kg; p �
0.001) and quinelorane (0.01 mg/kg; p � 0.001), but it did not
have any effect on yawning induced by lower doses of either
PD-128,907 or quinelorane.

Nonselective Dopaminergic Antagonism of D2/D3
Agonist-Induced Yawning. Haloperidol, a nonselective do-
paminergic antagonist with high affinities for all dopamine
receptor subtypes (Sokoloff et al., 1992; Kulagowski et al.,
1996), was used at behaviorally active doses (e.g., Leriche et
al., 2003) to examine the effects of dopaminergic antagonism
on yawning induced by PD-128907 and quinelorane (Fig. 2, C
and D, respectively). Pretreatment with haloperidol modified
PD-128,907-induced yawning in a manner that was depen-
dent on the dose of agonist administered [main antagonist
dose effect, F(2,79) � 1.86, p 	 0.05; main agonist dose effect,
F(3,79) � 12.52, p � 0.001; antagonist dose � agonist dose
interaction, F(4,79) � 21.30, p � 0.001]. The effects of halo-
peridol on quinelorane-induced yawning were similar to
those on PD-128,907-induced yawning and were dependent
on both the dose of haloperidol and the dose of quinelorane
[main antagonist dose effect, F(1,71) � 10.78, p � 0.01; main
agonist dose effect, F(4,71) � 13.50, p � 0.001; antagonist
dose � agonist dose interaction, F(3,71) � 22.55, p � 0.001].
Unlike L-741,626, haloperidol produced differential effects
on D2/D3 agonist-induced yawning. Pretreatment with 0.032
mg/kg haloperidol resulted in significant decreases in yawn-
ing elicited by low doses of PD-128,907 (0.032 mg/kg; p �
0.05) and quinelorane (0.001 mg/kg; p � 0.01), whereas it
produced significant increases in the amount of yawning
elicited by high doses of PD-128,907 (0.32 mg/kg; p � 0.001)
and quinelorane (0.01 and 0.032 mg/kg; p � 0.001 and p �
0.001, respectively).

Fig. 1. Dose-dependent induction of yawning by dopamine D3-preferring
agonists: A, PD-128,907 (0.0032–0.32 mg/kg), quinelorane (0.0001–0.032
mg/kg), and pramipexole (0.00032–1.0 mg/kg); B, PD-128,907 (0.0032–
0.32 mg/kg), 7-OH-DPAT (0.0032–0.1 mg/kg), and quinpirole (0.0032–
0.32 mg/kg); and C, PD-128,907 (0.0032–0.32 mg/kg), bromocriptine
(0.32–10.0 mg/kg), apomorphine (0.001–0.32 mg/kg), and PD-128,908
(0.01–1.0 mg/kg). Data are presented as mean (�S.E.M.), n � 8, number
of yawns during a 20-min observation period.
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D3-Preferring Antagonists on D2/D3 Agonist-In-
duced Yawning. Nafadotride, U99194, SB-277011A, and
PG01037 have been shown to preferentially bind the D3
receptor over the D2 receptor in vitro, with D3 selectivities of
approximately 3-, 30-, 100-, and 133-fold, respectively (Sautel
et al., 1995; Audinot et al., 1998; Flietstra and Levant, 1998;
Stemp et al., 2000; Grundt et al., 2005), and were used at
behaviorally active doses (Waters et al., 1993; Vorel et al.,
2002; Di Ciano et al., 2003, Leriche et al., 2003; Millan et al.,
2004) to examine their effects on yawning behavior in rats.

The effects of nafadotride (0.01, 0.1, and 0.32 mg/kg) on
PD-128,907-induced yawning are shown in Fig. 3A. An anal-
ysis of variance revealed that nafadotride altered PD-
128,907-induced yawning in a manner that was dependent
on the dose of agonist administered [main antagonist dose
effect, F(3,135) � 0.34, p 	 0.05; main agonist dose effect,
F(4,135) � 20.48, p � 0.001; antagonist dose � agonist dose
interaction, F(9,135) � 3.92, p � 0.001]. Although slight
reductions in yawning elicited by low doses of PD-128,907
were observed with doses of 0.1 and 0.32 mg/kg nafadotride,
these effects were not significant at either dose. However,
pretreatment with 0.32 mg/kg nafadotride did produce sig-
nificant increases in yawning elicited by 0.32 mg/kg PD-
128,907 (p � 0.001).

