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Abstract

Background Drug discrimination is an increasingly valu-
able behavioral assay for the preclinical development of
antipsychotic drugs. The majority of studies have used the
atypical antipsychotic clozapine because it displays robust
discriminative stimulus properties and is the “prototypical”
or “gold standard” atypical antipsychotic against which
other antipsychotics will undoubtedly be compared for
many years.

Objectives Pharmacological mechanisms mediating the
discriminative stimulus properties of antipsychotics used
as training drugs and the usefulness of drug discrimination
for distinguishing typical and atypical antipsychotics were
reviewed.

Results Clozapine appears to have a compound cue in-
volving antagonism of two or more receptors. While mus-
carinic receptor antagonism is a prominent factor for
mediation of clozapine’s cue in rats with a 5.0-mg/kg
training dose, there are differences in clozapine’s cue with a
low training dose and in pigeons and mice. With a low
training dose, clozapine has consistently produced full or
partial generalization to atypical but not to typical anti-
psychotics. Although not evaluated as extensively, the
atypical antipsychotics quetiapine and ziprasidone also
appear to generalize to atypical but not typical antipsy-
chotics. This has not been the case for other antipsychotic
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drugs (olanzapine, chlorpromazine, haloperidol) used as
training drugs.

Conclusions There are important differences in discrimina-
tive stimulus properties both between and within atypical
and typical antipsychotics and across species. While low-
dose clozapine discrimination in rats appears to provide a
more sensitive behavioral assay for distinguishing atypical
from typical antipsychotics, the extent to which clozapine’s
discriminative stimulus properties are predictive of its
antipsychotic effects remains to be determined.
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Introduction

The introduction of the antipsychotic drugs chlorpromazine
and haloperidol in the 1950s radically changed the
treatment and prognosis of schizophrenia. These and
similar acting drugs, now classified as “typical” or
“classical” antipsychotic drugs, are relatively effective in
relieving the positive symptoms of schizophrenia (e.g.,
hallucinations, delusions, excited motor behaviors, thought
disorders), but offer little efficacy for the negative symp-
toms (e.g., emotional and social withdrawal, flat affect,
slowness, impoverishment of thought and speech; see Crow
1987) or cognitive deficits in schizophrenia (Meltzer and
McGurk 1999; Woodward et al. 2005). In addition, typical
antipsychotic drugs produce extrapyramidal motor side
effects at therapeutic doses and long-term treatment may
result in tardive dyskinesia (see review by Ellenbroek
1993).
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The first antipsychotic drug found to differ substantially
in therapeutic efficacy and side effect liability was cloza-
pine. Clozapine is referred to as an atypical or novel anti-
psychotic drug because it produces few, if any, extrapyramidal
motor effects and is usually tolerated better than typical
antipsychotic drugs (Claghor et al. 1987; Kane et al. 1988;
Meltzer 1992; Ellenbroek 1993; Amt and Skarsfeldt 1998).
Chronic treatment with clozapine does not appear to cause
tardive dyskinesia (Casey 1989) or prolonged elevations in
serum prolactin levels (Meltzer 1992). Most of the thera-
peutic effects of clozapine are shared by antipsychotic drugs
placed on the market since the 1980s, which are also referred
to as “atypical,” including olanzapine, risperidone, sertin-
dole, quetiapine, and ziprasidone. All of these compounds
share in common a preferential affinity, as antagonists or
inverse agonists, for the serotonin (5-HT), A receptor over the
dopamine D, receptor (Meltzer et al. 1989; Schotte et al.
1996). Aripiprazole, another compound that exhibits atypical
antipsychotic-like properties clinically, differs slightly from
this receptor profile by acting as a weak D, receptor partial
agonist, although it has a high affinity as an antagonist for
the 5-HT, 4 receptor (Shapiro et al. 2003). Amisulpride also
has a clinical profile of an atypical antipsychotic drug but
lacks 5-HT,, antagonism. Instead, it displays a preferential
blockade of presynaptic D,/D; receptors in mesolimbic
dopamine pathways (Mdller 2003). More recently, interest
has turned to the active metabolites of atypical antipsychotic
drugs in the hope that they might have increased efficacy
over the parent drug and a reduced incidence of side effects.
The active metabolite of risperidone, 9-OH-risperidone
(paliperidone [Invega®]) from Janssen Pharmaceuticals, has
recently met FDA approval and is being used clinically for
the treatment of schizophrenia in the US (Dlugosz and
Nasrallah 2007; Dolder et al. 2008). The active metabolite
for clozapine, N-desmethylclozapine (Li et al. 2005), was
being developed by Acadia Pharmaceuticals, as ACP-104,
for the treatment of schizophrenia; however, a recent press
release (Reuters, June 16 2008) reported that ACP-104 did
not display antipsychotic efficacy compared to placebo in
Phase IIb clinical trials. Clozapine still remains unique in
therapeutic efficacy compared to other available atypical
antipsychotic drugs in many ways, including an ability to
reduce the severity of preexisting tardive dyskinesia symp-
toms (Meltzer and Luchins 1984; Lieberman et al. 1989) and
an increased efficacy in the majority of patients who are re-
sistant to treatment with other antipsychotic drugs (Honigfeld
etal. 1984; Kane et al. 1988; Young et al. 1997). However, it
should be noted that the recent series of Clinical Antipsy-
chotic Trials of Intervention Effectiveness (CATIE) studies
have raised some doubts about the superiority of atypical
antipsychotic drugs, in general, over typical antipsychotic
drugs such as haloperidol and chlorpromazine (see Meyer
2007; Lewis and Lieberman 2008).
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While a large number of different preclinical behavioral
tests have been used for screening drugs in the development
of new atypical antipsychotics (see Ellenbroek 1993; Amt
and Skarsfeldt 1998; Geyer and Ellenbroek 2003 for
reviews), the focus of the present review is on drug dis-
crimination. In particular, this review will focus on studies
in which antipsychotic drugs have been used as the training
drug. For reviews of drug discrimination studies in which
antipsychotic drugs have been tested for their ability to
block the discriminative stimulus properties of other
training drugs (like low-dose amphetamine discrimination,
DOI discrimination, and MK-801 discrimination) see Arnt
and Skarsfeldt (1998) and Goudie and Smith (1999). In
addition, the present review did not attempt to review the
discriminative stimulus properties of putative antipsychotic
drugs such as MDL 100,907 (Dekeyne et al. 2003) or S
16924 (Millan et al. 1998, 1999).

Drug discrimination procedures have been widely used
as behavioral assays in the preclinical development and
testing of drugs for a number of years (e.g., Meert 1991;
Arnt and Skarsfeldt 1998; Millan et al. 2000; Goudie et al.
2006), and the drug discrimination paradigm can be used
both to classify drugs and to identify underlying pharma-
cological mechanisms that mediate the discriminative
stimulus properties of the drugs being studied (e.g., Winter
and Rabin 1989; Kelley and Porter 1997; Goudie et al.
1998¢; Colpaert 1999; Philibin et al. 2005; Goudie et al.
2006). As in all behavioral assays, procedural variables can
be an important factor in determining the results obtained.
In the drug discrimination assay, the procedures that vary
the most are the route of injection (this information will be
provided as studies are introduced), the time of the injection
(typically 30 to 60 min in most studies), the reinforcement
schedule (fixed ratio 30 or 10 reinforcement schedules in
most studies), and the reinforcer (typically food—either
pellets or a liquid, such as water or sweetened milk). In
spite of these differences across studies, the results tend to
be very consistent for the training drugs and the test drugs.
The major differences that have been found in these studies
are more often related to the species and to the dose of the
training drug, and both of these variables will be discussed.

The present review will first present a historical over-
view of the early studies that first attempted to study the
discriminative stimulus properties of typical and atypical
antipsychotics (sometimes with less than stellar results).
Then, the discriminative stimulus properties of the atypical
antipsychotics clozapine and other atypical antipsychotic
drugs and the typical antipsychotics chlorpromazine and
haloperidol will be discussed in detail. As will be obvious,
the vast majority of this research has focused on clozapine
which remains the “prototypical” or “gold standard”
antipsychotic drug against which all other current and
future antipsychotics will, undoubtedly, be compared for
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many years. An overview of the pharmacological mecha-
nisms that mediate the discriminative stimulus properties of
these antipsychotics will be presented, and finally, the
usefulness of the drug discrimination assay for distinguish-
ing among typical and atypical antipsychotics, and the extent
to which the discriminative stimulus properties of antipsy-
chotic drugs reflect or are predictive of their therapeutic
effects for treating schizophrenia, will be discussed.

