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Do Novel Antipsychotics Have Similar 
Pharmacological Characteristics? 
A Review of the Evidence 
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The pharmacological properties of the novel antipsychotic 
drugs (APDs) risperidone, sertindole, olanzapine, 
quetiapine, ziprasidone, remoxipride, and amperozide are 
reviewed and compared with haloperidol and clozapine. 
Focus is made on their receptor profiles, their effects in 
animal models used for evaluation of antipsychotic activity, 
and extrapyramidal side effects (EPS). In addition, the 
contrasting actions of these compounds on animal models of 
cognition, anxiety, and depression are briefly reviewed. The 
available evidence indicates that novel APDs and clozapine 
can be differentiated from haloperidol, particularly in 
models of EPS and cognitive side effects. However, among 
the group of novel APDs there are many individual 
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During the last decade there has been a dramatic in
crease in the efforts to develop novel antipsychotic drugs 
(APDs) with improved clinical efficacy and fewer or no 
extrapyramidal side effects (EPS) than the classical 
APDs such as haloperidol and fluphenazine. These ef
forts were undoubtedly inspired by the previous devel
opment of clozapine, which fulfilled these criteria to a 
large extent, although having other troublesome side 

From the Pharmacological Research, H. Lundbeck A/S, Ohiliavej 
9, DK-2500, Copenhagen-Valby, Denmark. 

Address correspondence to: J0rn Arnt, Pharmacological Research, 
H. Lundbeck A/5, Ottiliavej 9, DK-2500 Copenhagen-Valby, Denmark. 

Received January 6, 1997; revised June 26, 1997; accepted July 7, 
1997. 

NEt:ROPSYCHOPHARMACOLOGY 1998-VOL. 18, NO. 2 

© 1998 American College of Neuropsychopharmacology 
Published by Elsevier Science Inc. 
655 Avenue of the Americas, New York, NY 10010 

differences in models reflecting limbic versus striatal 
inhibition of dopamine Junction: clozapine and sertindole 
show the largest limbic selectivity, followed by quetiapine, 
ziprasidone, olanzapine and remoxipride, whereas 
risperidone in many respects has a profile that resembles 
haloperidol. To date, the results of clinical studies have 
confirmed the predictions of lower incidence or absence of 
EPS after administration of novel APDs in doses which 
demonstrate antipsychotic efficacy. 
[Neuropsychopharmacology 18:63-101, 1998] 
© 1998 American College of Neuropsychopharmacology. 
Published by Elsevier Science Inc. 

effects (Baldessarini and Frankenburg 1991; Coward 
1992; Wagstaff and Bryson 1995; Buchanan 1995; Ashby 
and Wang 1996). 

The novel APDs were assigned the popular term 
"atypical antipsychotic" drugs to differentiate them from 
the classic or "typical" APDs or neuroleptics. The most 
widely accepted definition of a neuroleptic is a com
pound that has antipsychotic activity and induces EPS 
with high frequency. The definition of "a typicality" was 
equivocal, however, because the term was often used for 
drugs before any clinical results were available. For ex
ample, the term was applied to a compound that in
duced little or no catalepsy in rats, and that was effective 
in another model believed to reflect antipsychotic activ
ity, e.g., inhibition of O-amphetamine (AMPH)-induced 
hypermotility. A more precise definition is to base it 
solely on clinical evidence as a wide differentiation be
tween the dosages used to control psychosis and those 
inducing EPS-or on other aspects of clinical superior-
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ity over classic APDs, e.g., efficacy on negative symp
toms of schizophrenia or in drug-resistant patients (for 
recent review, see Kinan and Lieberman 1996). How
ever, because these very different characteristics are dif
ficult to incorporate in a common definition, we suggest 
that the terminology "atypical" is best avoided. Indeed, 
as will be discussed, novel APDs show many individ
ual differences. 

The suggested alternative terminology "novel APO" 
is also not precise, but it can be defined as a compound 
that has been shown to inhibit positive symptoms of 
schizophrenia and has either been recently launched or 
is in phase II/III clinical development. Their specific 
profiles can be described more precisely, e.g., EPS-free 
APO, etc. It is not anticipated that novel APDs will be 
marketed in the future, unless having certain advan
tages over classic APDs. 

Most of the novel APDs that have reached an ad
vanced developmental stage (i.e., demonstrated anti
psychotic efficacy in a placebo-controlled phase II study) 
have mixed effects on the dopamine (DA) 0 2 receptor 
subfamily, 5-HT2 receptors, and on a 1-adrenoceptors as 
part of their broad receptor activity profiles. The objec
tive of this review is to describe and discuss available 
evidence for similarities and differences between this 
group of APDs in preclinical models for psychosis, EPS, 
cognition, anxiety, and depression, and to relate these 
to available information on their clinical effects. Animal 
data can be used to predict clinical differences between 
some of the compounds, and these may be studied pro
spectively in patients. In turn, clinical information gives 
important feedback for the evaluation of the validity of 
presently used animal models. 

The novel APDs in this review comprise the marketed 
drugs clozapine, risperidone, sertindole, and olanzapine, 
and the close-to-launch drugs, quetiapine (Seroquel™) 
and ziprasidone. Finally, remoxipride (which has been 
withdrawn from market due to serious adverse events) 
and amperozide (which no longer appears to be in ac
tive development) are included in the discussion. It is 
not the intention to review animal models of schizo
phrenia or the involved receptor types in depth (for re
view, see Ellenbroek and Cools 1990; Ellenbroek 1993; 
Jackson and Westlind-Danielsson 1994). 

EFFECTS ON NEUROTRANSMITTER 
RECEPTORS 

The receptor profile of an APO is usually presented by 
tabulating the affinity constants or IC50 values obtained 
for different neurotransmitter receptors in vitro, using 
homogenates of brain tissue or of cells specifically ex
pressing cloned receptors. Although this strategy is 
straightforward it does not always give results that can 
be transferred to studies in vivo, where receptors are 
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present in their natural environment. Some discrepan
cies between in vitro and in vivo findings can be ex
plained solely on methodological grounds, e.g., in vivo 
effects include metabolite activities and may be influ
enced by uneven distribution of the study drug in the 
animal, but this cannot explain discrepant findings in 
all cases. To provide a framework for the later discus
sion of functional studies, the receptor profiles of novel 
APDs based on in vitro, ex vivo, and in vivo studies will 
be summarized briefly. 

In Vitro Profiles 

The results obtained for novel antipsychotics and halo
peridol at the Research Laboratories of H. Lundbeck A/S 
are summarized in Table 1 as Ki values for selected re
ceptor types. Furthermore, pie charts (indicating rela
tive affinities in vitro as well as relative potencies ex 
vivo and in vivo) are shown for some of the important 
receptors where in vivo models are available (Figure 1). 
The objective of using the pie chart is to illustrate pref
erential receptor effects irrespective of the numeric af
finity in vitro or potency in vivo and to show the degree 
of correspondence between the two experimental con
ditions. 

Furthermore, results obtained at cloned dopamine 
Drlike receptors are shown in Table 2A, together with 
literature data. 

The Lundbeck data are generally consistent with 
those obtained by others (Schotte et al. 1996a; Bymaster 
et al. 1996a; Saller and Salama 1993; Seeger et al. 1995), 
with the exception that risperidone in our screening as
say has lower histamine H 1 affinity than shown by Jans
sen researchers (Schotte et al. 1996a). No explanation 
for this discrepancy can be given. 

Our results (Tables 1 and 2A; Figure 1) and the cited 
studies indicate that a common feature of novel APDs 
are mixed affinities for the DA 0 2 receptor subfamily, 
5-HT2A receptors and ai-adrenoceptors. Remoxipride (a 
DA 0 2/03 selective antagonist; Malmberg et al. 1993) is 
the only exception to this rule. 

The mixed receptor profiles are consistent with cur
rent theories that balanced affinities for these receptors 
are responsible for the improvement of the ratio be
tween doses inducing antipsychotic activity and EPS 
for novel APDs compared with classical APDs (Baldes
sarini et al. 1992; Meltzer and Nash 1991; Coward 1991; 
Stockmeier et al. 1993; Ashby and Wang 1996). Given 
this commonality, it should be emphasized that the rel
ative affinities for these sites differ markedly between 
the compounds as illustrated in Figure 1. Likely, these 
differences have important consequences for the subtle 
differences in the in vivo profiles of the novel APDs. 

In addition to common features, most novel APDs 
have high relative affinities for additional receptors: DA 
0 1 receptors (clozapine and olanzapine), 5-HT2c recep-
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tors (sertindole, clozapine, olanzapine, ziprasidone), a.z
adrenoceptors (risperidone), histamine H 1 receptors 
(clozapine, olanzapine, risperidone, quetiapine) or mus
carinic receptors (clozapine, olanzapine). Thus, there is 
not a uniform affinity pattern for all compounds (Schotte 
et al. 1996a; Bymaster et al. 1996a; Saller and Salama 
1993; Seeger et al. 1995; Newman-Tancredi et al. 1996). 
These additional effects of APDs are probably impor
tant for their individual pharmacological (and clinical) 
properties, including the side effect spectrum. The ef
fect of clozapine on DA D1 receptors has been consid
ered to be of importance for its pharmacological profile 
in animals and man (Arnt 1987; Nordstrom et al. 1995). 
However, clinical studies of selective DA D1 antago
nists have been disappointing (Karlsson et al. 1995). 

When the in vitro affinities for D2 subfamily recep
tors are considered, particular interest is currently fo
cused on the D4 receptor for which clozapine has shown 
preferential affinity in early studies (Van Tol et al. 1991; 
Seeman and Van Tol 1994). Later studies indicate little 
or no selectivity of clozapine for D4 versus D2 and D3 re
ceptors (Lahti et al. 1993; Schotte et al. 1996a; Roth et al. 
1995) (Table 2A). Some novel APDs have moderate to 
high D4 affinities, but do not demonstrate D4 selectivity 
(Table 2A; loc. cit.). Exceptions are remoxipride (Ki 
value 3700 nmol/L); (Van Tol et al. 1991; Seeman and 
Van Tol 1994) and quetiapine (Table 2), which lack D4 

receptor affinity. This indicates that D4 receptor occu
pancy is not required for antipsychotic activity (unless 
mediated by active metabolite(s)). However, the lack of 
D4 activity with remoxipride and quetiapine does not 
exclude that D4 receptor blockade can contribute to clin
ical efficacy of an APD, and it has been suggested that a 
high ratio between affinities for D4 and D2 receptors is a 
factor contributing to low EPS potential (Seeman et al. 
1997). However, this is a controversial issue. The func
tional and clinical relevance of D4 receptors can not be 
addressed until data on selective DA D4 receptor antag
onists become available. 

A few studies suggest that APDs may have affinities 
for the recently cloned 5-HT6 and/or 5-HT7 receptors. 
However, only a few results have been published for 
the compounds discussed here, and these results do not 
indicate a consistent relation between pharmacological 
profiles and affinities of APDs for 5-HT6 or 5-HT7 recep
tors (Schotte et al. 1996a; Roth et al. 1994). Clozapine 
has high affinity for both receptors, olanzapine and 
sertindole have high affinities for 5-HT6 receptors, 
whereas risperidone has high affinity only for 5-HT7 re
ceptors, (Table 2B). Again, selective ligands are needed 
to evaluate the function of these new receptors. 

Whereas APDs are generally thought to be antagonists 
at the sites for which they show high affinities, more recent 
studies indicate deviations from this view: clozapine and, 
less potently, olanzapine have agonist activity at muscar
inic m4 receptors (Zorn et al. 1994; Zeng et al. 1997). 
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Table 2A. Affinities for D2, D3, and D4 Receptor Subtypes 

Lundbecka 

D2Rat D 3 r D4.2 h 
Striatum Cloned Cloned 

Sertindole 0.45 2.6 11 
Clozapine 36 160 22 
Olanzapine 2.1 2.0 17 
Risperidone 0.44 2.8 13 
Quetiapine 69 >180 >500 
Ziprasidone 2.8 7.9 28 
Remoxipride 2000 nt nt 
Haloperidol 0.82 7.3 2.5 

'H. Lundbeck, unpublished. 
bSchotte et al. 1996a. 
'Malmberg et al. 1993; 0 4 affinities were not measured in this study. 
h, r = Human or rat cloned receptor; nt = not tested. 

Ki Values (nmol/L) 

Janssenb Astrac 

D2th D3 h D4.zh D2Ah D 3 h 
Cloned Cloned Cloned Cloned Cloned 

7.0 10 21 0.62 1.6 
190 280 40 60 83 

31 49 28 nt nt 
5.9 14 16 1.7 6.7 

700 340 1600 nt nt 
4.6 10 39 nt nt 
nt nt nt 125 970 
2.2 7.8 11 0.67 2.7 

The Lundbeck studies on D3 and D4 receptors are performed on commercially available (DuPont NEN) membranes from cells with cloned recep
tors. The assays were validated using reference compounds tested by the supplier. 

Table 2B. Affinities of Sertindole and Comparators for 5-HT2A- 5-HT6, and 5-HT7 

Receptors 

Ki Values (nmol/L) 

Janssen" Roth, Meltzer, Kohenb,c,d 

5-HT2ARat 
Frontal Cort 

Sertindole 0.85 
Clozapine 3.3 
Olanzapine 1.9 
Risperidone 0.16 
Quetiapine 120 
Ziprasidone 0.31 
Amperozide nt 
Remoxipride nt 
Haloperidol 25 

'Schotte et al. 1996a. 
bRoth et al. 1994. 

