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ABSTRACT

Very little is known about constitutive activity in vivo. This study
examined whether constitutive activity and inverse agonism
contribute to discriminative stimulus effects of drugs acting at
serotonin (5-HT), . receptors. Rats were trained to discriminate
between saline and either 0.56 mg/kg 5-HT, receptor agonist
1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (DOM), 1.0
mg/kg 5-HT,, receptor antagonist ketanserin, or 0.1 mg/kg
purported 5-HT,, receptor inverse agonist (R)-(+)-a-(2,3-
dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-pipidinemetha-
nol (MDL100907). Discriminative control was established with
each drug after 33 to 35 sessions. MDL100907 and ketanserin
did not occasion DOM lever responding but attenuated the
discriminative stimulus effects of DOM. DOM did not occasion
responding on the drug-associated lever in rats discriminating
MDL100907 or ketanserin, but attenuated the discriminative
stimulus effects of both drugs. Ketanserin and ritanserin occa-
sioned MDL100907-lever responding, whereas rats discrimi-

nating ketanserin responded only partially on the drug-
associated lever after receiving MDL100907, ritanserin, or the
a,-adrenergic antagonist prazosin. Combining prazosin with
MDL100907 or ritanserin resulted in near-complete ketanserin-
lever responding, indicating that the ketanserin stimulus in-
volves both 5-HT,, and «,-adrenergic receptors. Administra-
tion of p-chlorophenylalanine methyl ester, then fenfluramine,
significantly decreased cortical 5-HT, enhanced sensitivity to
the discriminative stimulus effects of DOM, and occasioned
partial MDL100907-lever responding. Collectively, these results
show that DOM and MDL100907 discriminative stimulus ef-
fects are mediated by 5-HT,, receptors and that ketanserin
discriminative stimulus effects involve both 5-HT,, and «4-
adrenergic receptors. Results in 5-HT-depleted rats further
suggest that the discriminative stimulus effects of MDL100907
might involve antagonism of endogenous 5-HT and/or inverse
agonism at 5-HT,, receptors.

In classic receptor theory, receptor ligands are character-
ized by affinity and intrinsic activity (Ariens, 1954), with the
latter varying from no (zero) activity (i.e., antagonist) to high
activity (efficacy; e.g., full agonist). Two observations
prompted revision of this conceptualization of ligand/receptor
interactions. First, under some conditions receptor signaling
occurs in the absence of ligand binding, suggesting constitu-
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tive activity of unbound receptors. Second, some drugs that
are presumed to be antagonists (zero efficacy) decrease re-
ceptor signaling that occurs in the absence of endogenous or
exogenous agonist. Thus, a third class of receptor ligands was
proposed—inverse agonists (Kenakin, 1996; Strange 2000;
Costa and Herz, 1989; Parra and Bond, 2007); in a constitu-
tively active (i.e., ligand-independent) system, receptor sig-
naling is increased by agonists, decreased by inverse ago-
nists, and not affected by antagonists.

Serotonin (5-HT), receptors are constitutively active under
some conditions (for review, see Aloyo et al., 2009). In par-
ticular, 5-HT, receptors are constitutively active in several
in vitro systems (Barker et al., 1994; Berg et al., 1999; Nis-

ABBREVIATIONS: 5-HT, serotonin; DOM, 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane; MDL100907, (R)-(+)-a-(2,3-dimethoxyphenyl)-1-
[2-(4-fluorophenyl)ethyl]-4-pipidinemethanol; FR, fixed ratio; PCPA, p-chlorophenylalanine methyl ester; MDL 11939, a-phenyl-1-(2-phenylethyl)-

4-piperidinemethanol.
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wender et al., 1999; Schlag et al., 2004); however, there has
been only limited evidence for constitutive activity and in-
verse agonism in vivo (e.g., Walker et al., 2005). Studies
examining the effects of drugs on conditioned responses pro-
vide some of the strongest support for constitutive activity
and inverse agonism at 5-HT,, receptors in vivo. Thus,
5-HT,, receptor agonists (e.g., quipazine) enhance, pur-
ported 5-HT,, receptor inverse agonists (e.g., ritanserin) re-
tard, and 5-HT,, receptor neutral antagonists (e.g., ketan-
serin) have no effect on acquisition of a conditioned response
(Romano et al., 1991, 2000; Alhaider et al., 1993; Welsh et al.,
1998; Harvey et al., 1999; Harvey, 2003). The generality of
those findings to other measures of 5-HT receptor activation
is not known, despite the potential importance of constitutive
activity and inverse agonism in understanding pathology and
in developing new pharmacotherapies (e.g., Weiner et al.,
2001).