Overview of early discrimination studies
with antipsychotic drugs

The first successful report that animals could discriminate
an antipsychotic drug was by Stewart (1962). Rats were
trained to discriminate 4.0 mg/kg (i.p.) chlorpromazine from
saline in a shock-avoidance task using a three-compartment
test chamber (a procedure somewhat analogous to a T-maze).
There was a dose-dependent generalization curve for
chlorpromazine with drug appropriate responding ranging
from 28.9% (2.0 mg/kg chlorpromazine) to a maximum of
94.3% at the 4.0 mg/kg training dose. Substitution testing
revealed that the phenothiazines acepromazine, perphena-
zine, and prothipendyl fully substituted for chlorpromazine,
but that the phenothiazine prochlorperazine, and the tricyclic
antidepressant imipramine did not. Overton (1966) attemp-
ted to establish discrimination with a 5.0-mg/kg (i.p.) dose
of chlorpromazine in a T-maze (shock avoidance), but
reported that no discrimination could be established. Harris
and Balster (1971) also reported that discriminative control
with chlorpromazine (1.0 mg/kg, i.p.) could not be estab-
lished in a two-lever operant conditioning procedure, al-
though it should be noted that only two rats were tested.

Barry et al. (1974) were the first to establish drug dis-
crimination with chlorpromazine (1.0 mg/kg training dose
versus saline, i.p.) in a two-lever operant task (food rein-
forcement on one lever; shock punishment on the other lever).
Several chlorpromazine metabolites were tested, and only one
(7-OH-CPZ) was able to produce chlorpromazine-appropriate
responding. Interestingly, quaternary chlorpromazine failed to
substitute for chlorpromazine indicating that the discrimina-
tive stimulus properties of chlorpromazine were mediated
centrally, not peripherally. Haloperidol was first established as
the training drug in a two-lever operant discrimination (food
reward) by Colpaert et al. (1976). Rats were trained to
discriminate 0.02 mg/kg (s.c.) haloperidol from saline,
although the authors reported that it was difficult to establish
the discrimination with over 80 training sessions being
required (compared to only 35 sessions for chlordiazepoxide
and 40 sessions for amphetamine). Unfortunately, no other
drugs were tested in that study.

Goas and Boston (1978) provided the first demonstration
that the atypical antipsychotic clozapine (6.9 mg/kg, p.o.)

could be established as a training drug (versus vehicle) in a
two-lever operant discrimination task (food reinforcement).
In a separate group of rats, they also established a dis-
crimination between 2.0 mg/kg chlorpromazine (p.o.) and
vehicle. Substitution testing demonstrated that both haloper-
idol, clozapine, and the muscarinic antagonist benztropine
mesylate produced full substitution for chlorpromazine;
whereas, chlordiazepoxide did not. In the clozapine-trained
rats, none of the tested drugs substituted for clozapine; these
included chlorpromazine, haloperidol, chlordiazepoxide,
and atropine. Thus, the generalization between clozapine
and chlorpromazine was not symmetrical. Goas and Boston
also established a drug—drug discrimination with 8.8 mg/kg
clozapine versus 4.24 mg/kg chlorpromazine (p.o.) and found
that haloperidol substituted for chlorpromazine. Using a T-
maze discrimination procedure, Overton (1982) reported that
clozapine (20 mg/kg, i.p.) and haloperidol (2.5 mg/kg, i.p.)
could be established as training drugs; whereas, no drug
discrimination could be established with the antipsychotic
drugs chlorpromazine, fluphenazine, haloperidol, or thiorid-
azine. No substitution tests were conducted in this study.

Discriminative stimulus properties of clozapine

Clozapine, a dibenzodiazepine, differs from typical neuro-
leptics such as haloperidol, a butyrophenone, and chlor-
promazine, a phenothiazine, in that it binds with a relatively
low affinity to dopamine D, receptors but has a higher
affinity for D; receptors. Clozapine displays a high binding
affinity for a number of other neurotransmitter receptors
including dopaminergic Dy, serotonergic 5-HT,4/2c, 5-HTs,
5-HT, cholinergic M;, M,, M3, My, adrenergic o, &, and
histaminergic H; receptors (Bymaster et al. 1996; Schotte et
al. 1996; Arnt and Skarsfeldt 1998; Richelson 1999). While
generally characterized as an antagonist at these receptors,
clozapine has been shown to display weak partial agonist
activity at M, receptors (Davies et al. 2004; Weiner et al.
2004) and agonist activity at M4 and 5-HT 5 receptors (Zeng
et al. 1997; Amt and Skarsfeldt 1998; Newman-Tancredi et
al. 2005). These agonist properties of clozapine may
contribute to the therapeutic efficacy of clozapine. For
example, it has been suggested that agonist activity at 5-
HT, 5 receptors may play a role in the treatment of negative
and cognitive symptoms, enhancing mood, and reducing
extrapyramidal motor side effects (Millan 2000). Because of
this very diverse binding profile, the underlying pharmaco-
logical mechanisms of clozapine’s discriminative stimulus
properties have not been fully resolved. As discussed below,
the two neurotransmitter receptors that seem to be the most
promising candidate’s for mediation of clozapine’s cue are
muscarinic cholinergic receptors and 5-HT, /¢ serotonergic
receptors, although there may be differences across species
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Table 1 Antagonism of clozapine’s discriminative cue (rats trained to discriminate 5.0 mg/kg, i.p. clozapine from vehicle) by the muscarinic

cholinergic xagonist oxotremorine (N=8)

Vehicle
control

5.0 mg/kg
clozapine control

Clozapine +
0.125 mg/kg OXO

Clozapine +
0.0325 mg/kg OXO

Clozapine +
0.0625 mg/kg OXO

0.25% (0.2)
110.1 (6.8)

96.1% (2.3)
89.1 (10.2)

Percent drug lever responding
Mean responses per minute

82.4% (13.4)
49.6** (9.6)

79.1% (17.1)
20.1% (11.2)

61.7%** (17.6)
24.4%* (8.5)

The peripheral antagonist methylscopolamine (1.5 mg/kg) was co-administered with the Vehicle and Clozapine Control Tests and with drug
combination tests to block the peripheral effects of oxotremorine. (Data from Kelley et al. 1994)

**Significantly different from Clozapine Control, p<0.01

(i.e., rats versus mice versus pigeons), and training dose may
play an important role. Another possibility is that the basis of
clozapine’s discriminative stimulus properties may be a com-
pound cue involving antagonism of two or more receptors
simultaneously. These possibilities will be discussed more
fully below.

Cholinergic antagonism

Nielsen (1988) argued that muscarinic cholinergic antago-
nism mediates clozapine’s discriminative stimulus proper-
ties, as evidenced by the ability of scopolamine (see also
Franklin and Tang 1994), atropine, and fluperlapine to
substitute for clozapine in rats trained to discriminate
5.76 mg/kg (i.p.) clozapine from vehicle. Nielson reported
that the muscarinic agonist oxotremorine blocked the
clozapine cue (a 1.0-mg/kg dose decreased clozapine-
appropriate responding to 22%), although no statistical
analysis was performed due to an insufficient number of
animals responding. Kelley et al. (1994) also have shown
that the clozapine cue can be attenuated by the muscarinic
agonist oxotremorine (see Table 1). While a significant
reduction in response rates was seen at the oxotremorine
dose (0.125 mg/kg, i.p.) that significantly reduced cloza-
pine-appropriate responding, response rates also were
significantly reduced by two lower doses where there were
no significant changes in clozapine-appropriate responding.
Methylscopolamine (1.5 mg/kg, i.p.) was co-administered
to block the peripheral effects of oxotremorine in this study,
and it had no effect on the Vehicle and Clozapine Control
Tests.