The effects of U99194 (1.0, 3.2, and 10.0 mg/kg) on PD-
128,907-induced yawning are shown in Fig. 3B. U99194 mod-
ified PD-128,907-induced yawning in a manner that was
dependent on both the dose of U99194 and dose of PD-
128,907 [main antagonist dose effect, F(3,119) � 40.08, p �
0.001; main agonist dose effect, F(3,119) � 42.26, p � 0.001;
antagonist dose � agonist dose interaction, F(8,119) � 4.69,
p � 0.001]. At a dose of 3.2 mg/kg, U99194 decreased the
amount of yawning elicited by low doses of PD-128,907 (0.032
and 0.1 mg/kg; p � 0.05 for both), whereas there was no effect
on yawning elicited by 0.32 mg/kg PD-128,907. At the highest
dose of U99194 tested (10.0 mg/kg), PD-128,907-induced

yawning was completely inhibited at all doses tested (0.032
mg/kg, p � 0.001; 0.1 mg/kg, p � 0.001; and 0.32 mg/kg, p 	
0.05).

The effects of SB-277011A (3.2, 32.0, and 56.0 mg/kg) on
PD-128,907-induced yawning are shown in Fig. 3C, and they
were dependent on both the dose of SB-277011A as well as
the dose of PD-128,907 administered [main antagonist dose
effect, F(3,119) � 29.18, p � 0.001; main agonist dose effect,
F(3,119) � 37.29, p � 0.001; antagonist dose � agonist dose
interaction, F(8,119) � 4.40, p � 0.001]. SB-277011, at a dose
of 32.0 mg/kg, significantly inhibited PD-128,907-induced
yawning at doses corresponding to the ascending limb of the
dose-response curve (0.01 mg/kg, p � 0.05; 0.032 mg/kg, p �
0.001; and 0.1 mg/kg, p � 0.001). Likewise, 56.0 mg/kg SB-
277011 further reduced PD-128,907-elicited yawning at both
0.032 (p � 0.001) and 0.1 (p � 0.001) mg/kg. There were no
effects of any dose of SB-277011A on yawning induced by a
high dose of 0.32 mg/kg PD-128,907.

PG01037, a D3-preferring antagonist with similar in vitro
selectivity for the D3 receptor compared with SB-277011A,
was administered at doses of 10.0, 32.0, and 56.0 mg/kg, and
the effects on PD-128,907-elicited yawning are shown in Fig.
3D. Pretreatment with PG01037 altered PD-128,907-induced
yawning in a manner that was dependent on both the dose of
PG01037 and dose of PD-128,907 administered [main antag-
onist dose effect, F(3,119) � 17.68, p � 0.001; main agonist
dose effect, F(3,119) � 33.10, p � 0.001; antagonist dose �
agonist dose interaction, F(8,119) � 2.69, p � 0.05]. Similar
to SB-277011A, PG01037, at a dose of 32.0 mg/kg, signifi-
cantly reduced yawning elicited by low doses of PD-128,907
(0.032 mg/kg, p � 0.01 and 0.1 mg/kg; p � 0.001). Further
decreases in yawning induced by low doses of PD-128,907
(0.032 mg/kg, p � 0.001 and 0.1 mg/kg, p � 0.001) were
observed with a dose of 56.0 mg/kg PG01037. There were no
effects of any dose of PG01037 on yawning induced by a high
dose of 0.32 mg/kg PD-128,907.

Fig. 2. Effects of the D2-selective an-
tagonist L-741,626 (0.32 and 1.0 mg/kg)
on PD-128,907 (0.0032–1.0 mg/kg)-
induced yawning (A) and quinelorane
(0.0001–0.032 mg/kg)-induced yawning
(B). Effects of the nonselective dopa-
mine receptor antagonist haloperidol
(0.01 and 0.032 mg/kg) on PD-128,907
(0.0032–1.0 mg/kg)-induced yawning
(C) and quinelorane (0.0001–0.1 mg/
kg)-induced yawning (D). Data are pre-
sented as mean (�S.E.M.), n � 8, num-
ber of yawns during a 20-min
observation period. �, p � 0.05; ��, p �
0.01; ���, p � 0.001. Significant differ-
ence from vehicle-treated animals was
determined by unbalanced, two-way
ANOVA with post hoc Bonferroni tests.
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Other Dopamine Receptor Antagonists. The D1-like
receptor-selective antagonist SCH 23390 (Barnett et al.,
1986) and the D4-selective antagonist L-745,870 (Ku-
lagowski et al., 1996) were used at behaviorally active doses