Drug discrimination is a highly selective assay for exam-
ining ligand/receptor interactions in vivo, and there is a large
literature on the discriminative stimulus effects of drugs
acting at 5-HT,, receptors. The current study attempted to
establish two-choice (drug versus saline) discrimination pro-
cedures in separate groups of rats either with a drug known
to have agonist actions at 5-HT,, receptors (DOM), a drug
known to have antagonist actions at 5-HT,, receptors (ket-
anserin), or a drug thought to have inverse agonist actions at
5-HT,, receptors (MDL100907). Several laboratories have
established stimulus control with DOM (e.g., Glennon et al.,
1983). Stimulus control also has been established with
MDL100907 (Dekeyne et al., 2002), although this discrimi-
nation has not been used to explore possible inverse agonism
by MDL100907; and stimulus control has been established
between ketanserin and another drug (e.g., quipazine; Smith
et al., 1995, 2002), although there are no reports of a discrim-
ination between ketanserin and vehicle.

The purpose of the current study was to test the following
hypotheses: 1) ketanserin is a neutral antagonist at 5-HT,,
receptors and, therefore, can not be established as a discrim-
inative stimulus in a simple two-choice (i.e., drug versus
vehicle) discrimination procedure (if a discrimination can be
established with ketanserin it is the result of ketanserin
antagonizing endogenous 5-HT, of the inverse agonist actions
of ketanserin, of actions of ketanserin at receptors other than
5-HT, A receptors, or of a combination of these mechanisms);
2) the discriminative stimulus effects of DOM (agonist) and
MDL100907 (inverse agonist) are mutually antagonized; 3)
as a neutral antagonist ketanserin antagonizes the discrim-
inative stimulus effects of DOM and those of MDL100907;
and 4) depletion of 5-HT increases sensitivity to the discrim-
inative stimulus effects of 5-HT,, receptor agonists and also
possibly to inverse agonists (5-HT depletion will mimic the
discriminative stimulus effects of drugs that result exclu-
sively from antagonism of endogenous 5-HT).

Materials and Methods

Subjects. Thirty male Sprague-Dawley rats (Harlan, Indianapo-
lis, IN) were housed individually on a 12/12-h light/dark cycle (be-
havioral experiments were conducted during the light period) with
free access to water in the home cage. Twenty-four rats were used in
the discrimination study, and six rats were used as controls for
studies on 5-HT content. Rats in the discrimination study were

maintained at 340 to 360 g by providing rodent chow (Rodent ster-
ilizable diet; Harlan Teklad, Madison, WI) postsession in the home
cage where they also had free access to water. Before discrimination
training rats were randomly assigned to three groups of eight rats
each. Animals were maintained and experiments were conducted in
accordance with the Institutional Animal Care and Use Committee,
The University of Texas Health Science Center at San Antonio, and
with the 1996 Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources on Life Sciences, National
Research Council, National Academy of Sciences, Washington DC).

Apparatus. Experiments were conducted with commercially
available chambers (model ENV-008CT; MED Associates Inc., St.
Albans, VT) located within sound-attenuating, ventilated cubicles
(model ENV-022M; MED Associates Inc.). The chambers were
equipped with two levers, associated stimulus lights, and a food
hopper. Data were collected by use of MED-PC IV software (MED
Associates Inc.), an interface, and a computer.

Discrimination Procedure. Different groups of eight rats each
were trained to discriminate between saline and either 0.56 mg/kg
DOM, 1.0 mg/kg ketanserin, or 0.1 mg/kg MDL100907 while re-
sponding under a fixed ratio (FR) schedule of food presentation. The
training doses of DOM, ketanserin, and MDL100907 were based on
published reports of these drugs when they were used as training
drugs or to antagonize drugs presumed to be acting at 5-HT,, recep-
tors (Schreiber et al., 1994; Dekeyne et al., 2002; Smith et al., 2002;
Li et al., 2007). Daily sessions consisted of a 30-min timeout period,
during which the chamber was dark and lever presses had no pro-
grammed consequence, followed by a response period, during which
stimulus lights above both levers were illuminated and an FR 5
schedule of food presentation was active. Saline or a training drug
(DOM, ketanserin, or MDL.100907) was injected intraperitoneally at
the start of the timeout period, 30 min before the response period
during which rats could receive food (45 mg; Research Diets, New
Brunswick, NJ) by making five consecutive responses on the active
lever. When rats received saline, only responding on the saline-
associated lever resulted in food delivery, and when they received
their respective training drug only responding on the other (i.e.,
drug-associated) lever resulted in food delivery. A response on the
incorrect (inactive) lever reset the FR requirement on the correct
lever with the response period ending after 15 min or the delivery of
50 food pellets, whichever occurred first. Sessions were conducted 6
or 7 days per week and the order of training sessions was generally
double alternation (e.g., saline, saline, drug, drug...).