Findings by Kelley and Porter (1997) also support the
importance of muscarinic antagonism in the discriminative
stimulus properties of clozapine in rats. First, they found
complete cross-generalization between 5.0 mg/kg (i.p.)
clozapine-trained rats and 0.125 mg/kg (i.p.) scopolamine-
trained rats—a finding indicative of a shared common
mechanism for the discriminative stimulus properties of the
two drugs (see Schuster and Balster 1977). Second, the M,
muscarinic antagonist trihexyphenidyl substituted com-
pletely for both clozapine and scopolamine, but the M,
muscarinic antagonist BIBN 99 did not substitute for either
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clozapine or scopolamine, suggesting that antagonism of
the M; muscarinic receptor plays an important role in the
mediation of clozapine’s discriminative cue. Results for the
drugs tested in that study are summarized in Fig. 1,
showing the highest percent drug-lever responding for
scopolamine (Y axis) as a function of the highest percent
responding for clozapine (X axis). As can be seen in Fig. 1,
there was a strong positive correlation (#=0.74, p<0.01)
between the highest percent scopolamine-responding and
the highest percent clozapine-responding for these drugs. In
general, Kelley and Porter (1997) found that drugs with
higher binding affinities at muscarinic receptors substituted
at higher percentages for clozapine and scopolamine, with
two notable exceptions. The benzodiazepine chlordiazepox-
ide has no affinity for muscarinic receptors, yet showed
partial substitution for both clozapine and scopolamine.
This partial substitution may reflect an indirect interaction
with cholinergic systems, as it has been shown that the
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Fig. 1 Results are summarized for drugs tested both in rats trained to
discriminate 5.0 mg/kg (i.p.) clozapine from vehicle and in rats trained
to discriminate 0.125 mg/kg (i.p.) scopolamine from vehicle in a two-
lever operant task (adapted from Kelley and Porter 1997). The highest
percent of scopolamine-lever responding (Y axis) is shown as a
function of the highest percent of clozapine-lever responding (X axis)
for each drug. The regression line for the data and the correlation
coefficient are also shown. Amitriptyline (AMT); BIBN-99 (BIBN);
Chlordiazepoxide (CDP; Clozapine (CLOZAPINE); Cyproheptadine
(CYP); Imipramine (IMP); Mianserin (MIA); Promethazine (PMZ);
Scopolamine (SCP); Thioridazine (THD); Trihexyphenidyl (TRI)
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benzodiazepine agonist diazepam decreases acetylcholine
levels in the hippocampus (Imperato et al. 1994). The other
exception was the tetracyclic antidepressant, mianserin.
Mianserin was the only drug tested in the Kelley and Porter
(1997) study that substituted for clozapine, but failed to
substitute for scopolamine. All of the drugs that produced
full substitution for clozapine in that study display low
nanomolar affinity for muscarinic receptors, except for
mianserin which has a KD of 469.0 nM (Golds et al. 1980).
Interestingly, Prus et al. (2006) found that in rats trained to
discriminate 1.25 mg/kg clozapine from 5.0 mg/kg cloza-
pine from vehicle (i.p.) in a three-lever drug discrimination
task, mianserin was the only drug among several selective
ligands that produced full substitution for clozapine (on the
5.0 mg/kg training-dose lever). In rats trained to discrimi-
nate 4.0 mg/kg (i.p.) mianserin from vehicle, scopolamine
substituted for mianserin (88% maximum generalization at
1.0 mg/kg scopolamine); however, mianserin did not
substitute for scopolamine in rats trained to discriminate
0.25 mg/kg (i.p.) scopolamine from vehicle (Kelley et al.
1995). Thus, the basis for the generalization of clozapine’s
discriminative cue to mianserin remains to be determined.

The role for muscarinic receptor antagonism in the
discriminative stimulus properties of clozapine in rats also
has been supported by other studies. In a study by Goudie
et al. (1998c¢), in which a large number of selective receptor
antagonists were tested in rats trained to discriminate
5.0 mg/kg (i.p.) clozapine from vehicle, they found that
only the muscarinic receptor antagonist scopolamine pro-
duced full substitution for the clozapine cue. Millan et al.
(1999) also reported that scopolamine fully substituted for
5.0 mg/kg (i.p.) clozapine. Prus et al. (2004) reported that
the muscarinic M;-preferring receptor antagonist trihexy-
phenidyl produced full substitution for a 1.25 mg/kg (i.p.)
clozapine training dose, although only partial substitution
was found for a 5.0 mg/kg (i.p.) clozapine training dose in
rats trained to discriminate clozapine from vehicle in two-
lever drug discrimination tasks. In a study by Porter et al.
(2005) using rats trained to discriminate 1.0 mg/kg chlor-
promazine versus 5.0 mg/kg clozapine versus vehicle (i.p.),
scopolamine was found to produce partial substitution for
chlorpromazine and full substitution for clozapine. Based
on these findings, it is clear that antagonism of muscarinic
receptors is sufficient to produce full generalization from
clozapine’s discriminative cue in rats. However, in other
species, the role of muscarinic receptor blockade in the
clozapine discriminative cue is less clear. In C57BL/6 mice
(Philibin et al. 2005) and in DBA/2 mice (Porter et al.
2008) trained in a two-lever operant procedure to discrimi-
nate 2.5 mg/kg (s.c.) clozapine from vehicle, scopolamine
produced only partial substitution for clozapine, while in
pigeons trained in a two-key operant procedure to discrimi-
nate 1.0 mg/kg (i.m.) clozapine from vehicle, scopolamine

(and atropine) failed to produce even partial substitution for
clozapine (Hoenicke et al. 1992).

Although clozapine appears to be an antagonist or weak
partial agonist in vivo, an active metabolite of clozapine, N-
desmethylclozapine, is a high affinity partial agonist for M,
muscarinic receptors (Davies et al. 2004; Weiner et al.
2004). N-desmethylclozapine does not substitute for cloza-
pine in rats trained to discriminate 1.25 mg/kg (i.p.)
clozapine from vehicle, although N-desmethylclozapine
produced full substitution when combined with a low dose
of clozapine (0.3125 mg/kg) that did not substitute for the
clozapine training dose (Prus et al. 2008). N-desmethylclo-
zapine also failed to substitute for clozapine in rats trained
to discriminate 1.25 mg/kg clozapine from 5.0 mg/kg
clozapine from vehicle (i.p.; Prus et al. 2006). In C57Bl/6
mice, N-desmethylclozapine also does not substitute for
clozapine (2.5 mg/kg training dose, s.c.; Philibin et al.
2008); however, as in the Prus et al. (2008) study, N-
desmethylclozapine produced full substitution when com-
bined with a low dose of clozapine (0.625 mg/kg) that did
not substitute for the clozapine training dose.

Nicotinic cholinergic receptors do not appear to play a
role in the discriminative stimulus properties of clozapine
as it has been shown that nicotine does not substitute for
5.0 mg/kg (i.p.) clozapine in clozapine-trained rats and that
clozapine does not substitute for 0.4 mg/kg (s.c.) nicotine in
nicotine-trained rats (Villanueva et al. 1992) or 0.3 mg/kg (i.p.)
nicotine (Brioni et al. 1994). Finally, the nicotinic receptor
antagonist mecamylamine failed to substitute for either
dose of clozapine in rats trained to discriminate 1.25 mg/kg
versus 5.0 mg/kg clozapine versus vehicle (i.p.) in a three-
lever task (Prus et al. 2006).

Serotonergic antagonism

Hoenicke et al. (1992) have argued that the discriminative
stimulus properties of clozapine are mediated by blockade
of both 5-HT,5 AND 5-HT,c receptors. This suggestion
was based on the results of a drug discrimination study with
pigeons that were trained to discriminate 1.0 mg/kg (i.m.)
clozapine from vehicle. They argued that the drugs that
fully substituted for clozapine (cyproheptadine, metergo-
line, mianserin, pizotifen, and fluperlapine) block both 5-
HT,A and 5-HT,c receptors, but that the drugs that did not
substitute for clozapine either had minimal or no seroto-
nergic antagonism or that the drugs were selective for 5-
HT,A versus 5-HT,c receptors. This hypothesis also was
supported by Philibin et al. (2005), who found that the 5-
HT, /¢ receptor antagonist ritanserin produced full substi-
tution in C57BL/6 mice that were trained to discriminate
2.5 mg/kg (s.c.) clozapine from vehicle. However, there are
differences between strains of mice as ritanserin does not
substitute (either fully or partially) for 2.5 mg/kg (s.c.)