(Patel et al., 1997; Chaperon et al., 2003) to assess the ability
of D1/D5 and D4 antagonism, respectively, to modulate the
dose-response curve for D2/D3 agonist-induced yawning.
SCH 23390, at a dose of 0.01 mg/kg, did not produce any
significant change in the amount of yawning elicited by any
dose of PD-128,907 tested (0.01–0.32 mg/kg; data not shown).
Likewise, at a dose of 3.2 mg/kg, the D4-selective antagonist
L-745,870 failed to alter PD-128,907-induced yawning at any
dose tested (0.01–0.32 mg/kg; data not shown).

Cholinergic- and Serotonergic-Induced Yawning.
Both physostigmine [F(4,28) � 7.11; p � 0.001] and TFMPP
[F(4,28) � 7.15; p � 0.001] also elicited inverted U-shaped,
dose-dependent yawning behavior in rats, as shown in Fig.
4A; however, both the cholinergic and serotonergic agonists
were significantly less effective compared with PD-128,907
[F(2,14) � 9.50; p � 0.01]. Maximal amounts of yawning
induced by physostigmine and TFMPP occurred at doses of
0.1 and 3.2 mg/kg i.p., respectively and were the only doses to
elicit significantly greater amounts of yawning compared
with vehicle-treated rats (p � 0.01 for both).

The effects of the nonselective, muscarinic antagonist, sco-
polamine (0.0001, 0.001, and 0.01 mg/kg), on yawning elicited
by physostigmine (0.1 mg/kg i.p.), PD-128,907 (0.1 mg/kg),
and TFMPP (3.2 mg/kg) are shown in Fig. 4B. Scopolamine
produced significant, dose-dependent antagonism of phy-
sostigmine-induced yawning [F(3,21) � 16.89; p � 0.0001],
with a dose of 0.01 mg/kg scopolamine significantly inhibit-
ing physostigmine-induced yawning compared with vehicle-
treated rats (p � 0.01). In addition, scopolamine dose depen-
dently and significantly inhibited yawning elicited by both
PD-128,907 [F(3,21) � 17.25; p � 0.0001] and TFMPP
[F(3,21) � 22.40; p � 0.0001]. Significantly lower levels of
PD-128,907-induced yawning were observed with doses of
0.001 and 0.01 mg/kg scopolamine (p � 0.01 for both). Sco-
polamine significantly reduced TFMPP-elicited yawning at
all doses tested (p � 0.01 for all).

The effects of the 5-HT2 receptor subtype antagonist, mi-
anserin (0.0032, 0.032, and 0.32 mg/kg), on yawning elicited
by TFMPP (3.2 mg/kg), PD-128,907 (0.1 mg/kg), and phy-
sostigmine (0.1 mg/kg i.p.) are shown in Fig. 4C. Mianserin
produced a dose-dependent and significant inhibition of
TFMPP-induced yawning [F(3,21) � 9.85; p � 0.001], with
doses of 0.032 and 0.32 mg/kg mianserin significantly inhib-
iting TFMPP-induced yawning compared with vehicle-
treated rats (p � 0.01 for both). Mianserin did not signifi-
cantly alter yawning elicited by either PD-128,907 [F(3,21) �
0.84; p 	 0.05] or physostigmine [F(3,21) � 0.26; p 	 0.05] at
any dose tested.

D3-Preferring Antagonists on Dopaminergic, Cho-
linergic, and Serotonergic Agonist-Induced Yawning.
Figure 5 shows the effects of the D3-preferring antagonists
nafadotride, U99194, SB-277011A, and PG01037 on yawning
elicited by PD-128,907 (0.1 mg/kg), physostigmine (0.1 mg/kg
i.p.), and TFMPP (3.2 mg/kg). Nafadotride (Fig. 5A) dose
dependently and significantly inhibited yawning elicited by
PD-128,907 [F(3,21) � 5.36; p � 0.01], with a dose of 1.0
mg/kg significantly reducing yawning compared with vehicle-
treated rats (p � 0.01). There were no significant effects of
nafadotride on either physostigmine [F(3,21) � 0.32; p 	
0.05]- or TFMPP [F(3,21) � 0.60; p 	 0.05]-induced yawning.
As shown in Fig. 5B, U99194 dose dependently and signifi-
cantly reduced the amount of yawning elicited by PD-128,907