Rats were considered to be under adequate stimulus control for
testing when the following criteria were satisfied for five consecutive
or six of seven consecutive sessions: at least 90% of the total re-
sponses were made on the correct lever and fewer than five responses
(one FR) were made on the incorrect lever before delivery of the first
food pellet. Thereafter, tests were conducted whenever the same
criteria were satisfied for two consecutive days and minimally for one
saline-training session and one drug-training session.

Test sessions were identical to training sessions, with the ex-
ception that five consecutive responses on either lever resulted in
the delivery of food and different doses of drugs (alone or in
combination) were administered. Rats were tested with saline and
different doses of DOM (0.1-0.56 mg/kg), ketanserin (0.1-1.0 mg/
kg), MDL100907 (0.01-1.0 mg/kg), morphine (0.32-10.0 mg/kg),
ketamine (0.32-10.0 mg/kg), and phencyclidine (0.1-3.2 mg/kg) to
assess the relative selectivity of each discrimination procedure. In
general, drugs were studied up to doses that occasioned at least
90% responding on the drug-associated lever or to doses that
decreased the rate of responding.

Next, antagonism studies were conducted with selected drugs
administered in combination. In particular, to examine whether a
common receptor mediated the effects of all three training drugs, for
each group, a dose of the training drug that occasioned at least 90%
responding on the drug lever was studied in combination with dif-
ferent doses of a second compound (see Results for details) up to a



dose that decreased drug lever responding to less than 20%. Thus, a
fixed dose of DOM was studied with different doses of ketanserin
[combinations of MDL100907 with DOM in rats discriminating DOM
have been published previously (Li et al., 2007)] and fixed doses of
MDL100907 and ketanserin were studied with different doses of
DOM. The order of tests varied nonsystematically across subjects.
Ritanserin (0.032-3.2 mg/kg), reported to be an antagonist or inverse
agonist at 5-HT,, receptors, also was studied in rats discriminating
MDL100907 and in rats discriminating ketanserin. Ritanserin and
MDL100907 each occasioned partial drug lever responding in rats
discriminating ketanserin. Because only partial effects were ob-
tained with these drugs and because ketanserin is known to have
aq-adrenergic receptor antagonist effects (Orallo et al., 2000), the
aq-adrenergic antagonist prazosin was studied alone (0.032-3.2 mg/
kg), in combination with MDL100907, and in combination with
ritanserin. This experiment examined whether the combination of a
5-HT,, receptor antagonist (ritanserin) and an «;-adrenergic recep-
tor antagonist (prazosin) occasioned more ketanserin-lever respond-
ing than either drug alone.

Next, discriminative stimulus effects were evaluated after tempo-
rary discontinuation of training and after treatments to deplete
5-HT. Training was temporarily suspended for 3 days; rats remained
in the home cage and received a daily injection of saline. Over the
next 4 days rats were tested with vehicle and three different doses of
their respective training drug; the order of testing was randomized
across animals. When training was suspended temporarily, stimulus
control with DOM and MDL100907 was stable, whereas stimulus
control with ketanserin deteriorated further (data not shown). More-
over, stimulus control with DOM and MDL100907 increased slightly
over the course of these studies, whereas stimulus control with
ketanserin decreased slightly (see Table 1 and Results). Thus, the
final study on whether 5-HT depletion affects the discriminative
stimulus effects of training drugs was conducted only in rats discrim-
inating DOM or MDL100907 [however, all 24 rats, including those
trained to discriminate ketanserin, received p-chlorophenylalanine
methyl ester (PCPA) and fenfluramine and contributed to studies of
5-HT concentrations in brain]. Three-day suspension of training
followed by tests over four consecutive days provided a control for the
final study when rats were treated for 3 days with an injection of 160
mg/kg i.p. PCPA on the first and second days and an injection of 10
mg/kg i.p. fenfluramine on the third day (Prinssen et al., 2002); this
final suspension of training and drug treatment occurred only after
rats again satisfied the testing criteria for two consecutive days. The
same tests (i.e., saline and three doses of the respective training
drug) were conducted over four consecutive days. Rats were sacri-
ficed, brains were rapidly removed, and the cortex was dissected,
sealed, and frozen at —80°C. Six drug-naive, age-matched rats re-
ceived daily intraperitoneal injections of saline before sacrifice and
collection of brain tissue.