@ Springer



284

Psychopharmacology (2009) 203:279-294

clozapine in DBA/2 mice (Porter et al. 2008). Moreover,
ritanserin does not substitute for clozapine in rats trained to
discriminate 5.0 mg/kg (i.p.) clozapine from vehicle (Wiley
and Porter 1992), 1.25 mg/kg clozapine from 5.0 mg/kg
clozapine from vehicle (i.p.; Prus et al. 2006), 5.0 mg/kg
clozapine from 0.03 mg/kg haloperidol (i.p.; Wiley and
Porter 1993), or 5.0 mg/kg clozapine from chlorpromazine
from vehicle (i.p.; Porter et al. 2005). Several studies also
have reported that the serotonin antagonist ketanserin (a
preferential 5-HT,, antagonist with low activity at 5-HT,¢
receptors; Roth et al. 1992) does not substitute for clo-
zapine in rats (Franklin and Tang 1994; Goudie et al.
1998c; Nielsen 1988; Tang et al. 1997) or in pigeons
(Hoenicke et al. 1992) and that the highly selective 5-HT;5
antagonist MDL 100,907 (Sorensen et al. 1993) does not
substitute for 5.0 mg/kg (i.p.) clozapine (Goudie et al.
1998c; Prus et al. 2004) or 1.25 mg/kg (i.p.) clozapine
(Prus et al. 2004) in rats; although Millan et al. (1999)
reported partial substitution for clozapine in rats. Also, it
should be noted that clozapine (and other atypical antipsy-
chotic drugs that preferentially bind to 5-HT,a versus D,
receptors) fully substituted in rats trained to discriminate
0.16 mg/kg (i.p.) MDL 100,907 (Dekeyne et al. 2003), and
clozapine (and the atypical antipsychotic drugs risperidone
and sertindole) blocked the discriminative stimulus cue of
the 5-HT,a»c agonist DOI ((2,5-dimethoxy-4-iodohenyl)-
2-aminopropan; Schreiber et al. 1994).

Antagonism of 5-HTj; receptors with MDL 72222 in rats
(Wiley and Porter 1992, 1993) and ondansetron (GR38032F)
in rats (Goudie et al. 1998¢) and in pigeons (Hoenicke et al.
1992) does not generate clozapine-appropriate responding.
Likewise, antagonism of 5-HT,p,c receptors with SB
200646 or SDZ SER 082 does not produce clozapine-
appropriate responding in rats (Goudie et al.1998c; Millan et
al. 1999). No substitution for clozapine has been found with
the 5-HT; o agonists S-14506 in rats (Goudie et al. 1998c),
8-OH-DPAT in rats (Millan et al. 1999; Prus et al. 2006) or
pigeons (Hoenicke et al. 1992), or buspirone (also a 5-HT; o
agonist) in rats (Wiley and Porter 1992, 1993; Franklin and
Tang 1994). Thus, while antagonism of 5-HT, 4/, receptors
may be sufficient to produce clozapine-appropriate respond-
ing in pigeons (Hoenicke et al. 1992) and C57BL/6 mice
(Philibin et al. 2005), this does not appear to be the case for
rats trained to discriminate clozapine from vehicle. Also,
antagonism or agonism of serotonergic receptors other than
5-HT,a/nc receptors does not appear to play a significant
role in clozapine’s discriminative cue for any of the species
that have been tested.

Dopaminergic antagonism

The dopamine D; antagonist SCH 23390 does not
substitute for clozapine in rats (Nielsen 1988; Villanueva
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et al. 1990; Franklin and Tang 1994; Porter et al. 1999; Prus
et al. 2006) or in pigeons (Hoenicke et al. 1992). The D/Ds
antagonist SCH-39166 also does not substitute for cloza-
pine in rats (Millan et al. 1999). Likewise, the D, antagonist
haloperidol fails to produce clozapine-appropriate respond-
ing in rats (Browne and Koe 1982; Ortmann et al. 1986;
Villanueva et al. 1990; Wiley and Porter 1992, 1993;
Franklin and Tang 1994; Millan et al. 1998; Goudie et al.
1998c¢; Goudie and Taylor 1998a; Porter et al. 1999; Tang
et al. 1997; Prus et al. 2004, 2005a, b), C57BL/6 mice
(Philibin et al. 2005), DNA/2 mice (Porter et al. 2008), or in
squirrel monkeys (Carey and Bergman 1997). The D,
antagonist sulpiride also was found to not substitute for
clozapine in either rats (Ortmann et al. 1986) or pigeons
(Hoenicke et al. 1992). Somewhat mixed results have been
obtained with D3 antagonists. While the Ds-preferring
antagonist PNU-99194A fully substituted in rats trained to
discriminate either 2.0 mg/kg (i.p.) or 5.0 mg/kg (i.p.)
clozapine, four other D5 antagonists did not substitute for
clozapine. Cross-generalization between clozapine and PNU-
99194A also was obtained as clozapine fully substituted in
rats trained to discriminate 10.0 mg/kg (i.p.) PNU-99194A.
However, these results might not be due to D3 antagonism as
the muscarinic antagonists scopolamine and trihexyphenidyl
also fully substituted for PNU-99194A (Goudie at al. 2001).
Finally, the D4 receptor antagonist L.-745,870 was found to
not substitute for clozapine in rats (Goudie et al. 1998c).

Given that clozapine displays a relatively low affinity for
dopamine receptors (Bymaster et al. 1996; Arnt and
Skarsfeldt 1998), the inability of D, and D, antagonists to
substitute for clozapine may reflect the relatively low-
receptor occupancy of dopamine receptors at the 5.0 mg/kg
training dose that has typically been used. To address this
issue, Porter et al. (1999) trained a group of rats to dis-
criminate 10.0 mg/kg (i.p.) clozapine from vehicle, making
the assumption that a greater percentage of dopamine
receptors would be occupied at the higher training dose,
as would be predicted by the occupation theory of drug—
receptor action (Cooper et al. 1996). Testing with the D,
antagonist SCH 23390 and the D, antagonist haloperidol
revealed that the higher training dose of clozapine did not
engender more clozapine-appropriate responding by either
drug. Thus, blockade of dopamine receptors does not
appear to play any significant role in mediating clozapine’s
discriminative stimulus properties. In fact, antagonism of
dopamine D, receptors may inhibit the ability of some
antipsychotic drugs to substitute for clozapine (see Cary
and Bergman 1997; Cole et al. 2007).

Antagonism of other receptors

The « adrenergic antagonist phentolamine and the
adrenergic antagonist propranolol do not substitute for



Psychopharmacology (2009) 203:279-294

285

clozapine in rats (Kelley and Porter 1997), and other studies
have reported that the selective o -adrenoceptor antagonist
prazosin does not substitute for clozapine in rats (Nielsen
1988; Goudie et al. 1998c; Millan et al. 1999; Porter et al.
2005; Prus et al. 2006) or pigeons (Hoenicke et al. 1992),
and that the selective x,-adrenoceptor antagonist yohim-
bine also does not substitute for clozapine in rats (Franklin
and Tang 1994; Goudie et al. 1998c; Prus et al. 2006).
Thus, blockade of adrenergic & and 3 receptors does not
appear to produce clozapine-appropriate responding in
either rats or pigeons. However, it should be noted that
prazosin does fully substitute for clozapine in C57BL/6
mice (Philibin et al. 2008), but not in DBA/2 mice (Porter
et al. 2008). Likewise, antagonism of H; histamine
receptors with mepyramine (also known as pyrilamine) in
rats (Goudie et al. 1998c) or pyrilamine in pigeons
(Hoenicke et al. 1992), in rats (Porter et al. 2005; Prus et
al. 2006), in C57BL/6 mice (Philibin et al. 2008), and in
DBA/2 mice (Porter et al. 2008) does not engender
clozapine-appropriate responding.