Fig. 3. Effects of D3-preferring antagonists on PD-128,907 (0.0032–0.32
mg/kg)-induced yawning in rats. A, nafadotride at doses of 0, 0.001, 0.1,
and 0.32 mg/kg; B, U99194 at doses of 0, 1.0, 3.2, and 10.0 mg/kg; C,
SB-277011A at doses of 0, 3.2, 32.0, and 56.0 mg/kg; and D, PG01037 at
doses of 0, 10.0, 32.0, and 56.0 mg/kg. Data are presented as mean
(�S.E.M.), n � 8, number of yawns during a 20-min observation period.
�, p � 0.05; ��, p � 0.01; ���, p � 0.001. Significant difference from
vehicle-treated animals was determined by unbalanced, two-way ANOVA
with post hoc Bonferroni tests.
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[F(3,21) � 29.78; p � 0.0001], with doses of 3.2 and 10.0
mg/kg U99194 significantly inhibiting yawning compared
with vehicle-treated rats (p � 0.01 for both). Unlike nafado-
tride, U99194 also significantly inhibited the amount of
yawning elicited by physostigmine [F(3,21) � 11.91; p �
0.0001] and TFMPP [F(3,21) � 7.07; p � 0.01], with a dose of
10.0 mg/kg U99194 resulting in a significant reductions in
the amount of yawning elicited by both physostigmine (p �
0.01) and TFMPP (p � 0.01). The effects of SB-277011A on
PD-128,907-, physostigmine-, and TFMPP-induced yawning

are shown in Fig. 5C. SB-277011A dose dependently and
significantly reduced the amount of yawning elicited by PD-
128,907 [F(3,21) � 12.09; p � 0.0001], with doses of 32.0 and
56.0 mg/kg (p � 0.01 for both) significantly inhibiting yawn-
ing compared with vehicle-treated rats. No significant effects
of SB-277011A were seen on yawning elicited by either phy-
sostigmine [F(3,21) � 0.68; p 	 0.05] or TFMPP [F(3,21) �
2.20; p 	 0.05]. Similarly, PG01037 significantly and dose
dependently inhibited yawning elicited by PD-128,907
[F(3,21) � 29.43; p � 0.0001], with doses of 32.0 and 56.0
mg/kg (p � 0.05 for both) PG01037 significantly reducing
yawning compared with vehicle-treated rats (Fig. 5D).
PG01037 did not significantly alter yawning elicited by ei-
ther 0.1 mg/kg physostigmine [F(3,21) � 0.16; p 	 0.05] or 3.2
mg/kg TFMPP [F(3,21) � 0.07; p 	 0.05] at any dose tested.

Discussion
Evidence has been provided in the present study to support

the hypothesis that D2/D3 agonist-induced yawning behavior
in rats is mediated by agonist activation of the dopamine D3
receptor, whereas the inhibition of yawning is a result of a
competing agonist activation of the dopamine D2 receptor. In
agreement with the majority of previous studies, all of the
D2/D3 agonists tested, with the exception of bromocriptine
and PD-128,908 (Fig. 1C), the inactive enantiomer of PD-
128,907, elicited significant, dose-dependent increases in
yawning behavior with inhibition seen at higher doses, re-
sulting in the characteristic inverted U-shaped dose-re-
sponse curve for yawning in rats. Evidence is also provided
for the selective antagonism of the induction of yawning
behavior by D3-preferring antagonists and the inhibition of
yawning by D2-preferring antagonists. In addition, the cur-
rent studies demonstrate that inhibition of D3 agonist-in-
duced yawning by D3-preferring antagonists is a result of
their selective antagonist activity at the D3 receptor and not
through antagonist effects at D2, serotonergic, or muscarinic
cholinergic receptors.