For assessing 5-HT concentration, brain samples were thawed and
a portion of the frontal or occipital cortex was isolated (100—200 mg)
and weighed. Ten volumes of a solution (0.4 M perchloric acid, 0.1%
sodium metabisulfite, 0.02% cysteine, and 0.01% EDTA) were added
to the samples, which were homogenized by use of a Polytron ho-

TABLE 1

Discrimination performances in drug- and vehicle-training sessions at
the beginning and end of the study

Beginning of Study / End of Study

Training Drug

Drug-Training Session Vehicle-Training Session

DOM 15.5 = 0.7/17.4 = 0.8* 16.1 = 1.0/18.6 = 0.4
MDL100907 11.0 £ 1.1/139 £ 1.5 12.8 £ 0.9/144 = 1.1
Ketanserin 9.6 £ 1.0/11.0 £ 1.5 12.1 = 1.7/10.6 = 1.8

*The average number of drug- and vehicle-training sessions (+ S.E.M.) in which
rats satisfied the testing criteria: in the first 20 training sessions after the test
criteria were satisfied (Beginning); and in the last 20 sessions of the study (.e.,
immediately before 5-HT depletion study; End). Values are for eight rats in each
group.
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mogenizer (Kinematica, Littau-Lucerne, Switzerland). After centrif-
ugation, the supernatants were collected and the concentration of
5-HT was measured by use of high-performance liquid chromatogra-
phy. The concentration of 5-HT was expressed in nanograms of
5-HT/g wet weight of brain tissue. The high-performance liquid
chromatography system consisted of a model 584 pump (ESA Labo-
ratories, Inc., Chelmsford, MA), model 542 autosampler (ESA), an
Alltima C18 analytical column (Alltech Associates, Inc., Deerfield,
IL), and a Coulochem II detector (ESA) equipped with a 5011 detec-
tor cell (D1 = 220 mV; ESA).

Drugs. The compounds used in this study were as follows: DOM,
morphine sulfate, phencyclidine hydrochloride (all from Research
Technology Branch, National Institute on Drug Abuse, Rockville,
MD); MDL100907 was synthesized as described previously (Ullrich
and Rice, 2000); ketanserin tartrate, ritanserin, prazosin hydrochlo-
ride, PCPA, and fenfluramine hydrochloride (all purchased from
Sigma-Aldrich, St Louis, MO); and ketamine hydrochloride (pur-
chased from Vetus Animal Health, MFA Inc., Columbia, MO).
MDL100907 was dissolved in (v/v) 20% dimethyl sulfoxide and all
other compounds were dissolved in sterile 0.9% saline. Injection
volumes were 0.1 to 1.0 ml i.p.

Data Analyses. For the drug discrimination data, the percentage
of responses on the drug-associated lever during the response period
is plotted as a function of dose. Rate of lever pressing on both levers
during the response period is expressed as responses per second.
Discrimination data were not used to calculate means = S.E.M.
when a rat failed to respond at a rate that was at least 20% of its
individual control (vehicle) rate (average rate from the five previous
saline-training days). All response rate data were used to calculate
means and S.E.M. EDy, values and 95% confidence limits were
estimated by use of linear regression. The effect of a drug on response
rate was considered significant when the mean rate of responding
was outside the 95% confidence limits of the mean control (vehicle)
response rate, defined as the mean response rate of 10 preceding
vehicle-training sessions in which the testing criteria were satisfied.
A curve-fitting method was used to examine the dose-response func-
tion of DOM in rats discriminating DOM before and after treatment
with PCPA and fenfluramine. For this method, the differences
among dose-response curves were analyzed by simultaneously fitting
straight lines to the individual dose-response data by means of
GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA).
Straight lines were fitted to the linear portion of dose-response
curves, which comprised doses with effects immediately below and
above 50%, and included not more than one dose with more than 75%
effect and not more than one dose with less than 25% effect. The
slopes and intercepts of dose-response functions for each condition
were compared with an F-ratio test using GraphPad; the two condi-
tions were considered to be significantly different when the data sets
could not be described with a single line.

Results

Adequate stimulus control was established with DOM, ket-
anserin, and MDL100907 after an average (= S.E.M.) of 33 =
3, 35 = 5, and 33 * 2 training sessions, respectively. After
administration of the training dose of DOM, ketanserin, or
MDL100907, rats responded an average of 98.8 * 0.7%,
99.4 + 0.2%, and 98.9 *+ 0.6% on the drug-associated lever,
respectively (Fig. 1). DOM [ED;, (95% CL) = 0.186 (0.132,
0.239) mg/kgl, ketanserin [ED;, = 0.344 (0.195, 0.493) mg/
kgl, and MDL100907 [ED;, = 0.039 (0.026, 0.052) mg/kg]
each dose dependently increased responding on the training-
drug associated lever (Fig. 1, upper) without markedly affect-
ing rate of responding (Fig. 1, lower). The frequency of rats
satisfying the testing criteria in training sessions (Table 1)
and, therefore, the frequency with which tests were con-
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Fig. 1. Effects of DOM, ketanserin, MDL100907, and ritanserin in rats discriminating between saline and either 0.56 mg/kg DOM (left), 1.0 mg/kg
ketanserin (center), or 0.1 mg/kg MDL100907 (right). Ordinates: upper, percentage of responses on the drug-associated lever; lower, rate of responding
in responses per second. Abscissae: dose in mg/kg body weight; points above “V” represent data obtained after the administration of saline vehicle.
Each entry is the mean = S.E.M. for eight rats. Lower, dashed lines represent the 95% confidence limits of the mean rate of responding over the
preceding 10 vehicle-training sessions in which the test criteria were satisfied.

ducted, was greatest for rats discriminating DOM and least
for rats discriminating ketanserin.