5-HT6 

r Cloned 

nt 
4.0 
2.5 

420 
nt 
nt 
nt 
nt 

>5000 

'Roth and Meltzer, personal communication. 
,Kohen et al. 1996. 

5-HT7 

m Cloned 

28 
21 

120 
1.6 

290 
4.9 

nt 
nt 

380 

h, r, m = human, rat, or mouse receptor; nt = not tested . 

5-HT6 5-HT7 5-HT6 

r Clonedb rClonedb h Clonedd 

5.4d 28' nt 
4 6.3 9.5 
2.5 100 10 

430 1.4 2400 
nt nt 33 
nt nt nt 
67 550 1600 

>5000 >5000 nt 
>5000 260 6600 

...------------------------~--------------------------

Figure 1. Relative affinities in vitro (left), ex vivo (middle), and antagonist potencies in vivo (right) of classic and novel APDs 
at DA D1, DA D2, 5-HT2A, acadrenergic and muscarinic receptors. The K; values in vitro are taken from Table 1 and con
verted to percentage of total activities by the following formula: 

(1/KP1) + (1/KP2) + (1/Ki 5-HT2) + (l/Kia1) + (1/Ki muse)= 100%. 

The in vivo pie charts are constructed in the same manner, except that ED50 values are used instead of K; values. The mod
els used for each receptor are described in the section "Methodological Considerations .... " For all compounds, subcutane
ous administration is used with short-term pretreatment times. Actual ED50 values can be found for sertindole, haloperidol, 
and clozapine in Sanchez et al. (1991). 

The ex vivo pie charts are based on ED,0 values obtained by Schotte et al. (1996a). The following ED50 values are missing 
in that study, but based on the receptor affinities in vitro missing values will most likely not contribute significantly: DA D 2 

effects were measured in striatum. For sertindole, quetiapine, and ziprasidone, DA Dl and muscarinic receptors were not 
studied. Remoxipride was not included in that study. 
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Furthermore, clozapine and ziprasidone have been 
shown to have some 5-HTJA agonist activity at moder
ate to high concentrations (Seeger et al. 1995; Newman
Tancredi 1996). 

Finally, a few studies suggest that some APDs are in
verse agonists in vitro at some receptors, e.g., 5-HT2A;2c 
(Westphal and Sanders-Bush 1994), DA 0 2 (Nilsson et 
al. 1996) or 0 3 receptors (Griffon et al. 1996). However, 
until more systematic and comparative studies have 
been made, it is not possible to evaluate the functional 
importance of such findings in vivo. Nevertheless, in
verse agonism for compounds regarded so far as neu
tral antagonists may well contribute to differentiation 
between pharmacological profiles. It should be noted 
that all studies of inverse agonism of APDs have been 
made in cell lines in vitro. 

Ex Vivo Binding Studies 

Ex vivo binding techniques are often used to give a 
rough estimate on the receptor profile of a compound. 
A certain time after systemic administration of the drug, 
the animal is killed, and the amount of drug bound to 
the receptors is determined in brain homogenates or au
toradiographically. The major drawback of the technique 
is that the drug may dissociate from the receptors during 
preparation of tissue, and thus there is a risk for under
estimation of occupancy. However, with careful meth
odology the technique gives very useful information. 

Ex vivo binding to homogenates and autoradiogra
phy experiments largely confirm the in vivo profiles at 
the receptors for which high in vitro affinities were 
found (Schotte et al. 1996a; Bymaster et al. 1996b). Of 
particular interest is the extensive autoradiography 
study by Schotte et al. (1996a). Pie charts for the selected 
APDs on basis of data from that study are shown in Fig
ure 1. Though mostly in agreement with in vitro results, 
this study also indicated some differences: ziprasidone 
bound only to 5-HT2A receptors despite high in vitro af
finities for 5-HT1A, 0 2, a 1-adrenergic and H 1 histamine 
receptors, and clozapine was the only APO which ex 
vivo displayed 0 3 receptor occupancy at high doses, al
though all novel APDs and haloperidol actually have 
higher affinities in vitro. The lack of occupancy of 0 3 re
ceptors is suggested to be limited by high endogenous 
DA concentrations, as shown by preincubation experi
ments (Schotte et al. 1996b). 

For ex vivo 0 2 receptor binding, no regional differ
ences in affinities were found with any of the studied 
APDs in striatum, nucleus accumbens, olfactory tuber
cle, and substantia nigra (Schotte et al. 1996a). The DA 
0 2 receptor in the frontal cortex was not studied. 
Whereas sertindole in the above-mentioned study showed 
an ex vivo binding profile similar to that seen in vitro, 
different results were observed in another study: here 
DA 0 2 receptor binding was much weaker than ex-
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pected from the high in vitro, affinity (Hyttel et al. 
1992). In contrast 5-HT2A receptor occupancy was ob
served at the expected low doses (loc. cit.). 

In addition to the standard approach of evaluating 
relative potencies, it has been suggested that slopes of 
dose-binding curves be used for characterization of an 
APO (Schotte et al. 1996a). It was found that the slope of 
the ex vivo dose-occupancy curve of risperidone at stri
atal DA 0 2 receptors was more shallow than with other 
APDs, and it was argued that this profile would make it 
easier to titrate the clinical dose optimally. The argu
ment for the advantage of shallow slope is based on the 
assumption that the occupancy of the 0 2 dose-occu
pancy curve is the main predictor of antipsychotic ac
tivity and EPS liability, because this differentiation be
tween slopes was not seen with risperidone at 5-HT2A 

receptors and a 1-adrenoceptors. As discussed else
where in this article, most hypotheses favor the involve
ment of balanced effects at several receptor types as the 
main predictor of pharmacological profile of a novel 
APO. To our knowledge, the dose-binding slope ap
proach has not been used by others, and the clinical sig
nificance, if any, remains unknown. Furthermore, no 
mechanistic explanation for the difference is known. 

In Vivo Binding Studies 

In vivo binding occupancy can be measured either by 
ligand binding methods or by studying protection 
against the irreversibly inactivating compound EEDQ. 
Most results correspond closely to findings obtained by 
the ex vivo methodology. 

Selective protection against inactivation of 5-HT2 re
ceptors compared with DA 0 1 or 0 2 receptors has been 
demonstrated with clozapine, quetiapine, and amper
ozide. Risperidone showed preferential 5-HT2A receptor 
protection but also had significant effects at DA 0 2 re
ceptors (Matsubara et al. 1993; Saller and Salama 1993). 
Olanzapine was almost equipotent for 0 2 receptor pro
tection compared with ex vivo ligand binding to 5-HT2A 

and muscarinic receptors (Bymaster et al. 1996b), 
though the different methodology complicates direct 
comparison. 

In vivo ligand binding studies confirm that risperi
done, clozapine, and amperozide preferentially bind to 
5-HT2A in cortex versus DA 0 2 receptors in striatum 
and the limbic system, whereas haloperidol and remox
ipride show the opposite selectivity (Stockmeier et al. 
1993; Sumiyoshi et al. 1995). Interestingly, remoxipride 
has higher potency at Drlike receptors in hippocam
pus, septum, and olfactory tubercle than in striatum 
(Ogren et al. 1984; Bischoff et al. 1988). The mechanism 
responsible for the difference is unknown. Similar re
sults have been obtained with sertindole, which had 
very weak effects in striatum (Bischoff, personal com
munication). Also, risperidone has shown higher occu-
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pancy at cortical compared to striatal DA Drlike recep
tors (Sumiyoshi et al. 1994). 

In summary, though many of the receptor binding 
results obtained in vitro, ex vivo, and in vivo show con
sistency across techniques, subtle differences are ob
served for several of the APDs. In addition to identify
ing differences between the compounds, these studies also 
indicate that in-depth characterization is desirable for a crit
ical evaluation of the receptor profiles of novel and classical 
APDs. It should also be mentioned that to date all ex vivo 
and in vivo binding studies have been made after acute 
drug administration, and thus the occupancies after re
peated treatment at steady-state conditions are unknown. 

A Human Correlation to In Vivo Receptor Binding
PET/SPECT Studies 

To evaluate the mechanism of action of APDs in hu
mans, it is crucial to demonstrate which CNS receptors 
are occupied at clinically relevant doses. Only limited 
information is available for novel APDs, and only for 
striatal DA D2 and cortical 5-HT2 receptors. 

DA DrLike Receptors. For classic APDs it has been 
demonstrated that antipsychotic treatment leads to stri
atal D2 occupancies between 60 and 80%, and that occu
pancies above 80% in most cases are associated with 
EPS. As an exception clozapine shows lower D2 occu
pancy, in the range 20 to 60% (for review, see Parde 
et al. 1992; Goyer et al. 1996). However, the threshold of 
D2 occupancy necessary for maintenance of antipsy
chotic activity of classic APDs is not known. Recent 
studies have, however, indicated that relatively low D2 

occupancies (minimum 20%, median about 50%) do not 
lead to relapse during treatment with depot prepara
tions of classic APDs (Nyberg et al. 1995). 

Despite these limitations, it is of crucial importance 
to evaluate whether any of the novel APDs can main
tain sufficient antipsychotic efficacy at low (or even 
without) D2 receptor occupancy. Such results would 
point to different mechanisms of action of novel com
pared with classic APDs. Alternatively, if normal D2 oc
cupancies are found for novel APDs, then the lower 
EPS propensity may be explained by additional effects 
on other targets that hinder the expression of EPS. An
other point of great scientific interest is to gain knowl
edge on the association between antipsychotic activity 
and occupancies of Drlike receptors at extrastriatal 
sites that may be more important for antipsychotic ac
tivity, including areas where D3 and D4 receptors are 
expressed at higher levels (Lahti et al. 1995a). A new 
ligand with high affinities for D2 and D3, but not D4 re
ceptors, FLB 457 (Halldin et al. 1995), has made PET 
studies of extrastriatal D2 receptors feasible, but no 
comparative striatal/ extrastriatal measurements of oc
cupancies for APDs are yet available. A recent prelimi-

nary SPECT study demonstrated labeling of 1231-epide
ride to both striatal and extrastriatal D2 receptors and 
showed selectivity of clozapine but not classic APDs for 
D2 receptors in temporal cortex (Pilowsky et al. 1997a). 

PET and/ or SPECT studies of risperidone, remox
ipride, and ziprasidone in striatum indicate high D2 oc
cupancies after administration of doses comparable to 
those used clinically (Parde et al. 1995; Bench et al. 1996; 
Busatto et al. 1995; Kufferle et al. 1996). The first PET 
study of olanzapine in healthy volunteers indicates 
moderately high D2 occupancies (59 to 63%) (Nyberg et 
al. 1997) after a single dose of 10 mg. Olanzapine has 
also been studied in two SPECT studies that revealed 
high (Kasper et al. 1995) or moderate (clozapine-like) 
occupancies (Pilowsky et al. 1996), respectively, after 
administration of 10-20 mg, whereas risperidone in the 
same study produced occupancies similar to classic 
APDs (Pilowsky et al. 1996). Quetiapine had lower (i.e., 
clozapine-like) D2 occupancy after administration of 
150 mg t.i.d. as measured by PET using 11C-raclopride 
(Gefvert et al. 1995). However, this dose level may be in 
the lower range of clinically effective doses. No full arti
cles are published yet with sertindole, but studies are on
going. Preliminary SPECT results show conflicting results: 
either low (Kasper et al. 1995) or high D2 occupancies 
(Pilowsky et al. 1997b) are obtained at antipsychotic doses. 

These results suggest that high D2 receptor occupan
cies can be tolerated for olanzapine, sertindole, and 
possibly risperidone in the absence of EPS. Whether 
this is due to concomitant 5-HT2 receptor occupancy or 
(an)other mechanism(s) masking EPS is presently un
known. Further, the results indicate that SPECT studies 
apparently can lead to contradictory results between 
laboratories, emphasizing a critical evaluation of such 
data. It should be noted that most of the imaging stud
ies have been made with small numbers of volunteers 
or patients. Thus, variability in patients due to carry
over occupancy from previous treatment with classic 
APDs, including depot preparations, may explain some 
discrepancies. Larger samples of patients treated for 
longer periods with the study compound are needed to 
finally answer the question about relation between D2 

occupancy and clinical efficacy as well as EPS. 

5-HT2 Receptors. Very high (>90%) occupancies are 
demonstrated with clozapine, risperidone, and ziprasi
done at subclinical dose levels (Parde et al. 1995; Nord
strom et al. 1995; Kapur et al. 1995; Nyberg et al. 1993; 
Fischman et al. 1996), using 11C-N-methyl-spiperone as 
the ligand. Quetiapine showed high occupancy after 
150 mg t.i.d. (maximum 72%; Gefvert et al. 1995) as did 
olanzapine (74 to 92%) after a single dose of 10 mg (Ny
berg et al. 1997). For sertindole, complete blockade of 
5-HT2 receptors labeled by 18F-setoperone has been 
achieved in volunteers treated with 12 mg/ day for 2 
weeks (unpublished observations). This is the lowest 
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dose to show significant antipsychotic activity in short
term phase II/III studies (van Kammen et al. 1996; Ker
win and Taylor 1996; Tamminga and Lahti 1996). 

The above-mentioned ligands are unable to differen
tiate between DA Di-like, 5-HT2A, and 5-HT2c receptors 
and can as such not be used for evaluation of 5-HT2 re
ceptors in DA-rich areas. However, very recently a se
lective 5-HT2A ligand, 11C-MDL 100.907, has been intro
duced for PET studies (Lundkvist et al. 1996). This 
compound will be of great interest in evaluating the im
portance of 5-HT2A receptor blockade in the clinical 
pharmacology of novel APDs. This compound is in 
phase II development as an APO (Kehne et al. 1996). 