Yawning Is a D3-Mediated Behavior. Several lines of
evidence have been provided in support of the hypothesis
that yawning is a D3 agonist-mediated behavior. In general,
all D3-preferring D2/D3 agonists induced significant
amounts of yawning at low doses. Although there were no
significant differences in the effectiveness of the agonists
with respect to induction of yawning behavior with the ex-
ception of apomorphine, there were differences in the potency
of the D2/D3 agonists to induce yawning. The rank-order
potency of the D2/D3 agonists to elicit yawning behavior was
as follows: quinelorane, apomorphine, quinpirole, 7-OH-
DPAT, pramipexole, and PD-128,907, whereas bromocriptine
and PD-128,908 failed to elicit significant levels of yawning.
The stereoselectivity of the yawning response with regard to
PD-128,907 (and PD-128,908) is an important finding be-
cause dopamine receptors are selective with respect to more
rigid agonists (DeWald et al., 1990). Taken together with the
findings of Stahle and Ungerstedt (1984), who showed that
(�)-3-(3-hydroxyphenyl)-N-(1-propyl)piperidine, but not (�)-
3-(3-hydroxyphenyl)-N-(1-propyl)piperidine, will elicit yawn-
ing, our current findings provide further evidence that D2/D3
agonists are inducing yawning via dopaminergic agonist
mechanisms. Differences in yawning induced by bromocrip-
tine may be a result of pharmacokinetic differences because

Fig. 4. A, dose-response curves for PD-128,907 (0.0032–0.32 mg/kg)-,
physostigmine (0.01–1.0 mg/kg i.p.)-, and TFMPP (0.32–10.0 mg/kg)-
induced yawning in rats. B, effects of scopolamine (0, 0.0001, 0.001, and
0.01 mg/kg) on yawning induced by PD-128,907 (0.1 mg/kg), physostig-
mine (0.1 mg/kg i.p.), and TFMPP (3.2 mg/kg). C, effects of mianserin (0,
0.0032, 0.032, and 0.32 mg/kg) on yawning induced by PD-128,907 (0.1
mg/kg), physostigmine (0.1 mg/kg i.p.), and TFMPP (3.2 mg/kg). Data are
presented as mean (�S.E.M.), n � 8, number of yawns during a 20-min
observation period. �, p � 0.05; ��, p � 0.01; ���, p � 0.001. Significant
difference from vehicle-treated rats was determined by one-way repeated-
measures ANOVAs with post hoc Dunnett’s tests.
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bromocriptine has been shown to induce significant levels of
yawning in studies using a 60-min observation period (Pro-
tais et al., 1983; Zarrindast and Jamshidzadeh, 1992).

Antagonists with a high degree of selectivity for the D3
compared with the D2 receptor selectively antagonized the
induction of yawning behavior. Three of the four D3-prefer-
ring antagonists (U99194, SB-277011A, and PG01037) tested
in the current studies possess the ability to dose dependently
and selectively antagonize the induction of yawning by PD-
128,907 while having no effect on the inhibition of yawning
observed at higher doses. As shown in Fig. 3, C and D,
respectively, SB-277011A and PG01037, D3-preferring an-
tagonists with similarly high degrees of in vitro D3 selectiv-
ity (100- and 133-fold, respectively), produced almost identi-
cal effects on PD-128,907-induced yawning; significant,
dose-dependent, downward/rightward shifts of the ascending
limb of the yawning dose-response curve were observed,
whereas the descending limb of the dose-response curve for
PD-128,907-induced yawning was not changed. Similar ef-
fects were seen with the moderately selective (30-fold) D3-
preferring antagonist U99194; however, unlike SB-277011A
and PG01037, at the relatively high dose of 10.0 mg/kg,
U99194 completely inhibited PD-128,907-induced yawning;
however, it should be noted that at this dose, U99194 effec-
tively antagonized not only dopaminergic but cholinergic and
serotonergic yawning as well. Nafadotride, the least selective
(3-fold) of the D3-preferring antagonists, was the only D3

antagonist to produce a nonselective antagonism of yawning
behavior, shifting both the ascending and descending limbs
of the dose-response curve for PD-128,907-induced yawning
at the highest dose tested. This effect was similar to that
observed with haloperidol, a nonselective dopamine antago-
nist, and suggests that at a dose of 0.32 mg/kg, nafadotride is
no longer selective for the D3 receptor, but rather is active at
both the D3 and D2 receptors. Taken together, these data
provide strong support for the hypothesis that the induction
of yawning by D2/D3 agonists is mediated by an agonist
activation of the D3 receptor.