Neither ketanserin nor MDL100907 occasioned responding
on the drug-associated lever in rats discriminating DOM
(Fig. 1, upper left), and DOM occasioned little responding on
the drug-associated lever in rats discriminating ketanserin
(Fig. 1, O, upper center) and no responding on the drug-
associated lever in rats discriminating MDL100907 (Fig. 1,
O, upper right). MDL100907 occasioned partial responding
on the drug-associated lever in rats discriminating ketan-
serin with a dose of 1.0 mg/kg MDL100907 occasioning a
maximum 57% ketanserin-lever responding (Fig. 1, A, upper
center). In contrast, ketanserin [ED5, = 0.472 (0.346, 0.597)
mg/kg] produced near-complete responding on the drug-as-
sociated lever in rats discriminating MDL100907 (Fig. 1, V,
upper right). Like MDL100907, ritanserin occasioned only
partial responding on the drug-associated lever in rats dis-
criminating ketanserin (maximum 60% at a dose of 1.0 mg/
kg; Fig. 1, ¢, upper center) and complete responding on the
drug-associated lever in rats discriminating MDL100907
[ritanserin ED;, = 0.362 (0.210, 0.514) mg/kg; Fig. 1, ¢,
upper right]. The same doses of ketanserin occasioned
responding on the drug-associated lever in rats discrimi-
nating ketanserin and in rats discriminating MDL100907
(compare V, upper center and right in Fig. 1). Moreover,
the same doses of ketanserin and ritanserin occasioned
responding on the drug-associated lever in rats discrimi-
nating MDL100907 (Fig. 1, upper right). With the excep-
tion of modest rate-decreasing effects observed after ad-
ministration of 0.56 mg/kg DOM in rats discriminating
ketanserin or MDL100907, none of these drugs markedly
altered the rate of responding.

The discriminative stimulus effects of the training dose of

DOM (0.56 mg/kg) were attenuated in a dose-related manner
by ketanserin (Fig. 2, upper left) with a dose of 0.32 mg/kg
ketanserin decreasing responding on the drug-associated le-
ver to not more than 15% [ketanserin ED;, (95% CL) = 0.137
(0.071, 0.203) mg/kg]. The discriminative stimulus effects of
ketanserin (Fig. 2, upper center) and those of MDL100907
(Fig. 2, upper right) each were attenuated in a dose-related
manner by DOM [ED;, = 0.330 (0.239, 0.421) mg/kg with
ketanserin; EDy,, = 0.262 (0.160, 0.364) mg/kg with
MDL100907] with a dose of 0.56 mg/kg DOM decreasing
responding on the drug-associated lever to not more than
15% in each group.

A dose (0.32 mg/kg) of ketanserin or ritanserin that occa-
sioned only partial responding on the drug-associated lever
in rats discriminating MDL100907 (Fig. 1, upper right, and
Fig. 3, points above “V”) shifted the MDL100907 discrimina-
tion dose-response curve leftward (Fig. 3, upper) without
affecting rate of responding (Fig. 3, lower). In rats discrimi-
nating ketanserin, prazosin occasioned a maximum of 62%
responding on the drug-associated lever at a dose (3.2 mg/kg)
that decreased the average rate or responding to 0.39 * 0.09
responses per second (i.e., 40% of the control rate); up to a
same dose (3.2 mg/kg), prazosin occasioned little (23 *+ 15%)
responding on the drug-associated lever in rats discriminat-
ing MDL100907 (data not shown). When prazosin was ad-
ministered with a dose of MDL100907 (0.1 mg/kg) or ritan-
serin (0.32 mg/kg) that alone occasioned only partial
ketanserin-lever responding (Fig. 1, upper center), rats re-
sponded exclusively on the ketanserin-associated lever (Fig.
4, upper) at rates that were not different from control (Fig. 4,
lower).

Phencyclidine, ketamine, and morphine occasioned partial
responding on the drug-associated lever in all three group of
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rats (Fig. 5, upper), up to doses of each compound that mark-
edly decreased or eliminated lever pressing (Fig. 5, lower).
The magnitude of responding on the drug-associated lever
obtained with these three compounds was similar across the
three different groups of rats.