In summary, these results suggest that the occu
pancy of 5-HT2 receptors in human brain induced by 
novel APDs is high even when administered below the 
clinically effective dosage. Thus, 5-HT2 receptor block
ade is most probably insufficient for antipsychotic ac
tivity but may well contribute to the overall efficacy 
and side effect profile, e.g., effects on negative symp
toms or to a lower EPS potential, (e.g., Meltzer and 
Nash 1991; Busatto and Kerwin 1997). 

arAdrenoceptors. Unfortunately, no ligand is avail
able for the study of a 1-adrenoceptor occupancy by 
APDs. Development of a PET ligand that enables imag
ing of a 1-adrenoceptors would be of high interest given 
hypotheses regarding the contribution of this site to an
tipsychotic activity of clozapine (Baldessarini et al. 1992). 

Behavioral Assays of In Vivo Effects 

Traditionally, the functional effects of APDs on central 
nervous system (CNS) neurotransmitter receptors have 
been determined by monitoring a behavioral change 
that is as specific as possible for a given neurotransmit
ter receptor, often using a selective agonist as a tool. Be
cause the balance between inhibitory effects on DA, 
5-HT2, and muscarinic receptors as well as a 1-adreno
ceptors is considered to be of primary importance for 
the pharmacological profiles of APDs in models related 
to antipsychotic activity and EPS, these receptors were 
chosen for the pie charts in Figure 1. 

Methodological Considerations by Using In Vivo 
Assays for Evaluation of Relative Receptor Effects. 
Often several test models can be chosen for a given re
ceptor effect, and the specificity of the given response 
for each receptor type is validated by correlation to the 
relative binding potencies in vitro or in vivo for a range 
of compounds with high and low affinities for the site 
in question. However, no behavioral test model is com
pletely specific for one receptor, because pharmacody
namic interactions between different neuronal systems 
often lead to indirect effects of compounds without di
rect affinity for the target receptor. Given these limita-
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hons, it is useful to illustrate the relative dominance of 
acute receptor effects in vivo by pie charts as previously 
described for in vitro binding assays (Figure 1). The 
lower the ED50 value, the larger the slice of the pie chart 
will be. The models for each receptor should preferably 
reflect CNS effects to avoid bias from uneven distribu
tion of some drugs or active metabolite(s) in the animal. 
The following models were selected: 

• DA 0 1 and 0 2 receptor antagonism was measured by 
inhibition of circling behavior induced by SK&F 
38393 and pergolide in 6-hydroxy-DA-lesioned rats, 
respectively. These models have shown high sensi
tivity for DA antagonism and relatively high selec
tivity for 0 1 and 0 2, receptors, respectively, with mi
nor effects of a 1-adrenoceptor antagonists (Arnt and 
Hyttel 1986). 

• Antagonism of 5-HT2 receptors was evaluated by mea
suring inhibition of quipazine-induced head twitches 
in rats (Arnt et al. 1989; Sanchez et al. 1991). The ef
fect is blocked by a selective 5-HT2A antagonist (Kehne 
et al. 1996; Arnt, unpublished observations), while 
the contribution of 5-HT2c receptors is unknown due 
to lack of results with selective antagonists. Antago
nism of o:1-adrenoceptors can also contribute slightly 
to inhibition of the quipazine-induced response (Arnt 
et al. 1989). 

• Inhibition of o:1-adrenoceptors was measured either 
by antagonism of the discriminative stimulus prop
erties of the a 1-adrenoceptor agonist St 587 in rats 
(Arnt 1992) or by inhibition of isoniazide-induced 
convulsions in mice. Isoniazide is an inhibitor of 
glutamic acid decarboxylase (GAD), the enzyme re
sponsible for synthesis of GABA, and is as such a test 
for anticonvulsive effects of GABA stimulants and 
benzodiazepines. No direct evidence supports that a 1-

adrenoceptors are involved, but results from our lab
oratories (Sanchez, unpublished observations) have 
indicated a good correlation between affinities for 
o:1-adrenoceptors in vitro and anticonvulsant poten
cies against isoniazide, as long as affinity for GABA 
or benzodiazepine receptors can be excluded. Such 
compounds would be false positives. Because all 
APDs, except remoxipride, were studied in the iso
niazide model, and because the remaining com
pounds gave compatible results to the more specific 
drug discrimination model, the isoniazide test was 
used for the pie charts, except for remoxipride. 

• Finally muscarinic cholinergic antagonism was mea
sured as protection against the lethal effects of phys
ostigmine in mice (Sanchez et al. 1991). 

The methods used for pie charts were validated us
ing selective antagonists of each receptor subtype: SCH 
23390 (DA 0 1 receptors), nemonapride (DA 0 2 recep
tors), ritanserin (5-HT2 receptors), prazosin (o:i-adreno
ceptors), and scopolamine (muscarinic receptors). In all 
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instances, except for prazosin, the target receptor for 
each selective antagonist showed at least 90% prefer
ence for the appropriate in vivo model. For prazosin the 
a 1-adrenoceptor slice of the in vivo pie chart accounts 
for about two-thirds of the total pie area. The reason for 
the lower selectivity compared with other receptors is 
not due to lack of receptor selectivity of prazosin as 
such, but to pharmacological interaction between a 1-

adrenoceptors and other receptor systems. 
The pie charts in Figure 1 show large differences for 

APDs in their relative effects on these receptors in vitro 
and in vivo: Haloperidol had the expected DA 0 2 pref
erence both in vitro and in vivo. Clozapine and olanza
pine had the most complex in vitro profiles. However, 
their in vivo effects were different: olanzapine but not 
clozapine had significant DA antagonism, whereas cloza
pine had preferential inhibitory effects on 5-HT2 recep
tors and a 1-adrenoceptors. The muscarinic antagonism 
was much less evident in vivo than in vitro for both 
compounds. Risperidone and sertindole had very simi
lar in vitro pie charts, showing similar affinities for DA 
0 2 and 5-HT2 receptors as well as for a 1-adrenoceptors. 
However, in vivo both compounds had predominant 
5-HT2 antagonism, with additional 0 2 antagonism for 
risperidone and additional a 1-adrenoceptor antagonism 
for sertindole. The DA 0 2 antagonism for sertindole is 
unexpectedly weak. No ready explanations can be 
given for the discrepancy from the in vitro profile. 
Ziprasidone shows similarities to sertindole in vitro, 
whereas the in vivo pie chart is almost identical to that 
of risperidone. Quetiapine differs from the other APDs 
by having large preference for a 1-adrenoceptors in 
vitro, whereas almost equipotent effects on all recep
tors, except the muscarinic, in vivo. Part of this varied 
profile may be explained by the efficacy of a 1-adreno
ceptor antagonism in several of the models. However, 
the ex vivo binding results previously discussed (Schotte 
et al. 1996a) confirm a nonselective profile of quetiap
ine. Remoxipride has very weak in vitro affinities for 
most receptors in our assays but is a selective 0 2 antag
onist in vivo. It should be noted that remoxipride 
shows the expected 0 2 selectivity in vitro when using a 
3H-benzamide ligand (Malmberg et al. 1993). 

In summary, the various experimental approaches, 
in vitro as well as in vivo, indicate common features and 
differences between novel APDs. This is further sub
stantiated in the next sections describing activity pro
files in animal models for antipsychotic activity and EPS. 

EFFECTS IN MODELS FOR ANTIPSYCHOTIC 
AND EPS ACTIVITY 

Limbic versus Nigrostriatal DA Selectivity 

The most widely accepted hypothesis is that antipsy
chotic activity is related to inhibition of DA function in 

limbic and/ or cortical brain regions (though not neces
sarily by blocking the receptors), whereas EPS are me
diated by inhibition of nigrostriatal DA function (for a 
review, see Deutch et al. 1991). The hypothesis has stim
ulated studies of the neurobiology of the separate DA 
systems, as well as the development of animal models 
reflecting regional DA activity. Further, it has most im
portantly led to development of novel APDs. 

Though we generally discuss inhibition of limbic DA 
function as the most important determinant for antipsy
chotic activity, it should be emphasized that the hy
pothesis includes limbic as well as cortical DA systems. 
Limbic and cortical structures are closely interconnected, 
and there are several lines of evidence for neuropatho
logical and neurophysiological changes of prefrontal-tem
porolimbic cortices in schizophrenia (Ross and Pearlson 
1996; Weinberger and Lipska 1995; Deutch et al. 1991; 
Gray et al. 1991). Studies using lesions or microinjection 
approaches have demonstrated that the functional con
sequences of DA manipulations are often opposite in 
frontal cortex and nucleus accumbens (Deutch 1992). 
Differential involvement of cortical versus limbic struc
tures in the mechanism of action of novel APDs will be 
further discussed in the sections covering microdialysis 
and immediate early gene (i.e., c-fos) expression. 

Selective inhibition of limbic versus striatal DA activ
ity can be achieved in different ways: it is possible, but 
unlikely, that an APO accumulates selectively in the rel
evant brain area(s). There is limited evidence for re
gional differences in 0 2 receptor occupancies after acute 
administration of a few compounds, e.g., remoxipride 
(Kohler et al. 1992), but no studies have shown this to 
be the case after repeated administrations leading to a 
steady state level of drug in brain. Further, receptor in
activation studies in vivo using EEDQ have suggested 
that remoxipride (acute treatment) binds to a subpopu
lation (unspecified) of 0 2 receptors (Ogren et al. 1994). 

Another possible strategy to obtain limbic selectivity 
is to develop compounds with preferential or selective 
affinity for subtypes of the 0 2 receptor family mainly 
expressed in the limbic system (Lahti et al. 1995a,b). 
This strategy is under active investigation, for example, 
by development of specific 0 3 (Millan et al. 1995; Pugs
ley et al. 1995) and 0 4 ligands (Merchant et al. 1996a; 
Rowley et al. 1996). However, there is no evidence for 
selective binding to 0 2 receptor subtypes for the present 
generation of novel APDs (see previous discussion in 
the section on in vitro effects). 

The most widely accepted hypothesis for obtaining 
limbic and/ or cortical selectivity is that a correctly bal
anced inhibition of several neurotransmitter receptors, 
particularly DA 0 2 and 5-HT2 receptors as well as a 1-

adrenoceptors and muscarinic receptors, leads to a se
lective inhibition of limbic/ cortical DA function (Chiodo 
and Bunney 1985; Kinon and Lieberman 1996; Grace et 
al. 1997). This explanation is probably an oversimplifi-
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cation, because it is difficult to incorporate this hypoth
esis into profiles of all available compounds and to re
produce limbic selectivity by combination of classic 
APDs with other selective antagonists, (e.g., Gardner et 
al. 1993). Thus, presently unknown mechanisms may be 
operative as well. 

In the next sections, the evidence for selective inhibi
tion of limbic and/ or cortical versus striatal DA func
tion by APDs studied with electrophysiological, bio
chemical, and behavioral techniques is discussed. 

Effects of Novel APDs on Electrophysiological 
Activity of DA Neurons 

Acute Drug Treatment. Studies initiated by Bunney 
and colleagues show that acute intravenous (IV) admin
istration of AMPH, which releases DA and blocks the 
DA reuptake (Carlsson et al. 1966), inhibits spontane
ously active DA neurons in the substantia nigra pars 
compacta (SNC) and the ventral tegmental area (VTA) 
(Bunney et al. 1973; Bunney and Aghajanian 1975; Aghaja
nian 1978). The inhibition can be reversed by injection 
of APDs (i.e., DA antagonists) such as chlorpromazine, 
haloperidol, and fluphenazine, whereas administration 
of a DA antagonist in the absence of AMPH significantly 
elevates firing rates (Bunney and Grace 1978). An identi
cal electrophysiological profile is observed with other 
APDs, whereas the structurally related drug, prometh
azine, is ineffective. Promethazine is an antihistaminic 
compound with a phenothiazine structure and pos
sesses no antipsychotic or EPS potential. 

Several attempts have been made to classify stan
dard as well as novel compounds as classic or limbic se
lective based on their profile in VTA and SNC after IV 
administration. As mentioned, haloperidol and cloza
pine reverse the AMPH-induced inhibition. In contrast, 
risperidone has never been reported to reverse the 
AMPH effect in VT A and shows variable effects in SNC 
(Blum and Robisch 1989). Stockton and Rasmussen 
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(1993) reported that olanzapine selectively increases 
DA firing frequency in VTA while leaving the activity 
in SNC unaffected. In this study, AMPH was not used 
to decrease DA activity. Further, quetiapine is able to 
reverse the AMPH effect in both areas (Goldstein et al. 
1993), whereas sertindole does not influence DA neu
ron activity even after very high doses (Skarsfeldt 1992) 
(Table 3). The reason for these differences is unknown, 
but a lack of effect is considered as evidence against di
rect DA receptor blockade. 

Svensson and colleagues have focused on the basal 
activity (firing rate) of the DA neurons and have also 
examined changes in firing pattern, i.e., regularity of 
firing and the degree of firing in bursts (Grenhoff et al. 
1988b). Substantial evidence suggests that the PFC reg
ulates DA release and bursts firing in VTA (Murase et 
al. 1993; Svensson and Tung 1989). Interestingly, spon
taneous burst firing is associated with a marked in
crease in DA release from the terminals (Bean and Roth 
1991). Consequently, unchanged basal firing rate after 
pharmacological intervention does not explicitly indi
cate that the function of the DA system is unaltered, as 
the degree of burst firing could change without changes 
in the overall firing rate. 