Inhibition of Yawning Is a D2-Mediated Effect. We
have also provided evidence in support of the hypothesis that
inhibition of D2/D3 agonist-induced yawning occurring at
higher doses is mediated by an agonist activity at the D2
receptor. As shown in Fig. 2, A and B, the D2-preferring
antagonist L-741,626, at the first behaviorally active dose
(1.0 mg/kg), selectively antagonized the inhibitory effects of
high doses of PD-128,907 and quinelorane, resulting in a
rightward shift in the descending limbs, whereas it had vir-
tually no effect on the ascending limbs of the dose-response
curves for both PD-128,907- and quinelorane-induced yawn-
ing. In addition, L-741,626 produced a rightward shift in the
maximal effective dose of PD-128,907 and quinelorane, re-
sulting in an increased effectiveness for both agonists. These
data not only suggest that L-741,626, at a dose of 1.0 mg/kg,

Fig. 5. Effects of D3-preferring antagonists on yawning induced by PD-128,907 (0.1 mg/kg), physostigmine (0.1 mg/kg i.p.), and TFMPP (3.2 mg/kg).
A, nafadotride at doses of 0, 0.01, 0.1, and 1.0 mg/kg; B, U99194 at doses of 0, 1.0, 3.2, and 10.0 mg/kg; C, SB-277011A at doses of 0, 3.2, 32.0, and
56.0 mg/kg; and D, PG01037 at doses of 0, 10.0, 3.2, and 56.0 mg/kg. Data are presented as mean (�S.E.M.), n � 8, number of yawns during a 20-min
observation period. �, p � 0.05; ��, p � 0.01; ���, p � 0.001. Significant difference from vehicle-treated rats was determined by one-way
repeated-measures ANOVAs with post hoc Dunnett’s tests.
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is an effective D2 antagonist in vivo but that it is also devoid
of D3 antagonist activity.

Further support for the differential regulation of yawning
behavior by the D3 and D2 receptors was provided by the
effects of the nonselective DA antagonist haloperidol. Be-
cause D3- and D2-preferring antagonists selectively antago-
nize the ascending and descending limbs of the dose-response
curve for D2/D3 agonist-induced yawning, respectively, it
would be expected that antagonists with mixed D2/D3 ac-
tions, such as haloperidol, would shift both the ascending and
descending limbs of yawning dose-response curves at their
initial active doses. Indeed, at the first behaviorally active
dose (0.032 mg/kg), haloperidol produced rightward shifts in
both the ascending and descending limbs of the dose-re-
sponse curves for both PD-128,907- and quinelorane-induced
yawning (Fig. 2, C and D). This not only suggests that the
effects of D3- and D2-preferring antagonists are a result of
selective antagonist activity but that nonselective D2/D3 an-
tagonists produce effects distinct from those of other dopa-
minergic antagonists on D3 agonist-induced yawning.

However, it should be noted that in addition to possessing
high affinities for the D3 and D2 receptors, haloperidol also
has significant affinities for the D1, D4, and D5 receptors. It
is, however, unlikely that activity at these receptors is influ-
encing PD-128,907-induced yawning behavior because the
D1/D5-selective antagonist, SCH 23390, and the D4-selective
antagonist L-745,870 at behaviorally active doses (Patel et
al., 1997; Chaperon et al., 2003) did not alter yawning elicited
by either low (0.032–0.1 mg/kg) or high (0.32 mg/kg) doses of
PD-128,907. This provides further evidence that D2/D3 ago-
nist-induced yawning behavior is under the direct control of
the D3 (induction) and D2 (inhibition) receptors, but not the
D1, D4, or D5 receptors. However, the possibility remains
that other dopaminergic receptors may modulate D3 agonist-
induced yawning elicited by other D2/D3 agonists because
several of the agonists tested, such as apomorphine, quinelo-
rane, and quinpirole, possess significant affinities for the D1,
D4, and D5 receptors (apomorphine) or D4 receptor (quinelo-
rane and quinpirole) in addition to the D3 and D2 receptors.