As measured by the number of training sessions when rats
satisfied the testing criteria, and comparing the first 20 ses-
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Fig. 4. Effects of prazosin alone and in combination with 0.1 MDL100907
or 0.32 mg/kg ritanserin in rats discriminating between saline and 1.0
mg/kg ketanserin. See Fig. 1 for other details.

sions with the last 20 training sessions, discrimination per-
formance improved slightly over the course of these studies
for rats discriminating DOM and for those discriminating
MDL100907 and worsened slightly for rats discriminating
ketanserin (Table 1). When saline and three different doses
of DOM were examined over four consecutive days (i.e., after
temporary discontinuation of training), rats responded exclu-
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Fig. 5. Effects of phencyclidine, morphine, and ketamine in rats discriminating between saline and either 0.56 mg/kg DOM (left), 1.0 mg/kg ketanserin
(center), or 0.1 mg/kg MDL100907 (right). Each data point is the mean = S.E.M. for 6—8 rats. See Fig. 1 for other details.

sively on the saline-associated lever after receiving saline
and increasingly on the drug-associated lever after receiving
DOM (Fig. 6, @, upper left). The DOM discrimination dose-
response curve determined over consecutive days, and after
temporary discontinuation of training, was similar to the
DOM dose-response curve determined earlier in the study
when training sessions occurred between consecutive tests
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Fig. 6. Effects of DOM (left) and MDL100907 (right) after a 3-day sus-
pension of training and treatment with either vehicle (®, A) or PCPA and
fenfluramine (O, A). See Fig. 1 for other details.

(compare Figs. 1 and 6, @, upper left). After a second tempo-
rary discontinuation of training during which rats were
treated with PCPA and fenfluramine, DOM, but not saline,
increased responding on DOM-associated lever (Fig. 6, O,
upper) [F(3,21) = 35.82, p < 0.0001]; DOM was significantly
more potent as a discriminative stimulus in rats treated with
PCPA and fenfluramine, as reflected by a shift leftward in
the DOM dose-response curve [F(1,7) = 24.24, p < 0.005 for
treatment, no significant interaction between treatment and
dose; F(3,21) = 3.04, p = 0.051]. Post hoc analysis revealed
that the effect of 0.178 mg/kg DOM was significantly in-
creased after treatment with PCPA and fenfluramine (p <
0.05; Fig. 6, upper left).

When saline and three different doses of MDL.100907 were
examined over four consecutive days (i.e., after temporary
discontinuation of training), rats responded exclusively on
the saline-associated lever after receiving saline and increas-
ingly on the drug-associated lever after receive MDL100907
(Fig. 6, A, upper right). However, the MDL100907 dose-
response curve determined after temporary discontinuation
of training was shifted upward (i.e., more drug lever respond-
ing with 0.01 and 0.032 mg/kg) compared with the
MDL100907 dose-response curve determined earlier in the
study when training sessions occurred between consecutive
tests (compare Figs. 1 and 6, upper right). After treatment
with PCPA and fenfluramine, saline occasioned an average of
55.5 = 13.9% responding on the drug-associated lever in rats
discriminating MDL100907, with three of eight rats respond-
ing greater than 90% on the MDL100907-associated lever;
subsequent administration of MDL100907 further increased
responding on the drug-associated lever with a dose of 0.1
mg/kg occasioning 85% responding on the MDL100907-asso-
ciated lever.

Although stimulus control in rats discriminating ketan-
serin was not adequate for assessing possible changes in



sensitivity to discriminative stimulus effects after discontin-
uation of training, all 24 rats (i.e., all three discrimination
groups) received PCPA and fenfluramine and were used to
measure 5-HT concentrations in brain. Treatment with
PCPA and fenfluramine significantly decreased 5-HT content
in the frontal and occipital cortex. Compared with saline-
treated control rats, 5-HT was decreased more than 93% in
the frontal cortex (control = 194.0 = 36.5 ng/g; treated =
12.2 * 1.3 ng/g) and in the occipital cortex (control = 114.0 =
29.7 ng/g; treated = 7.8 = 1.2 ng/g).

Discussion

Constitutive activity and inverse agonism have been dem-
onstrated for several receptors in vitro (e.g., Bond and Ijzer-
man, 2006). Little is known about constitutive activity and
inverse agonism in vivo, in part, because of difficulties (e.g.,
endogenous ligand binding) that are inherent to studies in
vivo (e.g., Negus, 2006). Notwithstanding a paucity of in vivo
data, there is evidence for constitutive activity of 5-HT,,
receptors and for inverse agonist actions of drugs acting at
these receptors (for reviews, see Harvey, 2003; Aloyo et al.,
2009). The current study examined whether constitutive
activity and inverse agonism might be examined by use of
drug discrimination with separate groups of rats trained
to discriminate different drugs that are known or pre-
sumed to have different actions at 5-HT,, receptors: ago-
nism (DOM), antagonism (ketanserin), and inverse ago-
nism (MDL100907). For each drug, stimulus control was
established within 35 sessions and the results of substitu-
tion studies support the view that all three drugs act, at
least in part, at 5-HT,, receptors.