To our knowledge, amperozide is the only novel 
APO that has been tested in this paradigm (Grenhoff et 
al. 1990) and it was without effect on the DA activity in 
SNC, whereas it either increased firing rate and burst 
firing (i.e., an excitation) or regularized the firing activ
ity in VTA (i.e., activity level down-regulated). These 
data illustrate that amperozide selectively affects the 
mesocorticolimbic DA system, which is predictive of a 
low liability for EPS. 

Repeated Treatment. The discrepancies between ef
fects in the acute electrophysiological test model and the 
clinical experiences were long regarded as a problem, 
because instant release of DA induced by administration 
of AMPH does not cause schizophrenia-like symptoms in 
humans. In addition, patients having severe psychotic 

Table 3. Reversal of amphetamine (AMPH)-Induced Inhibition of DA Neuron Firing in VT A and SNC by Acute APD Treatment 

Compound 

Sertindole 
Clozapine 
Risperidone 
Olanzapine 
Quetiapine 
Ziprasidone 
Amperozide 
Remoxipride 
Haloperidol 

Reversal of AMPH-Induced Inhibition 
of DA Firing Activity 

Reversal in VT A Reversal in SNC 

no no 
yes yes/no 
n.t. no/yes 
yes'' no11 

yes yes 
n.t. n.t. 
n.t. n.t. 
n.t. n.t. 
yes yes 

Reference 

Skarsfeldt 1992 
Skarsfeldt 1992; Chiodo and Bunney 1983; White and Wang 1993 
Blum and Robisch 1989 
Stockton and Rasmussen 1996b; Marsha et al. 1996 
Goldstein et al. 1993 

Skarsfeldt 1992; Chiodo and Bunney 1983; White and Wang 1993 

'' Administration of olanzapine increased firing frequencies without the initial treatment with AMPH. 
n.t. = not reported. 
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symptoms are typically repeatedly treated (several weeks) 
before obtaining a substantial therapeutic response. 

This dilemma was addressed by Bunney and Grace 
(1978) who instead of measuring DA firing rate counted 
the number of spontaneously active DA neurons in 
SNC after repeated (22 days) treatment with haloperi
dol. In a predefined area of SNC they encountered 0.83 
neurons per track in control rats, whereas only 0.08 cells 
per track was found in the haloperidol-treated (0.5 mg/ 
kg/day) group. Chiodo and Bunney (1983) subse
quently found that haloperidol inhibited the number of 
active DA neurons in VT A as well. 

Additionally, White and Wang (1993) reported that 
haloperidol had a gradual onset of action in both areas, 
as no effect was observed after 1 week treatment. After 
3 to 4 weeks of daily treatment, the effect was at its 
maximum and the effect of haloperidol did not further 
change up to 8 weeks of treatment. Intracellular studies 
have proven that the firing of the DA neurons is 
blocked due to a depolarization inactivation of the neu
rons (Grace and Bunney 1986). 

The exact mechanism of the depolarization blockade 
of the DA neurons is at present unknown, but a recent 
review focused on the differences between the acute 
DA receptor blockade and the delayed inactivation of 
the DA neurons after repeated APD treatment (Grace et 
al. 1997). It is evident that antipsychotic-induced acute 
blockade of the DA receptors is unable to generate the 
depolarization blockade, as even lethal doses of halo
peridol fail to decrease the number of spontaneously 
active DA neurons (Hollerman and Grace 1989). 

Presumably, the mechanism of depolarization block
ade is not caused by the direct effect on the DA-contain
ing neurons projecting from the VTA and the SNC to 
the terminal areas, but instead it is speculated that DA
cell depolarization block in at least SNC is mediated via 
a concert of both excitatory and inhibitory neuronal 
pathways between the striatum, globus pallidus, sub
thalamic nucleus, and the substantia nigra. As it is be
yond the scope of the present review to go into further 
details, see Grace et al. (1997) for a current review. 

The finding of antipsychotic-induced depolarization 
blockade stimulated considerable research and sup
porting studies showed that classic neuroleptics, i.e., 
with high propensity for inducing EPS, inhibited the 
number of active DA neurons in both SNC and VTA 
(White and Wang 1993). In general, compounds having 
an antipsychotic potential decrease the number of spon
taneously active DA neurons in VT A. An overview of 
results obtained in our laboratories is shown in Table 4. 
Haloperidol and sertindole are very potent compounds, 
whereas much higher doses are needed for clozapine, 
olanzapine, and quetiapine to decrease the number of 
active DA neurons in VTA. The same compounds dem
onstrate a more variable response in SNC after repeated 
administration: haloperidol potently inhibited the ac-

tivity in SNC, whereas clozapine, olanzapine, and re
moxipride were unable to influence the activity in SNC. 

Most important is the ratio between the effects in 
VT A versus the SNC as an estimate of the expected 
therapeutic index (i.e., antipsychotic efficacy versus lia
bility to cause EPS) of the compounds. In this regard 
sertindole showed extreme selectivity (ratio 110), fol
lowed by remoxipride (ratio > 6), clozapine and olan
zapine (Table 4). Due to toxicological problems (i.e., ne
crosis) using high subcutaneous doses of olanzapine 
(doses above 32 µmol/kg/day corresponding to 20 
mg/kg), only a single dose showed selectivity for the 
VTA area. This effect of olanzapine is in accordance 
with the results of Stockton and Rasmussen (1996a). 
The selectivity ratio of clozapine is also unknown, again 
because toxicity precluded testing of higher doses, 
whereas quetiapine was equipotent in both areas (ratio 
between VTA and SNC approximately one) indicating a 
classic-like profile. In contrast, Goldstein et al. (1993) re
ported that quetiapine (treatment for 28 days with 20 
mg/kg, PO, corresponding to 45 µmol/kg) selectively 
inhibited the activity in VT A compared to the SNC. Un
fortunately, they only tested a single dose of quetiapine, 
which does not indicate the selectivity ratio between the 
two areas. In accordance with the clinical results, both 
haloperidol and risperidone had a ratio near to or be
low one, indicating a more classic antipsychotic profile 
of these two compounds. 

In conclusion, the present data indicate that acute 
treatment with several of the compounds is able to re
verse the inhibitory effect in VTA of acutely adminis
tered AMPH and apparently, this effect is correlated 
with the affinity for DA D2 receptors. However, the DA 
neuron population studies using repeated drug admin
istration exhibited marked differences in the VTA/SNC 
index of the tested drugs and the observed mesolimbic 
selectivity of several compounds is in accordance with 
the reported clinical observations, as these compounds 
show less EPS liability compared to classic APDs. One 
caveat to this conclusion must be mentioned. In our 
hands, quetiapine possesses a classic profile in the 
VTA/SNC model, but the available clinical data (Casey 
1996a; Hirsch et al. 1996) indicate that quetiapine in
duces less EPS in schizophrenic patients than does halo
peridol. The reason for the discrepancy is at present 
unknown. 

Comparison between effects after acute and repeated 
treatment further indicates that an acute effect on DA 
neuron firing is not a prerequisite for producing depo
larization blockade after repeated treatment, as ob
served for sertindole. 

Biochemical Measures of Limbic versus 
Nigrostriatal Selectivity 

Microdialysis. Acute administration of APDs blocks 
DA receptors and produces a compensatory increase in 
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Table 4. Inactivation of DA Neurons after Daily Treatment for 3 Weeks 

ED50 (µmol/kg/day, PO) 

Compound 

Sertindole 
Clozapine 
Risperidonea 
Olanzapineb 
Quetiapine 
Ziprasidone 
Amperozide 
Remoxiprideb 
Haloperidol 

'Biphasic inhibition. 
"s.c. treatment. 

Inhibition in VT A 

oms 
56a 

-0.2 
-35 

38 
-0.2 

-10 
1.9a 

0.043 

Inhibition in SNC Ratio 

1.6 110 
>120 >2.1 

-0.3 1.5 
>32 >1.0 

29 0.76 
-0.2 1.0 
19 -2 

>12 >6 
0.033 0.77 

Data previously published as complete dose-response curves (Skarsfeldt 1992, 1995). For details on meth
ods, please refer to original articles. 

DA cell firing that causes an elevation in the DA release 
and metabolism (Imperato and Di Chiara 1987; Wester
ink and Kikkert 1986). Presumably, the mechanism be
hind the favorable clinical profile of the novel APDs 
might be due to regional differences in the effect on the 
DA system, and both electrophysiological techniques 
(single cell recordings) and measurement of the Fos im
munoreactivity have supported this hypothesis (this 
review). 

Studies using microdialysis techniques have demon
strated that DA release (or, more precisely, measure
ment of extracellular DA-hereafter termed release) is 
elevated in nucleus accumbens (NAc) and striatum 
(STR) after acute administration of the classic neurolep
tics (haloperidol, chlorpromazine, thioproperazine, spip
erone or (--)-sulpiride) (Osborne et al. 1994; Moghad
dam and Bunney 1990; Rayevsky et al. 1995). In contrast 
to the results obtained with electrophysiological tech
niques and Fos immunoreactivity, acute administration 
of the limbic-selective APDs, i.e., clozapine, thioridazine, 

and fluperlapine also surprisingly increase DA release in 
both NAc and STR (Imperato and Angelucci 1989; Rayev
sky et al. 1995; Invemizzi et al. 1990; Meltzer et al. 1994). 

Although the limbic selective compounds do not in
duce catalepsy in animals, they are able to stimulate the 
release of DA in the striatum like the classic APDs. The 
release of DA after the classic APDs is relatively short
lasting compared to the behavioral effects observed 
(catalepsy), and consequently the DA release should ex
perience an acute tolerance (Di Chiara and Imperato 
1985). The time course after clozapine and fluperlapine 
is longer, and additional administration of test com
pound renewed the release of DA (Imperato and Ange
lucci 1989). Nevertheless, measurement of DA release 
in NAc and STR after acute administration of an APD 
does not appear to distinguish between limbic selective 
and nonselective neuroleptic compounds. 

In Table 5, data on DA release or measurement of the 
DA metabolite using microdialysis after acute drug ad
ministration have been collected. In one of the reports 

Table 5. Effect of Acute Drug Administration on the Release of DA or DOP AC in 
Different Brain Areas Using Microdialysis 

Compound Dose (mg/kg) NAc DLSTR PFC References 

Sertindole 3-6a + ++ +++ Fink-Jensen et al. 1996 
Clozapine 2-5 + + Imperato and Angelucci 1989 

10 + + ++ Hertel et al. 1996 
5-lQa + + ++ Fink-Jensen et al. 1996 

Risperidone 0.2-2.0 ++ ++ ++ Hertel et al. 1996 
o.2-0.4a + ++ ++ Fink-Jensen et al. 1996 

Amperozide 10 0 0 ++ Hertel et al. 1996 
5.0-10 ++ ++ ++ Nomikos et al. 1994 

Haloperidol 0.25 ++ ++ Osborne et al. 1994 
0.1-0.2 + ++ ++ Fink-Jensen et al. 1996 

O = No significant increase in the DA content, + = 0-99% increase in DA content, + + = 100-249% increase 
of DA content, + + + = >500% increase in content of DA. 

'The DA metabolite, DOPAC, was measured in this experiment. 
NAc = nucleus accumbens; DLSTR = dorsolateral striatum; PFC = prefrontal cortex. 
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on sertindole, clozapine, and risperidone (Fink-Jensen 
et al. 1996) microdialysis was used to measure the re
lease of the DA metabolite, DOP AC, rather than DA. 
Amperozide has shown variable effects on the DA lev
els in STR, as Hertel et al. (1996) reported that amper
ozide produced only minor increases in DA levels, 
whereas Nomikos et al. (1994) observed a marked in

crease. However, based on numerous reports, the gen
eral view is that the majority of the tested compounds 
increases DA release in STR, though with marked dif
ferences in potencies. Additionally, all the compounds 
increase DA release in the NAc, and this is in accor
dance with the view that acute administration of APDs 
stimulates the DA neuron activity in the VT A. 

Interestingly, several of the compounds (sertindole, 
clozapine, risperidone) show a marked difference in 
their effect on extracellular DOP AC in STR/NAc versus 
PFC. Imbalance in the function of the PFC is currently 
regarded as a potentially important element in the 
pathophysiology of schizophrenia, and hypofunctional
ity of PFC has been hypothesized to correspond with 
negative symptomatology (Weinberger 1988). Hence, 
compounds with preferential effect in PFC may have 
clinical efficacy on the negative symptoms. 

As described previously, repeated administration of 
APDs induces depolarization blockade of the DA neu
rons in VTA area, whereas classic, but not limbic selec
tive, APDs are effective in SNC. Based on the electro
physiological data, it should be predicted that DA 
turnover would decrease due to the depolarization inac
tivation. However, microdialysis studies using repeated 
administration of APDs have shown variable responses. 
Ichikawa and Meltzer (1992) observed no effect of re
peated treatment with clozapine on basal release of DA, 
and the amount of DOP AC and HV A in NAc compared 
to control levels, whereas clozapine increased the extra
cellular level of DA in STR. This could not be confirmed 
by others (Youngren et al. 1994) who found that cloza
pine was without effect on the DA level in STR. Addi
tionally, repeated treatment with haloperidol failed to 

change the basal outflow of DA and its response to admin
istration of a challenge dose of haloperidol (Moghad
dam and Bunney 1993). However, the characteristics of 
the DA terminals seem to be altered, as response to K +
stimulated (30 mmol/L) release of DA was significantly 
decreased in the haloperidol-treated rats compared 
with vehicle-treated rats. The lack of effect on basal DA 
outflow is inconsistent with the electrophysiological re
sults, as haloperidol induces depolarization inactiva
tion of the DA neurons projecting to STR. Results incon
sistent with depolarization blockade were also obtained 
by Klitenick et al. (1996) who observed that chronic ha
loperidol treatment failed to attenuate stress- and PFC
stimulation-induced DA release in NAc. 