Dopaminergic, Serotonergic, and Cholinergic Regu-
lation of Yawning. The findings of the current study con-
firm and extend those of earlier studies (e.g., Yamada and
Furukawa, 1980; Ushijima et al., 1984; Zarrindast and Pour-
soltan, 1989; Stancampiano et al., 1994) and demonstrate
that although scopolamine will dose dependently antagonize
yawning induced by cholinergic, serotonergic, and dopami-
nergic agonists (Fig. 4B), serotonergic and dopaminergic an-
tagonists are able to selectively antagonize yawning elicited
by their respective agonists. More specifically, nafadotride,
SB-277011A, and PG01037, D3-preferring antagonists with a
wide range (3- to 133-fold) of selectivities for the D3 receptor
over the D2 receptor in vitro, were able to selectively antag-
onize PD-128,907-induced yawning, whereas they had no
effect on yawning elicited by either physostigmine or TFMPP
(Fig. 5). This suggests that SB-277011A and PG01037 are not
only selective for the D3 over the D2 receptor but that they
are also selective for the D3 receptor over certain serotoner-
gic and cholinergic receptors at doses up to 56.0 mg/kg. Sim-
ilarly, although nafadotride demonstrated little or no prefer-
ence for the D3 compared with the D2 receptor in vivo, no
serotonergic or cholinergic antagonist activity was detected
at doses up to 1.0 mg/kg. However, in contrast to the effects

of the other D3-preferring antagonists, U99194, at a dose of
10.0 mg/kg, significantly antagonized yawning elicited by
PD-128,907, TFMPP, and physostigmine, suggesting that at
higher doses, it is no longer selective for dopaminergic recep-
tors. Although U99194 is unique in this regard within this
group of D3-preferring antagonists, clozapine, an antagonist
with significant affinities for dopaminergic, serotonergic, and
cholinergic receptors, has also been shown to antagonize both
dopaminergic and cholinergic yawning (Dubuc et al., 1982),
suggesting that antagonism of physostigmine-induced yawn-
ing may be a reliable measure of anticholinergic activity.
Further evidence of an in vivo antimuscarinic activity of
U99194 has been demonstrated by Goudie et al. (2001), who
showed in discrimination studies that U99194 generalized to
a scopolamine cue, suggesting that U99194 may possess an-
ticholinergic activity at higher doses. Although it has been
suggested that U99194 functions as a D3-selective antago-
nist in vivo at doses ranging from 13.0 to 40.0 mg/kg based on
its inability to increase plasma prolactin, to induce catalepsy,
and to inhibit the induction of hypothermia by PD-128,907
(Audinot et al., 1998), the results of the current study suggest
that while U99194 may be selective for the D3 compared with
the D2, a significant anticholinergic effect is apparent at 10.0
mg/kg. Thus, the current studies support the hypothesis that
dopaminergic, serotonergic, and cholinergic agonists induce
yawning via distinct mechanisms and, furthermore, that
yawning induced by D2/D3 agonists is a result of agonist
activation of D3 receptors and not serotonergic or cholinergic
receptors.

To summarize the results of the studies reported herein,
evidence has been provided in support of the hypothesis that
the induction of yawning by D2/D3 agonists is mediated
through an agonist activity at the D3 receptor, whereas the
subsequent inhibition of yawning seen at higher doses is a
result of an increasing D2 agonist activity. Based on these
findings, several conclusions can be drawn. First, the ascend-
ing limb of the dose-response curves corresponds to doses
that are selectively activating D3 receptors over D2 recep-
tors, whereas the descending limb corresponds to those acti-
vating both the D3 and D2 receptors. Additionally, determi-
nations of in vivo D3 potency and effectiveness may be
possible, based on the onset and maximal amount of yawning
elicited. Furthermore, inhibition of yawning may provide
useful information regarding in vivo D2 potency. Lastly, the
shape of the dose-response curves may allow for determina-
tions of in vivo D3 selectivity of D3-preferring D2/D3 agonists
to be made. The results of the current set of studies have
demonstrated that D3-selective antagonism will only shift
the ascending limb of the yawning dose-response curve and
that D2-selective antagonism will only shift the descending
limb of the yawning dose-response curve, whereas nonselec-
tive D2/D3 antagonism will shift both the ascending and
descending limbs of the dose-response curve for D2/D3 ago-
nist-induced yawning behavior in rats. In conclusion, as the
current studies have provided evidence that the induction of
yawning behavior by D2/D3 agonists is mediated by the D3
receptor, yawning may be an important pharmacological ef-
fect that can be used in the characterization, classification,
and discovery of in vivo D3 agonist and antagonist actions.
Thus, it may be possible to relate other behavioral effects of
D2/D3 agonists and antagonists to their ability to modulate
yawning. Whether the potency and selectivity measures of
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these compounds can be utilized across behavioral measures
will need to be explored in the future.
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