Kelley and Porter (1997) reported that NMDA does not
substitute for clozapine, in contrast to a report by Schmidt
and Volz (1992) that NMDA substituted in rats trained to
discriminate clozapine from saline in a T-maze drug
discrimination procedure. Also, Arnt (1997) reported that
clozapine produced partial substitution in rats trained to
discriminate NMDA from vehicle. Though unresolved, the
interaction of NMDA glutamate receptors with clozapine’s
discriminative cue remains a possibility.

Discriminative stimulus properties of other atypical
antipsychotic drugs

To date, three other clinically active atypical antipsychotic
drugs have been used as training drugs in the drug
discrimination procedure: olanzapine, quetiapine, and zipra-
sidone (an unsuccessful attempt was made to train zotepine
(Goudie et al. 2004a)). All of these compounds exhibit a
greater affinity for 5-HT,, receptors over D, receptors
(Bymaster et al. 1996; Moore et al. 1992, 1993; Roth et al.
1994), but like clozapine, they have diverse binding profiles
for other receptors (Schotte et al. 1996). Olanzapine (a
thienobenzodiazepine derivative) is an atypical antipsychot-
ic drug that has a receptor-binding profile similar to
clozapine (a dibenzodiazepine derivative), but has a much
higher affinity for D; and D, dopamine receptors. Ziprasi-
done has a high affinity for 5-HT;, and 5-HT; receptors.
These three antipsychotics have appreciable affinities for
«;-adrenoceptors, but only olanzapine displays a strong
affinity for muscarinic receptors (Schotte et al. 1996,
Richelson 1999; Millan et al. 2000).

Olanzapine

In rats trained to discriminate 5.0 mg/kg (i.p.) clozapine
from vehicle, olanzapine at a dose of 1.25 mg/kg (Moore et
al. 1992, 1993) or 2.5 mg/kg (Millan et al. 1999; Goudie et
al. 2007) produced full substitution for clozapine; although
several studies have reported only partial substitution for
clozapine with olanzapine in rats (Franklin and Tang 1994,
Goudie and Taylor 1998a) and in squirrel monkeys (Carey
and Bergman 1997). One possible explanation for the lack
of full substitution to clozapine’s cue in these studies is that
response rate suppression produced by olanzapine’s dopa-
minergic antagonism prevents high doses from being tested.
Carey and Bergman (1997) found that when the rate-
suppressing effects of olanzapine were blocked by the
dopamine D, agonist (+)-PHNO, olanzapine produced full
clozapine-lever responding in squirrel monkeys (similar
findings have been reported in rats; Goudie et al. 1998D).
More recently, Cole et al. (2007) also found that olanzapine
failed to substitute for clozapine in rats trained to dis-
criminate 5.0 mg/kg (i.p.) clozapine from vehicle. However,
when the D, 3 agonist quinpirole was co-administered with
olanzapine, full substitution for clozapine was obtained.
Unlike the Carey and Bergman (1997) study, however,
quinpirole did not block the rate-suppressing effects of
olanzapine. Thus, a second explanation offered by Cole et
al. (2007) is that D,/; antagonism may inhibit the ability of
drugs like olanzapine to substitute for clozapine. A third
explanation may be related to the training dose of clozapine
used with rats. Goudie et al. (1998a) and Goudie and Taylor
(1998b) found that olanzapine produced only 38% gener-
alization in rats trained with a 5.0-mg/kg training dose of
clozapine; whereas, 75% generalization to clozapine was
obtained with a 2.0-mg/kg (i.p.) clozapine training dose.
Porter et al. (2000b) have confirmed this training dose
effect, reporting that 1.0 mg/kg olanzapine produced 90.3%
clozapine-appropriate responding in rats trained to discrimi-
nate a low 1.25 mg/kg (i.p.) dose of clozapine from vehicle.
Interestingly, this training dose effect has also been found
with the atypical antipsychotic drug zotepine. Goudie et al.
(2004a) found that zotepine produced full substitution in
rats trained to discriminate 2.0 mg/kg (i.p.) clozapine from
vehicle, but not in rats trained to discriminate 5.0 mg/kg
clozapine from vehicle. Finally, it should be noted that
olanzapine does display cross-tolerance to the clozapine dis-
criminative cue in rats trained to discriminate 5.0 mg/kg (i.p.)
clozapine (Goudie et al. 2007).

Porter and Strong (1996) successfully trained rats to
discriminate 0.5 mg/kg (i.p.) olanzapine from vehicle in a
two-lever drug discrimination procedure for food reward.
They found that the olanzapine generalization curve was
dose-dependent, yielding an EDsq of 0.17 mg/kg and that
the atypical antipsychotic clozapine fully substituted for
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olanzapine in a dose-dependent manner (ED5(,=0.26 mg/kg).
This was the first study to demonstrate that rats can be
trained to discriminate olanzapine from vehicle in a two-
lever drug discrimination procedure, and this study also
demonstrated that the generalization between olanzapine and
clozapine is symmetrical.

In a second study (Porter et al. 2000a), the discriminative
stimulus properties of olanzapine were examined more
fully. Two groups of rats were trained to discriminate either
0.5 mg/kg (i.p.) olanzapine or 0.25 mg/kg (i.p.) olanzapine
from vehicle in a two-lever drug discrimination procedure.
While the olanzapine cue shares some similarities to
clozapine’s cue, it also differs significantly. The typical
antipsychotics chlorpromazine and thioridazine fully sub-
stituted for olanzapine, whereas these drugs produce only
partial substitution in clozapine-trained rats (e.g., Goas and
Boston 1978; Browne and Koe 1982; Porter et al. 1999)
and do not substitute for clozapine in pigeons (Hoenicke et
al. 1992). It should be noted, however, that a recent study
by Philibin et al. (2008) found that both chlorpromazine
and thioridazine fully substituted in C57BL/6 mice. Similar
to previous results with clozapine-trained rats (e.g., Goudie
and Taylor 1998a; Porter et al. 1999), the typical antipsy-
chotic haloperidol and the atypical antipsychotic risperi-
done did not substitute for olanzapine. Also, the muscarinic
antagonist scopolamine produced olanzapine-appropriate
responding for both training doses—a finding that repli-
cates previous results in clozapine-trained rats (Nielsen
1988; Kelley and Porter 1997; Goudie et al. 1998c). In
contrast to previous findings with clozapine-trained rats
(Wiley and Porter 1992, 1993) was the finding that the 5-
HT,nc antagonist ritanserin fully substituted for olanza-
pine at two doses (2.0 and 4.0 mg/kg) in the 0.5-mg/kg
training dose group, although it should be noted that
ritanserin does fully substitute for clozapine in C57BL/6
mice (Philibin et al. 2008). Thus, it appears that the
pharmacological mechanisms mediating olanzapine’s dis-
criminative stimulus properties are different from cloza-
pine’s in that antagonism of either muscarinic receptors OR
5-HT,a5c receptors is sufficient to produce olanzapine-
appropriate responding. One possible explanation as to why
ritanserin substitutes for olanzapine, but not for clozapine
may be related to the differential affinities that olanzapine
and clozapine display for 5-HT,4 and D, receptors. While
olanzapine and clozapine have similar binding affinities for
M; muscarinic receptors (1.9 nM, Kj;), olanzapine displays a
slightly greater affinity for 5-HT,5 receptors (4 nM, Kj)
than does clozapine (12 nM, K;), and a much stronger
affinity for dopamine D, receptors (11 nM versus 125 nM,
K;; Bymaster et al. 1996). Interestingly, while ritanserin is a
very potent antagonist at 5-HT, receptors (0.9 nM, ICsy), it
also displays some activity at D, receptors (70 nM, ICs;
Leysen et al. 1985). Thus, the importance of dopamine
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antagonism for olanzapine’s discriminative cue cannot be
entirely dismissed, although the partial substitution shown
by the potent dopamine antagonists haloperidol and
raclopride suggests that dopaminergic involvement in
olanzapine’s cue is minimal at best. The importance of
serotonergic antagonism in olanzapine’s discriminative cue
properties is also reinforced by the finding that the atypical
antipsychotic sertindole fully substitutes for olanzapine in
rats trained to discriminate 0.5 mg/kg olanzapine (Varvel et
al. 1999). Sertindole displays a strong affinity for 5-HT,aoc
receptors (as well as D, D3, and «; receptors), but does not
bind to muscarinic receptors (Schotte et al. 1996). The lack
of full substitution by risperidone for olanzapine is some-
what surprising given the similarity between sertindole and
risperidone’s binding profiles (Schotte et al. 1996); however,
risperidone’s slightly greater affinity for D, receptors (3.3
versus 7.4 nM, K;) may have caused a greater suppression of
response rates and, thus, prevented full substitution for
olanzapine. The role of «; receptors in olanzapine’s dis-
criminative cue remains to be determined.