It might be speculated that, in spite of the observed 
depolarization blockade of the majority of DA neurons 
found after repeated APO treatment, the remaining ac
tive DA neurons might increase their burst activity, 
which accordingly should enhance DA release (Gren
hoff et al. 1988a). A recent study has suggested that im
plantation of the microdialysis probe 24 h before the 
test reversed depolarization inactivation induced by ha
loperidol (Todd et al. 1996), and this suggests that the 
discrepancy between electrophysiology and microdial
ysis results may be due to methodological problems. 

It would be interesting to evaluate the effect of some 
novel APDs on the release of DA and the levels of 
DOP AC and HY A, but to our knowledge no novel 
APDs have been studied after repeated administration. 

Expression of c-fos and Related Genes. Substantial ef
forts have been made to understand the phenomena of 
electrical activity, transmitter release, and receptor cou
pling, as well as the second messenger systems involved 
in the function of the nervous system. These phenomena 
are all rapidly occurring events that are coupled with sub
sequent changes in gene transcription in the cell nucleus. 
Within the last decade, methods have been developed 
that enable the detection of intracellular molecular events 
induced by quickly occurring extracellular signals. 

Table 6. Effect of Acute APD Treatment on Expression of Fos Protein in Different Brain Regions 

Compound Dose (mg/kg) NAc MSTR 

Clozapine 10, 20, 30 ++ ++ 
Haloperidol 0.5,1.0 ++ +++ 
Risperidone 10 +++ nt 
Sertindole 10 +++ nt 
Olanzapine 5, 10 +++ +++ 
Quetiapine 10, 20, 40 + ++ 
Remoxipride 2.25 ++ + 

1.5, 3.0 ++ +++ 

nt = Not tested, 0 = 0-99% increase compared to vehicle treatment. 
+ = 100-249% increase compared to vehicle. 
+ + = 250-499% increase compared to vehicle treatment. 
+ + + = >500% increase. 

LSTR PFC LS References 

+++ + ++ Robertson and Fibiger 1992 
+++ 0 + Robertson and Fibiger 1992 
+++ ++ nt Fink-Jensen and Kristensen 1994 

0 + nt Fink-Jensen and Kristensen 1994 
+++ ++ +++ Robertson and Fibiger 1996 
0 + ++ Robertson et al. 1994 
0 nt nt Deutch et al. 1992 
++ + ++ Robertson et al. 1994 

NAc = nucleus accumbens; MSTR = medial striatum; LSTR = lateral striatum; PFC = prefrontal cortex; LS = lateral septum. 
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Stimulation or blockade of membrane receptors in
fluences intracellular second messenger systems, which 
may lead to an induction of the immediate early gene, 
c-fos. It has been reported that haloperidol and nem
onapride but not SCH 23390 significantly increase the 
c-fos expression in the STR (Dragunow et al. 1990). The 
DA D2 receptor agonist quinpirole attenuates the halo
peridol-induced effect (Miller 1990), and these results 
suggest that c-fos induction in STR correlates to block
ade of striatal DA D2 receptors. The involvement of DA 
is further substantiated by the fact that unilateral 6-OHDA
induced lesions of the DA projection abolished the in
crease in Fos immunoreactivity induced by haloperidol 
and clozapine in DA innervated areas (e.g., lateral stria
tum and NAc), whereas 6-OHDA lesion did not inhibit 
the effect of clozapine in the lateral septum (LS) and PFC 
(Robertson and Fibiger 1992), areas densely innervated 
by various serotonergic receptor subtypes as well as other 
neurotransmitters (O'Dell et al. 1990; Pazos et al. 1985). 

Clozapine and haloperidol have shown regional dif
ferences on c-fos expression in the rat brain. Acute ad
ministration of haloperidol dramatically increased the 
number of Fas-positive cells in the dorsolateral region 
of STR, whereas clozapine was ineffective (Robertson 
and Fibiger 1992; Deutch et al. 1992). Additionally, ha
loperidol but not clozapine increased the expression in 
both the striatal patch and matrix compartment. The 
NAc shows greater variability, as the NAc has been di
vided into subregions, i.e., the shell, core, and cone re
gion (Robertson and Fibiger 1992). The shell region is 
related to the limbic part of the brain, whereas the core 
relates to the striatal part, while the relationship of the 
cone region is at present uncertain. In the NAc, halo
peridol increased c1os expression in various parts, con
centrated in patches throughout extent of NAc (Robert
son and Fibiger 1992) or in the cone, shell, and core 
divisions of NAc (Deutch et al. 1992). Clozapine in
creased the Fos immunoreactivity in the cone and shell 
but not in the core division of NAc. 

Attempts have been made to mimic the pharmaco
logical receptor profile of clozapine (Fink-Jensen et al. 
1995). Ritanserin, a 5-HT2 receptor antagonist, and the 
a 1-adrenoceptor antagonist, prazosin, do not increase 
Fos protein immunoreactivity by themselves. Co-admin
istration of haloperidol and ritanserin or haloperidol 
and prazosin does not mimic the clozapine response, in
dicating that neither a 1-, 5-HT2, nor a 1-/DA D2 or 5-HT2 / 

DA Drreceptor blockade is sufficient to explain the fos 
expression profile of clozapine. 

As mentioned previously, dysfunction of the PFC 
has been hypothesized to be related to the negative 
and/ or cognitive symptoms of schizophrenia. It is be
lieved that clozapine is effective against negative symp
toms (Deutch et al. 1991), and this suggests that clozap
ine could act selectively or preferentially on the function 
of the PFC. Clozapine-but not haloperidol, raclopride, 
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sulpiride, risperidone, SCH 23390, ritanserin, or scopo
lamine-induced Fos protein in the infralimbic and pre
limbic part of the PFC, whereas all compounds were 
ineffective in the medial part of PFC. DA D2 receptor 
agonists (apomorphine and quinpirole) increased Fos 
levels in PFC. Pretreatment with apomorphine or sulpir
ide was not able to modify the clozapine-induced in
crease in PFC (Deutch and Duman 1996). The latter 
study clearly suggests that the effect of clozapine is not 
attributed to any known dopaminergic, serotonergic, 
a 1-adrenergic, or muscarinic receptor and that the 
unique clinical profile of clozapine might be due to a 
preferential action in the PFC areas. 

Special interest has been put on the novel APDs (see 
Table 6). Sertindole and quetiapine showed regional se
lectivity for PFC and NAc while leaving the Fos expres
sion in dorsolateral STR unaffected (Fink-Jensen and 
Kristensen 1994; Robertson et al. 1994), and remox
ipride showed regional selectivity for NAc compared to 
STR (Deutch et al. 1992; Robertson et al. 1994). Olanza
pine, however, increased Fos immunoreactivity in PFC, 
NAc, and the dorsolateral STR, an effect that correlates 
with the ability to produce EPS (Robertson and Fibiger 
1996). It is recently suggested that DA D3 and D4 antag
onism is involved in c-fos expression in PFC (Merchant 
et al. 1996a,b), though the response to clozapine in NAc 
but not in PFC was attenuated by the preferential DA 
D3 agonist 7-OH-DPAT (Guo et al. 1995). 

It appears that expression of the Fos protein in NAc 
shell region is a relatively consistent marker of neurons 
activated by acute administration of APDs. Further
more, it is hypothesized that the effect in PFC may be 
related to efficacy on negative symptoms (c.f., active 
compounds in Table 6). 

The discrepancy between the rapid induction of Fos and 
the delayed clinical effects of APDs is again emphasized, as 
repeated administration of clozapine or haloperidol for 3 
weeks results in a reduced increase in Fos-like immunore
activity after a challenge dose in several brain areas (halo
peridol: dorsolateral STR, NAc and central amygdala; cloz
apine: LS, paraventricular hypothalamus and central 
amygdala). Induction of Fos persisted in NAc after re
peated treatment with clozapine, and in LS after treatment 
with haloperidol (Sebens et al. 1995). Tolerance to clozap
ine has also been shown in PFC (Merchant et al. 1996b). 

These results indicate that tolerance develops to the 
stimulation of Fos immunoreactivity in several brain ar
eas. The importance of this tolerance is at present un
known, but a simplistic view is that these brain areas 
are of minor importance in the maintenance of antipsy
chotic action or for inducing EPS. More likely, it indi
cates that the Fos immunoreactivity is just the first step 
in a cascade of, yet unknown, more permanent processes. 

This hypothesis is emphasized by the fact that recent 
studies have indicated that other members of the fos 
family are persistently elevated after chronic alteration 
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of dopaminergic neurotransmission. Doucet et al. (1996) 
demonstrated that destruction of the nigrostriatal path
way by 6-OHDA injection in rats produced a prolonged 
elevation of a truncated form of FosB known as aFosB 
(43-45 kDa polypeptide). Acute administration of halo
peridol produced peak values in Fos expression at 1-2 h 
after administration, whereas expression of aFosB reached 
peak levels at 4 h and even after 24 h the aFosB expres
sion was still detectable. Repeated haloperidol for 14 
days selectively elevated expression of aFosB. In sup
port of this (Vahid-Ansari et al. 1996) reported that re
peated administration (19 days) of haloperidol in
creased the number of aFosB immunoreactive cells in 
striatum (both ventral, medial, and dorsolateral parts), 
whereas haloperidol did not increase the immunoreac
tivity in PFC and LS. In contrast, clozapine and quetiap
ine elevated .iFosB immunoreactivity in the ventral part 
of STR, LS, and PFC. These data suggest similarities be
tween quetiapine and clozapine, as demonstrated pre
viously by the acute fos experiments. 

In conclusion, the results suggest that aFosB immu
noreactivity can be used to detect neurons activated by 
chronic administration of APDs, and it will be interest
ing to observe the possible regional differences of aFosB 
immunoreactivity induced by repeated treatment with 
novel APDs. 

Neurotensin. Even though DA is thought to play a 
dominant role in the pathophysiology of schizophrenia, 
other transmitter systems might be of importance and 
the involvement of neuropeptides (e.g., neurotensin, 
NT) has been suggested (Nemeroff 1980). NT is a tride
capeptide, which is distributed widely in the peripheral 
as well as in the central nervous system (Uhl et al. 1977; 
DiPaola and Richelson 1990). Extensive studies have 
shown that NT is predominantly present in regions as
sociated with dopaminergic neurons, as NT coexists 
with DA in some midbrain cell bodies and their termi
nals (Hokfelt et al. 1984). The highest levels of NT are 
observed in the ventral tegmentum, substantia nigra 
(SN), NAc, STR, septum, amygdala, brain stem, and the 
spinal cord, whereas lower levels of NT are found in 
cortical areas. NT does not readily pass the blood-brain 
barrier, but NT exerts pronounced behavioral effects af
ter intracranial administration. NT injected in VT A pro
duces motor stimulation, whereas injection into NAc 
inhibits locomotor activity induced by dopaminergic 
stimulants (e.g., Gully et al. 1995). 

Electrophysiological experiments have revealed that 
NT produces a significant increase in the firing rate of 
neurons in SN, VTA, medial PFC, and hypothalamus 
(Liegeois et al. 1995). Uhl et al. (1977) found low doses 
of NT to be selective for the VT A area in acute experi
ments, a clozapine-like activity. In general, the available 
electrophysiological data suggest that centrally admin
istered NT demonstrates a profile similar to APDs ad-

ministered systemically (for extensive review, see Stowe 
and Nemeroff 1991), and it has been proposed that NT 
could be an endogenous neuroleptic-like compound 
(Nemeroff 1980). 

Acute administration of remoxipride and sulpiride 
failed to change NT levels in NAc (Levant et al. 1991). 
In contrast, repeated administration of either haloperi
dol or clozapine increased the NT concentration in NAc 
and decreased the concentration of NT in medial PFC 
and cingulate cortex. Haloperidol, but not clozapine, in
creased the NT concentration in STR (Kilts et al. 1988). 
These data further suggest that NT is a neuroanatomi
cally selective substrate that might be involved in the 
responses mediating the therapeutic and motor distur
bances observed after treatment with APDs. Unpub
lished studies indicate that sertindole has a profile simi
lar to clozapine in NAc and STR (Nemeroff, personal 
communication). The effects of repeated treatment with 
other APDs on NT levels are not known, but the observa
tions suggest that antipsychotic activity could involve re
gional changes in NT function. This might be used for de
velopment of novel APDs with low incidence of EPS. 

Merchant et al. (1992) reported an increase in NT/ 
neuromedin N (NT /N) gene expression in the dorsolat
eral STR after acute administration of haloperidol, 
whereas clozapine was without this effect. Addition
ally, haloperidol and clozapine increased NT /N mRNA 
expression in the shell structure of NAc. These results 
suggest that APO-induced increase in NT /N gene ex
pression in dorsolateral STR is related to a potential for 
developing EPS, whereas the observed effect in the 
shell of NAc should indicate the antipsychotic potential 
of the drugs. Subsequently, Merchant and Dorsa (1993) 
found a significant increase in NT /N gene expression 
in STR after acute haloperidol and fluphenazine, whereas 
clozapine, remoxipride, and thioridazine were ineffec
tive. After repeated administration, haloperidol but not 
clozapine elevated striatal NT /N mRNA (Merchant et 
al. 1994; Mijnster et al. 1995). The novel APDs have not 
been studied. Thus, the studies of NT /N gene expres
sion after repeated drug treatment are incomplete and 
as such can not presently be used as a tool to distin
guish between the classic and the novel APDs. 