The discriminative stimulus effects of DOM and other
5-HT,, receptor agonists have been studied extensively in
rats (Silverman and Ho, 1980;Glennon et al., 1982, 1983;
Fiorella et al., 1995; Li et al., 2007) and much less in non-
human primates (Li et al., 2008). Consistent with those stud-
ies, discriminative stimulus effects of DOM in this study
were pharmacologically selective with other compounds fail-
ing to occasion substantial responding on the DOM-associ-
ated lever. Evidence that this effect of DOM is mediated by
5-HT,, receptors was a dose-related antagonism of DOM by
ketanserin. Previous studies showed that the 5-HT,, recep-
tor-selective antagonist MDL100907 also antagonizes the
discriminative stimulus effects of DOM in rats (e.g., Li et al.,
2007) and in non-human primates (Li et al., 2008). Together
with the published studies, these results confirm a promi-
nent role of 5-HT,, receptors in the discriminative stimulus
effects of DOM across a range of training doses (0.56-1.5
mg/kg), and they provide a comparison for effects obtained
with drugs that are presumed to be antagonists or inverse
agonists at 5-HT,, receptors.

This study tested four hypotheses, the first being that a
bona fide “neutral” 5-HT,, receptor antagonist (e.g., ketan-
serin) could not be established as a discriminative stimulus,
unless it was blocking the effects of an endogenous agonist or
had actions on other receptors. Although ketanserin had
been used in a drug-versus-drug discrimination (Smith et al.,
1995), there was no report of ketanserin being trained in a
simple drug-versus-vehicle discrimination. In fact, stimulus
control was established with ketanserin after approximately
the same number of training sessions required for establish-
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ing stimulus control with DOM or MDL100907. The ketan-
serin discriminative stimulus was not fully mimicked by any
of the compounds studied. Although ketanserin antagonized
the discriminative stimulus effects of DOM and substituted
for the MDL100907 discriminative stimulus, it was not clear
why other drugs that are presumed to have antagonist ac-
tions at 5-HT,, receptors (ritanserin and MDL100907) did
not substitute for ketanserin. In addition to antagonism at
5-HT,, receptors, ketanserin has antagonist actions at o;-
adrenergic receptors (Orallo et al., 2000). Like ritanserin and
MDL100907, the a;-adrenergic receptor antagonist prazosin
occasioned partial responding on the ketanserin-associated
lever. When prazosin was combined with ritanserin or
MDL100907, rats responded exclusively on the ketanserin-
associated lever, suggesting that the discriminative stimulus
effects of ketanserin result from actions at both 5-HT,, and
a;-adrenergic receptors. That MDL100907 did not substitute
fully for ketanserin could be due to MDL100907 not acting at
a;-adrenergic receptors or to differences in the intrinsic ac-
tivity of MDL100907 and ketanserin (e.g., inverse agonism
versus antagonism) at 5-HT,, receptors.

The second hypothesis was that the effects of DOM (ago-
nist) and MDL100907 (inverse agonist) are mutually antag-
onized. A previous study established a discrimination in rats
with MDL100907 and showed that drugs with high affinity
(and presumably little or no efficacy) for 5-HT,, receptors
substitute for MDL100907 (Dekeyne et al., 2003). In the
current study two drugs with high affinity and presumably
little or no efficacy at 5-HT,, receptors (ketanserin and ritan-
serin) substituted for MDL100907, and, when administered
as pretreatments, both drugs enhanced the effects of
MDL100907. Moreover, doses of MDL100907 and ketanserin
that had discriminative stimulus effects in rats discriminat-
ing MDL100907 were the same as those antagonizing the
discriminative stimulus effects of DOM in rats discriminat-
ing DOM (Li et al., 2007; Fig. 2, this study). Conversely,
DOM antagonized the discriminative stimulus effects of
MDL100907 and those of ketanserin, being slightly more
potent in antagonizing MDL100907 compared with ketan-
serin. Mutual antagonism between DOM and MDIL100907
supports the second hypothesis and confirms the role of
5-HT,, receptors in the discriminative stimulus effects of all
three drugs.