Quetiapine

In rats trained to discriminate 10.0 mg/kg (i.p.) quetiapine
from vehicle in a two-lever drug discrimination task (Smith
and Goudie 2002), full substitution for quetiapine was shown
for the atypical antipsychotic drugs clozapine, olanzapine,
and risperidone, but not amisulpride. The typical antipsychot-
ic drugs haloperidol, chlorpromazine, and loxapine (however,
there is some evidence that loxapine may have “atypical”
properties; see Glazer 1999; Meltzer and Jayathilake 1999)
failed to produce full or partial substitution for clozapine. In
a second study in which rats were trained to discriminate
10.0 mg/kg (i.p.) quetiapine, the atypical antipsychotic drug
zotepine produced a maximum of 54% quetiapine-appropriate
responding (Goudie et al. 2004a). Finally, Goudie et al.
(2004b) examined the underlying receptor mechanisms
involved in the discriminative stimulus properties of quetia-
pine [rats trained to discriminate quetiapine 10.0 mg/kg (i.p.)
from vehicle]. They reported that full substitution was
produced by scopolamine, and partial substitution was found
for prazosin. Drugs selective for o, Hy, Dy, Dy, D3, 5-HT |4,
5-HT5a, 5-HT,¢, 5-HTj3, and benzodiazepine receptors failed
to substitute for quetiapine. The ability of the muscarinic
antagonist scopolamine to substitute for quetiapine is similar
to the findings discussed previously for high-dose clozapine
discrimination (Nielsen 1998; Kelley and Porter 1997,
Goudie et al. 1998c; Millan 1999).

Ziprasidone

Recently, ziprasidone was established as a discriminative
stimulus in rats trained to discriminate 0.2 mg/kg (i.p.)
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ziprasidone from vehicle in a two-lever drug discrimination
task (Wood et al. 2007). Ziprasidone (0.05-0.4 mg/kg)
produced full generalization for itself at 0.14, 0.2, and
0.4 mg/kg doses (EDsy=0.07 mg/kg), with statistically
significant rate suppression observed from 0.1 to 0.4 mg/kg
doses compared to vehicle. The atypical antipsychotic
drugs clozapine, olanzapine, risperidone, quetiapine, and
zotepine fully substituted for ziprasidone, while aripipra-
zole fell just short of full substitution with 78.8%
ziprasidone-appropriate responding. The typical antipsy-
chotic drug haloperidol failed to produce either full or
partial substitution for ziprasidone. The 5-HT,,»c antago-
nist ritanserin fully substituted for ziprasidone, while the
muscarinic antagonist scopolamine produced partial substi-
tution. This finding is in contrast to the findings for high-
dose clozapine discrimination in which scopolamine fully
substitutes for clozapine, but ritanserin does not (Nielsen
1998; Kelley and Porter 1997; Goudie et al. 1998c; Millan
1999).

Discriminative stimulus properties of the typical
antipsychotic drugs chlorpromazine and haloperidol

The first drug discrimination study to examine the nature of
the discriminative cue of the typical antipsychotic chlor-
promazine was discussed in detail earlier (Goas and Boston
1978). While haloperidol substituted for chlorpromazine in
that study, suggesting that blockade of dopamine receptors
may play a role in the discriminative stimulus properties of
chlorpromazine, the atypical antipsychotic clozapine
(which has a more diverse binding profile) also produced
full substitution for chlorpromazine. In addition to potent
antagonism of dopamine receptors, haloperidol does dis-
play moderate affinity for 5-HT, 4 and «; receptors (Schotte
et al. 1996). The importance of dopaminergic antagonism
for chlorpromazine’s cue (and haloperidol’s cue) is rein-
forced by the finding that chlorpromazine substitutes for
haloperidol in rats trained to discriminate 0.05 mg/kg (i.p.)
haloperidol from vehicle (McElroy et al. 1989); i.e., there
was cross-generalization between chlorpromazine and
haloperidol in those two studies. In rats trained to
discriminate 1.0 mg/kg (i.p.) chlorpromazine from vehicle
(Porter et al. 1998), the chlorpromazine cue fully general-
ized to the atypical antipsychotics clozapine and olanzapine
and to the typical antipsychotic thioridazine, but only
partially generalized to haloperidol (a typical antipsychotic)
and to raclopride (an atypical antipsychotic). These results
demonstrated that the cross-generalization between chlor-
promazine and olanzapine is symmetrical, unlike the cross-
generalization between chlorpromazine and clozapine that
is not symmetrical (Goas and Boston 1978). This suggests
that the discriminative stimulus properties of chlorproma-

zine and olanzapine may be more similar than those of
chlorpromazine and clozapine. Also, it is not clear why
haloperidol failed to fully substitute for chlorpromazine
in this study as it did in the Goas and Boston (1978)
study; however, differences in training dose and route of
administration for chlorpromazine may account for this
discrepancy.

While two studies (Colpaert et al. 1976; McElroy et al.
1988) have demonstrated that haloperidol can be estab-
lished as the training drug in two-lever drug discrimination,
substitution testing was only conducted in the McElroy et
al. study and with only one drug, chlorpromazine. As
mentioned above, chlorpromazine fully substituted for
haloperidol (83% drug-lever responding). The importance
of dopamine antagonism for the discriminative stimulus
properties of haloperidol also was demonstrated by com-
plete blockade of haloperidol’s cue by the dopamine
agonists, amphetamine and cocaine. A study with the
highly selective D,/3 dopamine receptor antagonist tiapride
(30 mg/kg, i.p.) demonstrated that dopamine antagonists
can be established as the training drug in two-lever drug
discrimination (Cohen et al. 1997). A number of typical
(pimozide, chlorpromazine, haloperidol, and thioridazine)
and atypical (olanzapine, raclopride, remoxipride, risper-
idone, and sulpiride) antipsychotic drugs produced dose-
dependent substitution for tiapride with one notable
exception—clozapine. This finding further supports the
lack of dopamine involvement in clozapine’s discriminative
cue and reinforces the idea that dopamine antagonism plays
an important role in the discriminative stimulus properties
of chlorpromazine and haloperidol and perhaps, to a lesser
extent, in olanzapine’s discriminative cue.

In order to further clarify differences in the discrimina-
tive stimulus properties of clozapine and chlorpromazine,
Porter et al. (2005) trained rats to discriminate 5.0 mg/kg
clozapine from 1.0 mg/kg chlorpromazine from vehicle
(i.p.) in a three-lever drug discrimination task. There was
some evidence of cross-generalization between clozapine
and chlorpromazine in this three-lever discrimination as a
0.3125 mg/kg dose of clozapine produced full substitu-
tion for chlorpromazine, while a 4.0 mg/kg dose of
chlorpromazine produced partial substitution for clozapine.
Olanzapine (0.015-4.0 mg/kg) produced a similar substi-
tution pattern, with lower olanzapine doses (0.06 and
0.125 mg/kg) producing partial substitution for chlorprom-
azine and higher olanzapine doses (2.0 and 4.0 mg/kg)
producing partial substitution for clozapine. Scopolamine
also produced this same pattern of substitution. Risper-
idone and haloperidol fully substituted for chlorpromazine,
but not for clozapine. Of the selective receptor ligands
tested, full substitution was only found for the «; receptor
antagonist prazosin for the chlorpromazine discriminative
cue.
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What is the pharmacological basis of the discriminative
stimulus properties of antipsychotic drugs?