Behavioral Effects in Animal Models Related to 
Antipsychotic Activity and EPS 

A large variety of test models is used to evaluate the 
acute effects of putative APDs on DA function in ani
mals despite the commonly noted slow onset (weeks) of 
the therapeutic effects of available APDs compared 
with the onset of DA receptor occupancy (minutes to 
hours). The objective of using acute experiments is usu
ally to measure preferential effects believed to depend 
on limbic or cortical function compared with effects on 
nigrostriatal DA activity. It is beyond the scope of the 
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present review to consider the evidence for pharmaco
logical specificity and the anatomical selectivity of the 
different models in detail-refer to the literature refer
ences and to more detailed reviews (Ellenbroek 1993; 
Jackson and Westlind-Danielsson 1994) cited in the fol
lowing sections. 

Inhibition of hypermotility induced by DAergic drugs 
such as DA agonists/DA releasers (e.g., apomorphine 
or AMPH), as well as by the noncompetitive NMDA 
antagonists phencyclidine (PCP) or dizocilpine (MK 
801), is widely used for initial screening for limbic activ
ity of new drugs. The activity profiles in these models 
are compared with the inhibitory potencies against ste
reotyped behaviors induced by high doses of dopamin
ergic drugs, effects used for evaluation of effects on striatal 
DA function. Accordingly, the latter models are assumed 
to reflect potential for inducing neurological side effects 
of putative APDs and are used in parallel with studies 
of cataleptogenic activity, the classic test of EPS in rats. 

Other classic animal models still in use include the 
inhibition of conditioned avoidance responses in the rat 
or monkey and inhibition of circling behavior induced 
by D1 or D2 agonists in unilaterally 6-hydroxy-DA
lesioned rats. Effects in these models are probably de
pendent on both limbic DA and striatal function (Kelly 
and Moore 1978; Arnt 1987). 

More recently, new models have gained in popular
ity. These include effects on the deficits in prepulse in
hibition (PPI) of acoustic startle response induced by 
dopaminergic drugs or NMDA antagonists as well as 
effects in drug discrimination assays, on latent inhibi
tion and on drug-induced disruption of social interac
tion. These models give possibilities to evaluate new as
pects of the pharmacology of APDs, as some of them 
model certain features of deficits observed in schizo
phrenic patients. 

Stimulant-Induced Hypermotility and Stereotypy and 
Cataleptogenic Effect. These models are often used 
in the first in vivo screening of putative APDs. The ra
tionale is the above-mentioned evidence that hypermo
tility is mediated by the limbic system (particularly nu
cleus accumbens and tuberculum olfactorium), whereas 
stereotyped behavior and catalepsy are associated with 
increased and decreased striatal DA function, respec
tively. Obviously the goal of a basic screening program 
is to obtain inhibitory effect on dopaminergic hypermo
tility, while minimizing antistereotypic as well as cata
leptogenic activity. However, there are also several 
problems caused by using hypermotility models: first it 
is important to demonstrate that a test compound is ef
fective in a dose that does not block spontaneous loco
motor activity-this would mean possible nonspecific 
effects (e.g., Arnt 1995). Second, inhibition of hypermo
tility is not a sufficient criterion, because some drugs 
without antipsychotic effects show positive effects on 
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the model, e.g., GABA agonists (Scheel-Kruger et al. 
1978). Third, the effects can be demonstrated acutely 
within minutes. 

Despite these limitations, useful information on the 
activity profiles of APDs has been gained from these 
models: classic APDs inhibit hypermotility and stereo
typies induced by dopaminergic drugs and induce cata
lepsy at similar dose levels in rats, as exemplified by the 
results with haloperidol in Table 7 in which AMPH is 
used as a DA stimulant. Other classic APDs like fluphena
zine and cis(Z)-flupentixol have similar properties (San
chez et al. 1991; Arnt 1995). 

In contrast to classic neuroleptics, novel APDs have 
very different activity profiles (Table 7): sertindole, 
clozapine, and ziprasidone selectively inhibit hypermo
tility induced by AMPH without effects on stereotyped 
behavior and catalepsy. It is noted that the stereotypy 
and catalepsy results correlate closely, in agreement 
with their presumed similar neuronal substrates. 

Inhibition of AMPH-induced hypermotility has been 
studied using two doses of AMPH (0.5 and 2.0 mg/kg), 
further adding to the complexity. Whereas the classic 
APDs inhibit hypermotility induced by both doses of 
AMPH with similar potencies (Arnt 1995), the effects of 
most of the novel APDs are much more potent against 
the low AMPH dose. Quetiapine and amperozide lack 
effects on catalepsy, stereotypy, and on hypermotility 
induced by AMPH 2 mg/kg but inhibit selectively the 
hypermotility induced by the low AMPH dose, thus 
differentiating these compounds from sertindole, cloza
pine, and ziprasidone. 

A number of APDs can be placed in an intermediate 
group between the above-mentioned novel APDs and 
classic APDs: remoxipride fails to produce catalepsy in 
our experimental conditions but inhibits only with mar
ginal selectivity the AMPH-induced hypermotility ver
sus stereotypy. Others have similar results, including 
additional observation of catalepsy after high doses of 
remoxipride (Ogren et al. 1984). Finally, risperidone 
and olanzapine are effective in all models, but in con
trast to classic APDs, they show some preference in block
ing the hypermotility response to AMPH, particularly 
when the low AMPH dose is used. Similar results indicat
ing slight selectivity of olanzapine (Moore et al. 1993; 
Hoffman and Donovan 1995b) and risperidone Ganssen 
et al. 1988; Megens et al. 1994; Hoffman and Donovan 
1995b) in these models have been published by others. 

Comparisons between inhibitory potencies on spon
taneous locomotor activity and on AMPH-induced hy
permotility indicate that the effects on the AMPH 2 
mg/kg dose are of questionable specificity. Only re
moxipride and to some extent sertindole and ziprasi
done have preferential effects on AMPH versus sponta
neous locomotor activity (Table 7). Much larger separation 
to the inhibition of spontaneous motility was obtained 
using the low AMPH dose, except for haloperidol. 
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It is difficult to offer strict explanations for all differ
ences in drug profiles, as numerous mechanisms ap
pear to be involved. The nonselective effects of classic 
APDs can be explained by predominant DA 0 2 receptor 
antagonism. This is the only receptor blockade that 
both leads to catalepsy and inhibition of AMPH stereo
typed behavior in the experimental conditions shown 
in Table 7 (Arnt et al. 1986; Arnt et al. unpublished). In 
contrast, the inhibition of AMPH-induced hypermotil
ity can be achieved by different mechanisms: the effect 
of both doses of AMPH is also inhibited by a selective 
a 1-adrenoceptor antagonist, e.g., prazosin, with mar
ginal selectivity for inhibition of the lower AMPH dose 
(Arnt 1995). Finally, selective 5-HT2 antagonists, e.g., ri
tanserin (5-HT2A;2c) and MDL 100.151 (5-HT2A) inhibit 
the effect of the low AMPH dose only (Arnt 1995). In 
addition to the direct effects of selective receptor block
ers, a variety of receptor interactions influences the actual 
potencies of individual compounds in these models. Un
published observations in the authors' laboratory suggest 
that either a 1-adrenoceptor or 5-HT2 blockade can en
hance the inhibitory activity of a classic APO (haloperi
dol) in the AMPH hypermotility models, whereas the cat
aleptogenic and antistereotypic effects of DA antagonists 
are unchanged (Arnt et al. 1986) or only weakly influ
enced (Svendsen et al. 1986; Kapur 1996). Thus, weak in
hibitory effects on DA receptors, combined with marked 
a 1-adrenoceptor and/or 5-HT2 antagonism could theoret
ically lead to limbic selectivity in these acute models. 

Furthermore, it is well known that additional anti
muscarinic effects reverse or weaken the functional 
consequences particularly of nigrostriatal DA receptor 
blockade (catalepsy, inhibition of stereotyped behav
ior), while having less influence on behaviors mediated 
by DA receptors in the limbic system (e.g., drug
induced motor stimulation) (Arnt et al. 1981; Arnt and 
Christensen 1981; Ellenbroek 1993). The net effect of DA 

antagonism plus muscarinic antagonism is thus a sepa
ration of the potencies to block responses mediated by 
the limbic and nigrostriatal DA system. A similar result 
is obtained by combining a DA antagonist with a 
5-HTlA agonist, as demonstrated by interaction studies 
with 8-OH-DPAT, showing reversal of catalepsy in
duced by the classic APO raclopride while enhancing 
other effects of this APO (Wadenberg and Ahlenius 1995). 

The activity profiles of sertindole, clozapine, and 
ziprasidone may thus be explained by their weak DA 
0 2 antagonism combined with potent a 1-adrenoceptor 
and 5-HT2 receptor blockade (all three compounds) 
with additional contribution of antimuscarinic activity 
(clozapine) and/ or 5-HTlA agonism (ziprasidone, cloza
pine). Ziprasidone and clozapine have shown signifi
cant 5-HT1A agonist activity in vitro (Seeger et al. 1995; 
Newman-Tancredi et al. 1996). The 5-HT1A agonism re
mains to be shown in vivo, however (loc. cit.; Kleven et 
al. 1996). It should be mentioned that it is controversial 
whether an antimuscarinic activity of a 0 2 antagonist 
leads to limbic selectivity, based on combination stud
ies of haloperidol with an antimuscarinic drug. The 
combination effect was shown not to be clozapine-like 
(Gardner et al. 1993). In this respect, it was mentioned 
previously that clozapine has agonist activity at m4 
muscarinic receptors, which are abundant in basal gan
glia (see in vitro section). 

The profile of amperozide is identical to that ob
served with the selective 5-HT2 antagonist ritanserin 
as could be expected from their receptor profiles. For 
the 5-HT2A antagonist MDL 100.907, specific inhibition 
of drug-induced hypermotility versus stereotyped be
havior is also one of the main findings (Sorensen et 
al. 1993; Kehne et al. 1996). The results with amper
ozide are in agreement with other literature data as 
well (Gustafsson and Christensson 1990b; Kimura et al. 
1993). Surprisingly, quetiapine has also a profile simi-

Table 7. Effect on Amphetamine-Induced Behaviors and on Catalepsy in Rats 

ED50 (µmol/kg, s.c.) 

Ratio ED50 

AMPW AMPH Stereo/ 
AMPH Hypermotility" 13 mg/kg 

Compound 0.5 mg/kg 2.0mg/kg Stereotypy 

Sertindole 0.25 4.6 >45 
Clozapine 1.2 12 >120 
Risperidone 0.35 3.5 11 
Olanzapine 1.4 9.1 36 
Quetiapine 4.6 >40 >80 
Ziprasidone 0.47 5.7 >190 
Amperozide 2.6 >46 >180 
Remoxipride 2.9 4.8 15 
Haloperidol 0.099 0.24 0.15 

''From Amt (1995). 
bSertindole, clozapine, and haloperidol data from Sanchez et al. (1991). 
For methods, please refer to Arnt (1995) and Sanchez et al. (1991). 

Motility 
(2.0mg/kg) 

>10 
>10 

3.1 
4.0 

>33 

3.1 
1.2 

Ratio ED50 

AMPHMotil 
0.5/2.0 mg/kg 

18 
10 
10 
6.5 

>8.7 
12 

>18 
1.7 
2.4 

Inhib 
Spontaneous 
Locomotor 

Catalepsyb Activitya 

>91 12 
>120 7.8 

17 2.6 
37 8.7 

>80 72 
>48 12 
>46 34 
>47 >47 

0.34 0.41 
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lar to a selective 5-HT2 antagonist that does not corre
spond to its broad receptor profile in vivo including 
high a 1-adrenoceptor affinity (see Figure 1 and Migler 
et al. 1993). 

The marginal selectivity (hypermotility versus ste
reotypy) of risperidone and olanzapine is most likely 
caused by their more predominating DA antagonism 
compared with clozapine and sertindole (Figure 1). The 
slight selectivity is likely obtained by additional a 1-

adrenoceptor and 5-HT2 receptor blockade. It could be 
expected that the high in vitro and ex vivo muscarinic 
affinity of olanzapine would further enhance selectivity 
(Bymaster et al. 1996a,b), but the in vivo antimuscarinic 
activity is rather weak in our hands (Figure 1). 

As mentioned in the ex vivo binding section, it has 
been shown that risperidone has a more shallow dose
response curve at DA 0 2 receptors than do other APDs 
(Megens et al. 1992; Schotte et al. 1996a). This has been 
followed up in behavioral experiments showing that 
the AMPH interaction with risperidone occurs over a 
wider dose range than observed with classic APDs 
(Megens et al. 1992). The impact of this result for evalu
ation of limbic selectivity is not clear. 

Finally, the profile of remoxipride is different from 
all other APDs. The failure to differentiate between the 
two doses of AMPH can be explained by its lack of 
marked affinities for a 1-adrenergic and 5-HT2 receptors, 
but the preferential inhibition of AMPH hypermotility 
compared with stereotypy and catalepsy is unexplained. 
However, as mentioned earlier, there is some evidence 
for limbic selectivity demonstrated by in vivo binding 
studies at D2 receptors. 