The third hypothesis was that ketanserin (neutral antag-
onist) antagonizes the discriminative stimulus effects of
DOM (agonist) and MDL100907 (inverse agonist). Mutual
antagonism between DOM and ketanserin is consistent with
this hypothesis; however, ketanserin alone substituted for
MDL100907 and it shifted the MDL100907 dose-response
curve leftward. Failure to support this hypothesis could in-
dicate that both ketanserin and MDL100907 are inverse
agonists at 5-HT,, receptors and/or that both drugs are
acting by blocking endogenous 5-HT.

The MDL100907 discriminative stimulus was pharmaco-
logically selective; neither DOM, phencyclidine, ketamine, or
morphine substituted for MDL100907. Although a maximum
of 80% responding on the MDL100907-associated lever was
obtained with prazosin in rats discriminating 0.16 mg/kg
MDL100907 (Dekeyne et al., 2002), in the current study
prazosin occasioned little (23 = 15%) responding on the
MDL100907-associated lever in rats discriminating 0.1
mg/kg MDL100907. These studies differed as well in the
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number of training sessions required to establish stimulus
control: 70 = 11 with 0.16 mg/kg MDL100907 (Dekeyne et al.,
2002) and 33 = 2 with 0.1 mg/kg (current study). Differences
between that previous study and the current study might
result from the use of different strains of rats (Wistar and
Sprague-Dawley, respectively), different schedules of rein-
forcement (FR 10 and 5, respectively), or different pretreat-
ment times (15 and 30 min, respectively). Together with the
results of previous studies, these data support the view that
the discriminative stimulus effects of MDL100907 are due to
actions at 5-HT,, receptors.

The fourth hypothesis was that depletion of 5-HT increases
sensitivity to the discriminative stimulus effects of DOM
(agonists) and possibly to MDL100907 (inverse agonist). Con-
firming other studies (e.g., Prinssen et al., 2002), treatment
with PCPA, then fenfluramine, significantly depleted 5-HT
in the cortex. After 5-HT depletion, rats were more sensitive
to the discriminative stimulus effects of DOM, as indicated
by a leftward shift in the DOM dose-response curve. This
result is consistent with 5-HT depletion increasing sensitiv-
ity to the discriminative stimulus effects of other 5-HT re-
ceptor agonists (Browne and Ho, 1975; White et al., 1980;
Fiorella et al., 1995). A different method for depleting 5-HT
(i.e., 5,7-dihydroxytryptamine) did not change the ability of
lysergic acid diethylamide (5-HT,, receptor agonist) and
MDL 11939 (5-HT,, receptor inverse agonist) to retard as-
sociative learning (Romano et al., 2006). If the discriminative
stimulus effects of a drug are due exclusively to the blockade
of endogenous 5-HT, then depletion of 5-HT might mimic the
drug stimulus. If the discriminative stimulus effects of a drug
are due exclusively to inverse agonist actions at 5-HT recep-
tors, then depletion of 5-HT might increase sensitivity to
discriminative stimulus effects, as is the case with 5-HT,,
receptor agonists. After 5-HT depletion, rats responded 55%
on the MDL100907-associated lever in the absence of drug;
this responding does not seem to reflect a loss of stimulus
control because these rats responded exclusively on the ve-
hicle-associated lever in the absence of drug when training
was discontinued and rats received saline and not PCPA and
fenfluramine. The testing order of the four conditions (vehicle
and different doses of MDL100907) varied among rats and it
is possible that the magnitude of 5-HT depletion varied
across 4 days of testing (e.g., increased variance among rats
in a group). Nevertheless, substantial responding on the
MDL100907-associated lever in the absence of MDL100907
and further increases in responding on the MDL100907-
associated lever after administration of MDL.100907 in 5-HT-
depleted rats are consistent with the notion that the
MDL100907 discriminative stimulus involves antagonism of
endogenous 5-HT and possibly inverse agonism at 5-HT,,
receptors. Methods for rapidly determining full dose-re-
sponse curves (e.g., cumulative dosing) would facilitate a
more precise characterization of the effects of 5-HT depletion
on discriminative stimulus effects of drugs.

In summary, rats were trained to discriminate either the
5-HT,, receptor agonist DOM, the 5-HT,, receptor antago-
nist ketanserin, or the purported 5-HT,, receptor inverse
agonist MDL100907. The results confirm a role for 5-HT,,
receptors in the discriminative stimulus effects of all three
drugs, although it seems as though «;-adrenergic receptors
play a role in the discriminative stimulus effects of ketan-
serin. Enhanced discriminative stimulus effects of DOM af-

ter depletion of 5-HT might reflect increased receptor sensi-
tivity. Data obtained with MDL100907 are consistent with
the possibility of both antagonism and inverse agonism at
5-HT,, receptors, although further studies are warranted
with procedures that can rapidly assess sensitivity to drugs
in 5-HT-depleted rats.
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