It is obvious from the studies discussed above that there is
no simple answer for this question. Also, there clearly are
differences between the discriminative stimulus properties
of the atypical antipsychotics clozapine, olanzapine, que-
tiapine, and ziprasidone and the typical antipsychotics
chlorpromazine and haloperidol, even though there are
shared mechanisms between these drugs. The majority of
the research has been conducted with clozapine, and in rats,
the only selective receptor antagonists that have consistent-
ly produced full substitution for clozapine are the musca-
rinic antagonists scopolamine (Nielsen 1988; Franklin and
Tang 1994; Kelley et al. 1994; Kelley and Porter 1997;
Goudie et al. 1998c; Millan et al. 1999), trihexyphenidyl
(Kelley and Porter 1997), and atropine (Nielsen 1988).
Thus, antagonism of muscarinic receptors clearly is suf-
ficient to engender clozapine-appropriate responding in
rats, but it may not be a necessary mechanism (i.e.,
antagonism of other receptors, either alone or in combina-
tion, may also be sufficient). The idea that a single receptor
mediates clozapine’s discriminative stimulus properties is
complicated by the fact that drugs with a low affinity for
muscarinic receptors have been shown to fully substitute
for clozapine. For example, in the Kelley et al. (1997)
study, mianserin produced full substitution in the clozapine-
trained rats, but did not substitute for scopolamine. While
mianserin has a high affinity for 5-HT, 4/, receptors (Jenck
et al. 1994), it displays minimal affinity for muscarinic
receptors (469 nM, Kp; Golds et al. 1980), although it may
interact indirectly with muscarinic systems (see Kelley et al.
1995). The fact that sertindole and risperidone (which do
not bind to muscarinic receptors; see Schotte et al. 1996)
produced full substitution at a 1.25-mg/kg training dose of
clozapine (Porter et al. 2000b) supports the conclusion that
antagonism of other receptors (perhaps serotonergic?) must
account for the ability of these two drugs to substitute at
this low training dose (these drugs do not substitute for
clozapine when a 5.0-mg/kg training dose is used; see
Goudie and Taylor 1998a). Hoenicke et al. (1992) have
argued that antagonism of 5-HT,, and 5-HT,c mediates
clozapine’s discriminative cue in pigeons; although it
should be noted that most of the drugs substituting for
clozapine in that study also display a high affinity for
muscarinic receptors (see Kelley et al. 1997). Finally, there
is evidence that clozapine’s discriminative cue in C57BL/6
mice may be mediated by antagonism at 5-HT,4 /¢ and o
receptors (Philibin et al. 2005; 2008).

Another possibility is that clozapine’s discriminative
stimulus properties are mediated by a compound cue
involving antagonism of two or more receptors. This
possibility was first proposed by Franklin and Tang

@ Springer

(1994; see also Carey and Bergman 1997 and Tang et al.
1997; Millan et al. 1999; Porter et al. 2000b), and Goudie
and his colleagues have argued strongly for this hypothesis
(Goudie and Taylor 1998a; Goudie et al. 1998c; Goudie
and Smith 1999). One interesting idea proposed by Goudie
and his colleagues is that the clozapine cue may be a
functional reflection of a mixture of simultaneous action at
several different receptors. Given clozapine’s diverse
binding profile, this is not an unreasonable hypothesis.
Research with drug mixtures (i.e., Drug A + Drug B) in
drug discrimination studies has shown that if either Drug A
or Drug B are given alone at a high enough dose they can
fully substitute for the drug mixture (see Gauvin et al. 1998;
Stolerman et al. 1994, 1996). It might be possible that the
training dose of clozapine also changes the nature of this
compound cue, since sertindole and risperidone substitute
at a low clozapine training dose (i.e., 1.25 mg/kg), but not
at a higher training dose (i.e., 5.0 mg/kg). Since these two
drugs do not bind to muscarinic receptors, antagonism of
another receptor(s) must be responsible for the full
generalization to the clozapine cue seen at the lower
training dose. Generalization to a compound cue also might
be achieved by testing appropriate mixtures of selective
ligands. However, given clozapine’s diverse binding pro-
file, testing mixtures of two or more ligands simultaneously
will be a challenge given the number of possible combina-
tions of selective receptor ligands that would have to be
tested and given that the training dose of clozapine would
also have to be considered. Some evidence of a compound
cue for clozapine was demonstrated in a study conducted
by Prus et al. (2004). In rats trained to discriminate
1.25 mg/kg (i.p.) clozapine from vehicle, the combination
of the 5-HT, 4 receptor antagonist MDL 100,907 (0.12 mg/kg)
with the typical antipsychotic drug and D,-receptor-preferring
antagonist haloperidol (0.1 mg/kg) produced full substitution
for clozapine (although with significant rate suppression),
while neither of these drugs substituted for clozapine when
tested alone.

Less is known about the mechanisms mediating the
discriminative stimulus properties of other antipsychotic
drugs. Muscarinic receptor antagonism appears to be
important for the discriminative stimulus properties of
olanzapine (Porter et al. 2000a), quetiapine (Goudie et al.
2004b), and chlorpromazine (Porter et al. 2005). However,
olanzapine’s cue clearly involves serotonergic receptors as
well since ritanserin has been shown to fully substitute for
olanzapine (Porter et al. 2000a). While the involvement of
any other receptors in olanzapine’s discriminative cue
remains to be determined, these findings suggest that
olanzapine also may have a compound cue. The limited
information for chlorpromazine and haloperidol suggest
that antagonism of dopamine receptors is sufficient to
produce full generalization to their discriminative cues,
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although full substitution for chlorpromazine by prazosin
suggests that o, receptor blockade may also play an
important role in mediating chlorpromazine’s stimulus
effects. Thus, while there are similarities among the dis-
criminative stimulus properties of atypical and typical
antipsychotics, there also are important differences in the
mechanisms that mediate their discriminative cues.

Predictive validity of drug discrimination
with antipsychotic drugs

If an animal model for antipsychotic drugs is to be useful, it
must have predictive validity. While there are a number of
different criteria that can be used to evaluate the validity
and usefulness of a particular model (see Ellenbroek and
Cools 1990; Ellenbroek 1993), perhaps the simplest is
whether or not there are false positives and false negatives
for the atypical and typical antipsychotic drugs tested in the
model. In Table 2, the results of two-lever drug discrimi-
nation studies that have used an antipsychotic drug as the
training drug are summarized. Table 2 also shows which
antipsychotic drugs produce full substitution (defined as
80% or greater drug-appropriate responding), partial sub-
stitution (defined as drug-appropriate responding between
60% and 80%), or no substitution (defined as less than 60%
drug-appropriate responding) for the discriminative cue of
each training drug. While there is no universal agreement as
to what constitutes an atypical or novel antipsychotic drug
(see Reynolds 1997; Arnt and Skarsfeldt 1998; Goudie and
Smith 1999), both the training drugs and the test drugs have
been classified as atypical or as typical antipsychotics based
on the general consensus for each drug that is found in the
literature.

The first thing that is obvious from a casual examination
of Table 2 is that relatively little data is available with
which to evaluate the validity of drug discrimination for
drugs other than clozapine. In the two-choice drug dis-
crimination procedure, only a small number of other
antipsychotic drugs have been used as the training drug:
two studies each have been conducted with chlorpromazine,
with olanzapine, with quetiapine, and with haloperidol and
only one study with ziprasidone. The typical antipsychotic
chlorpromazine substitutes for both haloperidol (typical)
and for olanzapine (atypical), but not for clozapine (atypical)
in rats but does substitute for clozapine in C57BL/6 mice.
The typical antipsychotic haloperidol substitutes for chlor-
promazine, but not for atypical antipsychotics. The atypical
antipsychotic clozapine produces full generalization both to
olanzapine’s discriminative cue and to chlorpromazine’s
discriminative cue (it has not been tested in haloperidol-
trained animals), and olanzapine generalizes completely to
both clozapine and chlorpromazine (it has not been tested

in haloperidol-trained animals). Thus, there is clearly a
great deal of overlap between the discriminative stimulus
properties of clozapine, olanzapine, and chlorpromazine
and between chlorpromazine and haloperidol. So far, the
discriminative stimulus properties of quetiapine and zipra-
sidone appear to be relatively specific to atypical antipsy-
chotic drugs, given that (with the exception of amisulpride
that failed to substitute for quetiapine) all of the atypical
antipsychotic drugs tested fully substitute for quetiapine
and ziprasidone (except aripiprazole which produced strong
partial substitution for ziprasidone); whereas, all typical
antipsychotic drugs tested fail to fully or partially substitute
for quetiapine or ziprasidone.