Differential effects of novel APDs and the 5-HT2 an
tagonist ritanserin have also been demonstrated after 
DA-stimulant-induced hyperactivity elicited by intrace
rebral injections into nucleus accumbens and tubercu
lum olfactorium, two regions belonging to the limbic 
system. The olfactory tubercle is particularly sensitive 
to 5-HT2 antagonism (including the novel APDs sertin
dole, risperidone, and olanzapine), whereas haloperi
dol is more potent in nucleus accumbens (Cools et al. 
1994, 1995). Although it is not clear how these results 
are related to the clinical profiles of the compounds, 
they indicate that the hyperactivity models are more 
complex than generally assumed. These results, to
gether with the previously discussed results with differ
ent AMPH doses, point to a heterogeneous regulation of 
dopaminergic hypermotility, shown both pharmacolog
ically and anatomically. Even acadrenoceptors in fron
tal cortex influence AMPH-induced hypermotility (Blanc 
et al. 1994). In this context, a discrepant finding indi
cates that 6-OHDA lesions of nucleus accumbens, but 
not of olfactory tubercle, inhibit hypermotility induced 
by systemically administered AMPH (0.5 mg/kg; 
Clarke et al. 1988). This result is essentially opposite to 
that expected, as the response elicited by AMPH 0.5 
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mg/kg or by dopaminergic stimulation of the olfactory 
tubercle is sensitive to 5-HT2 antagonism. 

Noncompetitive NMDA antagonists also induce hy
permotility and stereotyped behavior (though of differ
ent behavioral characteristics than that of AMPH), and 
this model has been used in a few studies for evaluation 
of novel APDs. No marked differences between the po
tencies for inhibition of AMPH- or PCP-induced hyper
motility in rats were found with remoxipride, sertin
dole, risperidone, clozapine, and haloperidol. The only 
difference was that remoxipride and sertindole were 
the only APDs showing PCP inhibition in the absence 
of suppression of spontaneous motor behavior (Jackson 
et al. 1994). In a study with mice, haloperidol and ris
peridone showed similar potencies for inhibition of 
apomorphine-induced climbing behavior and of dizo
cilpine-induced locomotion and falling, whereas cloza
pine and olanzapine were IO-fold more potent against 
dizocilpine (Corbett et al. 1995). The 5-HT2 antagonist 
ritanserin was ineffective in both studies. 

The lack of effect of ritanserin is in contrast to results 
of two other studies in mice in which 5-HT2 antagonists 
(ritanserin, ketanserin, and MDL 100.907) potently blocked 
the effect of PCP (Gleason and Shannon 1997). In this 
study, olanzapine and clozapine had PCP-antagonistic 
effects at doses below those affecting spontaneous loco
motor activity. These results are consistent with those 
of Carlsson (1995) who showed that MDL 100.907 inhib
ited hypermotility induced by either dizocilpine, atro
pine, or the DA-uptake inhibitor GBR 12909 in mice. 

Finally, Maurel-Remy et al. (1995) have reported that 
the 5-HT2A antagonist MDL 100.907 as well as risperi
done and clozapine are much more potent antagonists 
of PCP- than AMPH-induced hyperactivity in rats, 
whereas haloperidol is equipotent. However, the PCP 
dosage in this study was extremely high (20 mg/kg) 
compared with other studies. This high dose induces 
behavioral toxicity with no coordinated locomotor ac
tivity, questioning the specificity of inhibitory effect 
mediated by 5-HT2 receptor antagonism. Furthermore, 
neurotoxicity, including formation of vacuoles, is pro
duced by high doses of PCP and dizocilpine (Olney and 
Farber 1995; Farber et al. 1996), although the relation of 
this effect to behavioral changes is unknown. 

Taken together, the acute hypermotility results are 
somewhat confusing and suggest that the efficacies of 
classic and novel APDs as well as ctcadrenoceptor and 
5-HT2 antagonists depend critically on the experimental 
conditions and on endogenous DA tone (challenge dose 
of behavioral stimulant, animal species, and possibly 
even strain). In particular, a critical analysis of the mo
tor effect of the APO (when given alone) and the possi
ble involvement of nonspecific behavioral toxicity that 
occurs with NMDA antagonists is warranted when in
terpreting results obtained with APDs. Certainly, the 
results illustrate the complex interaction between DA, 



NEUROPSYCHOPHARMACOLOGY 1998-VOL. 18, NO. 2 Do Novel Antipsychotics Have Similar Pharmacological Characteristics? 81 

noradrenaline, glutamate, and 5-HT systems for regula
tion of motor activity. Despite these limitations, we be
lieve that characterization of novel APDs in the models 
discussed gives a wealth of useful information. How
ever, direct comparison between compounds requires 
that the comparative studies be conducted under iden
tical experimental conditions. 

Another approach to the hypermotility models is the 
use of 2 weeks continuous intracerebral infusion of DA 
into the nucleus accumbens of rats in order to create a 
subchronic limbic DA hyperfunction. DA infusion leads 
to a complex hyperactivity pattern that is reversed by 
APDs. Limbic selectivity of the APD (given daily dur
ing the infusion period) is defined as an ability to pre
vent or normalize the hyperactivity to control levels, 
whereas suppression of motor activity below the level 
of vehicle controls is taken as evidence of nonselective 
depression of behavior. Furthermore, classic APDs gen
erally induce a rebound hyperactivity after simulta
neous withdrawal of DA and APD, which is not seen in 
control DA groups or after treatment with novel APDs. 
Sertindole has shown a high selectivity and potency in 
this model, whereas haloperidol and fluphenazine are 
nonselective. Clozapine inhibits the effect of DA, sup
presses motor activity below baseline level, and fails to 
induce rebound hyperactivity, thus having an interme
diate profile between sertindole and haloperidol (Cos
tall et al. 1987; Domeney et al. 1994). No data are avail
able for other novel APDs. Although this model is of 
potential interest due to its subchronic nature, it is 
poorly validated in terms of pharmacological character
ization. Furthermore, the mechanism behind the rebound 
hyperactivity is not understood. Finally, there are only 
published results from a single laboratory, with a conse
quent need for confirmatory data from other sources. 

Still another approach to differentiate between clas
sic and novel APDs is that chosen by Cools, Ellenbroek, 
and colleagues (references, see below). These investiga
tors measure cataleptic responses in rats separately in 
the fore- and hindpaws and have suggested each re
sponse to be an indicator of EPS and antipsychotic ac
tivity, respectively. Consistent with the previous dis
cussion, haloperidol is equally effective in both measures, 
whereas the novel APDs (sertindole, risperidone, olan
zapine, quetiapine) have 4- to 20-fold selectivity on 
hindlimb retraction times (Cools et al. 1995; Ellenbroek 
et al. 1996a). There is evidence for complex interactions 
between DA, 5-HTIA, 5-HT2 and OL 1-adrenergic recep
tors in the regulation of these effects (Prinssen et al. 
1994). Thus, the paw model appears to give qualita
tively similar differentiation between APDs as the pre
viously discussed hypermotility / stereotypy models. 

Acute EPS in Primates. The ability of APDs to induce 
acute dystonia and other neurological side effects in 
non-human primates is considered to be the most pre
dictive model of EPS in humans. The expression of 
symptoms is varied and is closely analogous to those 
seen in humans. Furthermore, this model has a very 
high sensitivity when using monkeys sensitized to the 
dystonic effect of classical APDs by long-term treat
ment, as is illustrated by the high potency of haloperi
dol (Casey 1993)-see Table 8. Casey (1993, 1996b) used 
the potency of haloperidol to develop a criterion for 
predicting the dose level producing EPS in schizo
phrenic patients by deriving a correlation between re
sults in monkeys and the accepted dose-response of 
haloperidol for EPS (threshold and maximum effect) in 
the clinic. Multiplication of the minimal effective dys
tonic dose in the monkeys by this factor (200 and 800 to 

Table 8. Acute Dystonic Reactions in Cebus Monkeys 

Compound 

Sertindole 
Clozapine 
Risperidone 
Olanzapine 
Quetiapine 
Ziprasidone 
Remoxipride 
Haloperidol 

Dystonia Threshold 
in Monkeys 

MED (µmol/kg (mg/kg), 
i.m. or s.c.)f 

1.1-2.3 (0.5-1.oY,,J 
>76 (25)" 

0.061 (0.025)" 
0.51 (0.16)" 

14 (4)' 
0.38 (0.16)' 

12 (5.0)'' 
0.067 (0.025)" 

Clinical Dose Range 
mg/day PO 

12-24 
250-500 

4-12 
10-20 

300-750? 
40-80? 

150-600 
5-20 

Estimated EPS 
Threshold in Humans 

mg/day" 

100-800 
>5000 

5-20 
32-130 

800-3200 
32-130 

1000--4000 
5-20 

"Casey (1993). Dystonia-inducing threshold (mg/kg) is multiplied by a factor of 200-800 to give the dose 
range for induction of EPS by haloperidol. 

"Casey (1996b). 
•Gerl~ch and Peacock (1995). 
"Slight dystonia is observed at 1.1 mmol/kg, 24 h after administration, whereas moderate dystonia is in-

duced within the first 6 h only at a dose of 2.3 mmol/kg. 
'Arnt and Halborg, unpublished observations. 
lmg/kg doses are indicated in parentheses. 
For details of methods, please refer to the cited studies. 
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obtain a dose range) gave valid predictions of EPS dose 
ranges for a number of marketed APDs. When this was 
done for novel APDs, it appeared that the antipsychotic 
dose-response curve could be dissociated from the EPS 
dose-response curve for some of the novel APDs. 

Clozapine is the only known APO that does not in
duce dystonia and that accordingly should be free of 
EPS potential, whereas other novel APDs all have a po
tential to induce EPS at a certain dose level. However, 
large differences between potencies of novel APDs are 
apparent: sertindole has a large separation between 
predicted EPS dose and clinically effective dose (Casey 
1996b). Olanzapine, quetiapine, and remoxipride are 
less selective but still have reasonable margins with re
spect to clinically studied doses (Gerlach and Peacock 
1995) (Table 8), whereas it is predicted that risperidone 
(equipotent with haloperidol; Casey 1996b) and ziprasi
done have little or no separation. It should be men
tioned that the dystonia thresholds with olanzapine, 
quetiapine, and ziprasidone have been determined us
ing a Cebus monkey colony at the laboratories of J. Gerlach 
in Denmark. These monkeys show a marginally higher 
sensitivity than those at D. Casey's site (Gerlach, per
sonal communication; Gerlach and Peacock 1995) and 
may thus lead to a slight underestimation of EPS safety 
indexes for these compounds. 

There are only few comparative reports on novel 
APDs in the literature. One study (Migler et al. 1993) 
showed very weak effects of quetiapine. Unfortunately 
it is difficult to compare the studies, because oral ad
ministration was used in the latter study versus subcu
taneous or intramuscular injection in the studies shown 
in Table 8. The potencies after oral administration are to 
a large extent influenced by bioavailability, rate of ab
sorption, and extent of metabolism-information that is 
not available for this species in the literature. Risperi
done was the only other novel APO that was included 
in the latter study, but only one dose level was studied. 
In a more recent summary article from the same group, 
a complete series of novel APDs was investigated, but 
only qualitative results were shown, precluding any 
critical evaluation (Goldstein 1995). Quetiapine has also 
been administered weekly to drug-naive monkeys and 
induced negligible dystonia compared with that seen in 
a haloperidol-treated group (Migler et al. 1993). 

The mechanism underlying the differences in dysto
nia-inducing potencies between novel APDs is not 
known, but it appears that all APDs with potent DA 0 2 

antagonistic actions induce dystonia. Dystonias are ef
fectively reversed by additional treatment with a mus
carinic antagonist, which is used as an antidote in the 
experiments if unacceptable dystonias develop. The 
muscarinic antagonism may thus contribute to the ac
tivity profile of clozapine and olanzapine. In contrast 
5-HT2 antagonism probably only weakly influences the 
response, as demonstrated by combination experiments 
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with haloperidol and ritanserin (Casey 1995). Agonism 
at 5-HT1A receptors can also diminish haloperidol
induced dystonia (loc. cit.). Although this effect has 
been proposed to be responsible for the lack of catalep
togenic effect of ziprasidone in rats (see previous sec
tion), this appears not to be of importance for the dysto
nia response in monkeys. No published evidence has 
evaluated the role of 0'1-adrenoceptor antagonism in the 
dystonia response, but our own unpublished studies of 
the combination of haloperidol and the 0'1-adrenoceptor 
antagonist aceperone do not suggest any reversal of ha
loperidol. 

Vacuous Chewing Movements. Numerous studies have 
shown that long-term continuous or intermittent ad
ministration of classic APDs induce oral dyskinesias in 
rats, the so-called vacuous chewing movements (VCMs). 
It has been suggested that this behavior represents an 
animal model of tardive dyskinesia (Iversen et al. 1980; 
Glenth0j and Hemmingsen 1989). Very few studies 
have been conducted using novel APDs. Clozapine in
duces less vacuous chewing than haloperidol (See and 
Ellison 1990; Kakigi et al. 1995). Furthermore, prelimi
nary studies have shown that continuous treatment 
with olanzapine and sertindole for 6 months in clini
cally relevant doses induces minimal vacuous chewing 
(Sakai et al. 1996). Although the extent to which VCMs 
are a model of tardive dyskinesia is uncertain, these re
sults are encouraging. Long-term clinical experience 
will be required to determine if novel APDs actually in
duce less tardive dyskinesia than presently used APDs. 