A large number of typical and atypical antipsychotic
drugs have been tested in animals trained to discriminate
clozapine from vehicle in rats, mice, pigeons, and monkeys.
None of the typical antipsychotics tested to date have fully
substituted for clozapine in rats with the exception of
thioridazine, which was once considered an atypical
antipsychotic drug before risks of tardive dyskinesia led to
it being classified as a typical antipsychotic drug. Thus,
with the exception of thioridazine, there are no false
positives in the clozapine drug discrimination studies with
rats for the typical antipsychotics that have been tested. In a
recent clozapine drug discrimination with mice, however,
Philibin et al. (2008) found that the typical antipsychotic
drugs thioridazine and chlorpromazine both fully substitut-
ed for clozapine. Thus, there appear to be important
differences between the rat and mouse drug discrimination
assays for clozapine discrimination.

Results with atypical antipsychotics have not been as
consistent. Two atypical antipsychotic drugs (risperidone
and sertindole) have failed to substitute for clozapine,
suggesting that there may a number of false negatives.
However, a series of clozapine drug discrimination studies
have recently shown that the training dose of clozapine may
be critical when using this procedure as a screening model
for atypical antipsychotic effects. Goudie and Taylor
(1998b), Goudie et al. (1998a), Porter et al. (2000b), and
Smith et al. (1998) have demonstrated that the atypical
antipsychotics olanzapine, sertindole, risperidone, and
zotepine generalize completely when a lower clozapine
training dose (1.25 mg/kg or 2.0 mg/kg) in rats is used and
that typical antipsychotics still do not generalize to
clozapine’s cue. While these results are encouraging, the
atypical antipsychotics quetiapine (Porter et al. 2000b) and
ziprasidone (Prus et al. 2005b) produce only partial
substitution for a 1.25-mg/kg clozapine training dose, yet
fully substitute for a 5.0-mg/kg clozapine training dose
(Prus et al. 2005b). However, establishing both of these
doses of clozapine as discriminative stimuli in the same rats
did not improve the selectivity of this procedure as
risperidone produced partial substitution, and ziprasidone
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Table 2 A summary of results for two-lever drug discrimination studies in which the training drug was an antipsychotic drug

Test drug Training Drug
Clozapine Olanzapine Quetiapine Ziprasidone Chlorpromazine Haloperidol
Atypicals
Amisulpride No” No*
Aripiprazole NoPP-FF Full”
Clozapine - Ful™N Full® Full” Full®?
Fluperlapine Full*B:C€
Tloperidone FullPP
Melperone Full®B-PP
Olanzapine Ful|©F-FGHAACCEEFRGG — Full® Full” Full®
Partial'
NoCP
Remoxipride No“6
Risperidone Full&-CC-EE Partial™ Full® Full®
Partial**
NoSDFF
Quetiapine Full©:D-AADD.FF S Full®
Partial®
Sertindole Full®-PP
Partial®*4
NOC,FF
Sulpiride NoPK
Ziprasidone FullA*c€ —
Partial®®
NofF
Zotepine Full~PP Full”
Partial”
Typicals
Chlorpromazine Full®P Full™ No* — FULLY
Partial™°
NoB-G-AA
Clotiapine No©
Fluphenazine NoGA4
Haloperidol NoCFLKO.QRS.T.UAA.BB.CCHH Partial™ No* No” Full®
No®
Partial &FF
Loxapine NoC-D No*
Mezilamine No'
Raclopride Partial™ No” No®
Thioridazine Full*APP Full™ Full”
Partial &Y Partial™
NoB-C:D-V

Substitution for the discriminative cue of the training drug is shown only for the atypical and typical antipsychotic drugs tested in these studies.
FULL substitution is defined as > 80% drug-appropriate responding; PARTIAL substitution is defined as drug-appropriate responding > 60% and
< 80%; and NO substitution is defined as < 60% drug-appropriate responding. Rats were used as the subjects in all of the studies cited except for
four studies, which are noted below in the citations.

A Nielsen (1988), ® Hoenicke et al. (1992) [pigeons], € Carey and Bergman (1997) [squirrel monkeys], ® Goudie and Taylor (1998a), © Moore et
al. (1992), FMoore et al. (1993), © Porter et al. (2000b), ™ Goudie and Taylor (1998b), ! Franklin and Tang (1994), ' Browne and Koe (1982),
K Ortmann et al. (1986),  Smith et al. (1998), ™M Porter and Strong (1996), ™ Porter et al. (2000), © Goas and Boston (1978), ¥ Porter et al. (1998),
Q Ortmann et al. (1986), R Wiley and Porter (1992), S Tang et al. (1997), T Goudie et al. (1998c), Y Porter et al. (1999), ¥ Kelley and Porter (1997),
W'McElroy et al. (1989), * Smith and Goudie (2002), ¥ Goudie et al (2004), “ Wood et al. (2007), ** Prus et al. (2005b), ®B Prus et al. (2004),
€€ Philibin et al. (2005) [C57BL/6 mice], °P Philibin et al. (2008, This Issue) [C57BL/6 mice],“" Porter et al. (2008) [DBA/2 mice], " Millan et
al. (1999), Y Goudie et al. (2007), ™ Millan et al. (1998)
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produced no substitution for either dose of clozapine in rats
trained to discriminative 1.25 mg/kg clozapine from
5.0 mg/kg clozapine from vehicle in a three-lever drug
discrimination task (Prus et al. 2005a). The fact that the
training dose affects the validity of this model reinforces the
idea that behavioral variables are critical in behavioral phar-
macology research and that refinement of behavioral models
can lead to a better understanding of the behavioral and
pharmacological effects of drugs. Another important factor
related to the training doses used in drug discrimination
studies is their relevance to clinical doses. While this is
sometimes difficult to determine, one study by Kapur et al.
(2003) addressed this issue by examining the in vivo
occupancy of dopamine D, receptors in rats for a number of
antipsychotic drugs. Interestingly, they found with acute
dosing (s.c. injection route that avoided first-pass metabo-
lism) that clozapine (5—15 mg/kg), olanzapine (1-2 mg/kg),
risperidone (0.5—1 mg/kg), quetiapine (10-25 mg/kg), and
haloperidol (0.04—0.08 mg/kg) reached clinically relevant
levels of receptor occupancy. While D, receptor occupancy
is probably not the most relevant factor for drug discrim-
ination with antipsychotic drugs (as discussed previously),
these doses are clearly in the dose ranges that are typically
used in drug discrimination studies.

Conclusions

Contrary to early reports about the difficulty of establishing
antipsychotics as training drugs in drug discrimination
studies, a growing literature is demonstrating that drug
discrimination studies (especially with the atypical antipsy-
chotic clozapine) can provide valuable information about
the similarities and differences among typical and atypical
antipsychotic drugs. While clozapine drug discrimination
has already become an important preclinical assay in the
development of new antipsychotic drugs, it will become
even more useful as the importance of behavioral variables
(i.e., training dose, species) in this model is better under-
stood. These refinements in the model should increase its
predictive validity. Also, as a better understanding of the
neuropathology of schizophrenia and the relationship be-
tween symptoms and neurotransmitter systems is obtained,
it may be possible to develop drug discrimination models
(like low-dose clozapine discrimination and mouse-drug
discrimination assays) that can help in the development of
new antipsychotic drugs for the treatment of schizophrenia.
Finally, it must be noted that the relationship between the
discriminative stimulus properties of typical and atypical
antipsychotics and their therapeutic effects in schizophrenic
patients remains to be determined.
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