Conditioned Avoidance Responses. Only a few stud
ies of novel APDs in rats are available for this model, 
which has been used for more than 25 years but appar
ently has declined somewhat in popularity. Condi
tioned avoidance responses are inhibited by all classes 
of APDs, including clozapine, and are from a mechanis
tic viewpoint sensitive to DA and 0'1-adrenoceptor an
tagonists as well as benzodiazepines (Arnt 1982; also, 
see review by Ellenbroek 1993). More recent studies 
confirm that remoxipride (Ogren and Archer 1994), 
olanzapine, quetiapine, risperidone, and ziprasidone 
also inhibit the response (Moore at al. 1992, 1993; Seeger 
et al. 1995). Inhibition of conditioned avoidance re
sponse by novel APDs is seen at doses below those in
ducing catalepsy, but close to those inhibiting hyper
motility induced by DA stimulants and to doses 
depressing spontaneous locomotor activity. One study 
has confirmed the effect of risperidone on conditioned 
avoidance in the dog (Janssen et al. 1988). Another has 
shown effects of quetiapine in the Sidman avoidance 
paradigm in the monkey (Migler et al. 1993). For sertin
dole, unpublished observations show inhibitory effects 
in rats at high doses (11-23 µmol/kg). In conclusion, its 
low sensitivity to novel APDs questions the utility of 
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this model. Because cxi-adrenoceptor antagonists are ef
fective inhibitors of the conditioned response, this mech
anism is likely to contribute to the effects of novel APDs. 

Operant Responding Patterns. It is well known that 
APDs can attenuate or suppress operant responding. A 
recent study compared the effects of classic and novel 
APDs on standard operant responding in rats (lever 
pressing for food reward) using two test variables, the 
overall response rate and the within-session response 
decrement (Sanger and Perrault 1995). The results indi
cate that all APDs decreased response rate dose-depen
dently, whereas only haloperidol and remoxipride, but 
not clozapine, sertindole, and risperidone, induced the 
within-session decrement. The meaning of this differ
ence is unknown, but involvement of 5-HT2 receptor 
blockade was excluded. 

Another series of studies investigated the effect of 
APDs on lapping behavior (force, duration, and num
ber of licks and lapping rhythm were measured). Fur
thermore, within-session decrements were studied. Ha
loperidol and clozapine were differentiated by effects 
on lick rhythm and within-session decrements (first pa
rameter inhibited by clozapine, second by haloperidol). 
A follow-up study showed that olanzapine was similar 
to clozapine (Fowler and Das 1994; Das and Fowler 
1996). Other novel APDs were not studied and accord
ingly the broader implications of the results are pres
ently not known. 

Social Interaction Studies. Deficits in social interac
tion between two animals induced by PCP or dizo
cilpine in rats have been suggested as models for the 
negative symptomatology of schizophrenia (Corbett et 
al. 1995; Sams-Dodd 1996). In the study by Corbett et al. 
(1995), acute administration of dizocilpine and APDs 
was used. Haloperidol was ineffective in reversing the 
effects of dizocilpine, whereas clozapine, olanzapine, 
and risperidone restored social behavior. The effect of 
risperidone was confounded by inhibition of motor ac
tivity. In a study by Sams-Dodd (1996), an automated 
model was used for measuring changes in active and 
passive social behavior as well as locomotor hyperactiv
ity induced by PCP. Stereotypies were scored manu
ally. Furthermore, repeated dosing of APDs and PCP 
were used to induce partial tolerance to the ataxic ef
fects of PCP (while maintaining effects on social isola
tion) and to study the effects of APDs after treatment 
for 3 days or 3 weeks. Haloperidol did not reverse the 
deficits in social interaction induced by PCP, whereas 
clozapine showed partial reversal in the absence of mo
tor deficits. Studies of novel APDs have recently been 
completed in our laboratory. The results indicate that 
sertindole, risperidone, quetiapine, and remoxipride, but 
not olanzapine, to some extent reverse PCP-induced so
cial isolation after daily treatment for 3 weeks, although 
none of the compounds normalize the rats to resemble 

control animals (Sams-Dodd 1997). Differences between 
the effects of the compounds were noted: quetiapine 
generally had weak effects, whereas risperidone af
fected the passive social interaction only. Furthermore, 
it should be noted that whereas olanzapine may beef
fective at higher doses, local toxicity precluded re
peated administration of those. The relevance of the 
model for evaluation of negative symptomatology re
mains to be established. 

AMPH failed to induce consistent social isolation in 
the rat models discussed previously (Corbett et al. 1995; 
Sams-Dodd 1996), but in Java monkeys AMPH-induced 
social isolation has been described (Ellenbroek 1991). 
Although only a few APDs have been studied for 
AMPH reversal, acute treatment with quetiapine and 
clozapine has recently been shown to reverse deficits 
induced by AMPH. It would be of considerable interest 
to perform comparative studies of the novel APDs (El
lenbroek et al. 1996a). 

Drug Discrimination. The discriminative stimulus 
properties of AMPH in rats have previously been sug
gested to be a relevant animal model for evaluation of 
antipsychotic effects, because it detects the effects of 
classic APDs as well as clozapine (Nielsen and Jepsen 
1985). Furthermore, the AMPH response is mediated by 
the limbic DA system: it can be elicited by local injec
tion of AMPH into NAc (Nielsen and Scheel-Kruger 
1986), and the response to systemic administration of 
AMPH is abolished by previous 6-OHDA lesion of NAc 
(Dworkin and Bimle 1989). The predictability of AMPH 
discrimination as a model of antipsychotic activity has, 
however, been questioned by the finding that sertindole 
is unable to inhibit the AMPH response even at high 
doses, whereas clozapine has the expected inhibitory 
effect (Arnt 1992). Subsequently, a series of novel APDs 
was studied (Table 9). It was found that these drugs dif
fer in their ability to inhibit the AMPH stimulus effect: 
sertindole, quetiapine, and amperozide have no signifi
cant effects; remoxipride and risperidone have weak ef
ficacies; whereas olanzapine and clozapine are more ef
fective. Finally, the classic APDs completely block the 
AMPH response (Amt 1996). It should, however, be 
mentioned that risperidone in another study of AMPH 
discrimination showed higher inhibitory activity, but 
no other novel APDs were included for comparison 
(Meert et al. 1990). 

In parallel studies of DOI (a 5-HT2 agonist) and St 
587 (an o:1-adrenoceptor agonist) discrimination, sertin
dole showed marked and moderate antagonistic activ
ity, respectively, corresponding to its inhibitory effects 
on these receptors (see in vitro and ex vivo sections). 
Other APDs also inhibited DOI and St 587 discrimina
tion according to their effects on 5-HT2 and o:1-adreno
ceptors, respectively (Arnt 1992, 1996). 

Because several controlled clinical studies have con-
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firmed antipsychotic activity of both sertindole (e.g., 
Zimbroff et al. 1997) and quetiapine (e.g., Hirsch et al. 
1996), it is obvious that AMPH discrimination is not an 
animal model of schizophrenia. Instead it has been sug
gested that the AMPH inhibition is a measure of inhibi
tory effects on the DA reward system and accordingly that 
the model may be relevant for evaluation of the so-called 
neuroleptic-induced deficit syndrome (for further discus
sion and references, see Amt 1996; Brauer et al. 1997). 

It would be interesting to study PCP or dizocilpine 
discrimination as an alternative model for detection of 
antipsychotic activity, but only a few data are available. 
Although it has been suggested that clozapine, but not 
haloperidol, can reverse dizocilpine discrimination, the 
relevant study lacked information on response rates 
necessary for evaluation of specificity (Corbett 1995). 

Another application of drug discrimination is a 
mechanistic comparison of similarities between APDs. 
Clozapine is able to function as a discriminative stimu
lus, and it has been shown that olanzapine can general
ize to clozapine within a narrow dose range, whereas 
haloperidol is ineffective (Moore et al. 1993). In another 
study (Hoenicke et al. 1992), risperidone failed to gener
alize to clozapine. The clozapine discrimination is com
plex, involving muscarinic antagonism as well as 5-HT2 

antagonism (Hoenicke et al. 1992; Nielsen 1988). Thus, 
it is not surprising that only close analogues to clozap
ine can mimic the response. A similar study has re
cently been performed in squirrel monkeys. It demon
strated that quetiapine can substitute for clozapine, 
olanzapine partially substituted, whereas risperidone, 
sertindole, and remoxipride failed to show generaliza
tion (Carey and Bergman 1997). These results confirm 
the differences in subjective effects of novel APDs. Fur
thermore, though clozapine and olanzapine appear to 
be very similar in rats, this is only partially so in mon
keys, thus raising the possibility of species differences. 

Table 9. Inhibitory Effects of APDs on the Discriminative 
Stimulus Properties of D-Amphetamine (AMPH; 1.0 mg/kg, 
IP) and the 5-HT2 Agonist DOI (0.63 mg/kg, IP) 

Compound (Treatment Time 
before Test, h) 

Sertindole (2) 
Clozapine (1) 
Risperidone (2) 
Olanzapine (2) 
Quetiapine (0.5) 
Amperozide (0.5) 
Remoxipride (2) 
Haloperidol (2) 

ED50 (µmolkg,s.c.) 

AMPH DOI 

>23ns 
7.2 

>6.1 
5.9 

>20 ns 
>2.9ns 

>47 
0.30 

0.076 
0.39 
0.23 
0.088 
nt 

-0.5 
>23. ns 
-0.4 

ns = Indicates no significant inhibition; nt = not tested. 
Results an, previously published (Arnt 1996). For details on methods, 

including data on latency times and response disruption, please refer to 
the original article. 
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It has recently been shown that olanzapine can function 
as a discriminative stimulus in rats, which generalizes 
to clozapine (Porter and Strong 1996). No information 
about receptor mechanisms are available. 

Prepulse Inhibition (PPI) of Startle Response. Deficits 
in sensorimotor gating functions have been described in 
schizophrenic patients using the PPI of acoustic startle 
as model (for review, see Swerdlow et al. 1994a). Thus 
the model has construct validity for some aspects of the 
disease. The PPI of startle response can be modeled in 
experimental animals, most often by using acoustic 
stimuli. PPI is recorded by measuring the startle re
sponse to a short acoustic stimulus ( =pulse) in the ab
sence and presence of a smaller stimulus ( =prepulse) 
presented 50 to 100 s before the startle stimulus. Ani
mals showing normal PPI will show a significant de
crease in startle amplitude upon prepulse pairing. Re
cent studies have explored the involvement of various 
neurotransmitter receptors on PPI as well as the effects 
of APDs on deficits in PPI induced by different agents, 
including DA agonists (apomorphine), noncompetitive 
NMDA antagonists (PCP or dizocilpine), and 5-HT ago
nists (DOI or 8-OH-DPAT). Few detailed studies have 
been performed, thus making it difficult to make firm 
statements on the comparative effects of novel APDs. 

PPI-deficits induced by apomorphine can be reversed 
by both classic and novel APDs (clozapine, risperidone, 
olanzapine, and quetiapine); (Rigdon and Viik 1991; 
Swerdlow and Geyer 1993; Swerdlow et al. 1994b; Varty 
and Higgins 1995b; Rasmussen et al. 1997), though in 
some studies the effects of clozapine are confounded by 
marked inhibition of response amplitudes, thus ques
tioning specificity (Rigdon and Viik 1991). A negative 
study has also been published (Varty and Higgins 
1995b). The overall conclusion, however, is that com
pounds with marked antagonistic effects on DA recep
tors will reverse the effects of apomorphine. 

Studies of classic APDs (usually haloperidol) have 
consistently failed to show reversal of PCP- or dizo
cilpine-induced deficits in PPI (Varty and Higgins 
1995b; Hoffman et al. 1993; Wedzony et al. 1994; Swerd
low et al. 1996a), whereas the studies of clozapine have 
generated conflicting results. Some were unable to dem
onstrate reversal CTohansson et al. 1994; Hoffman et al. 
1993; Varty and Higgins 1995b), whereas others found 
partial reversal at a single dose level (Bakshi et al. 1994; 
Wiley 1994; Swerdlow et al. 1996a). A partial response 
was also seen in a single study of olanzapine at a rela
tively high dose level (Bakshi and Geyer 1995), whereas 
risperidone was ineffective against PCP (Swerdlow et 
al. 1996a). Full reversal against dizocilpine has been ob
tained with risperidone and the 5-HT2 antagonist ket
anserin, though only one acute dose of each drug was 
studied (Varty and Higgins 1995a,b). Full reversal is 
also observed with remoxipride (Johansson et al. 1994) 
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and quetiapine against PCP (Swerdlow et al. 1996a). 
The reversal induced by ketanserin was not confirmed 
in another interaction study of PCP and the 5-HT2 an
tagonists ketanserin or ritanserin (Bakshi et al. 1994). 
No data for sertindole and ziprasidone are yet avail
able, but ongoing studies in our laboratory suggest that 
sertindole, remoxipride, and quetiapine do not reverse 
PCP-induced deficits using a standard protocol of 3 
days of daily treatment with the test compound and 
PCP (3 mg/kg/ day; Arnt, unpublished observations). 

These results suggest that the APO-induced rever
sals of PPI deficits induced by noncompetitive NMDA 
antagonists are not robust findings, and the partial re
sponses and complex dose-response curves question 
the specificity of the effects. In several cases, these are 
confounded with nonspecific motor effects recorded as 
changes in the startle amplitude in the absence of the 
prepulse stimulus. 

Deficits in PPI induced by the 5-HT2 agonist DOI and 
the 5-HT releaser fenfluramine are readily reversed by 
risperidone and the selective 5-HT2A antagonist MDL 
100.907, whereas haloperidol and a 5-HT2c antagonist 
are ineffective (Varty and Higgins 1995b; Padich et al. 
1996; Sipes and Geyer 1995b). This suggests a straight
forward agonist/ antagonist interaction at 5-HT 2A re
ceptors, without contribution of DA systems. Similarly, 
5-HT1A agonists (e.g., 8-OH-DPAT and buspirone) as 
well as 5-HT18 agonists (RU 24969) reduce PPI, effects 
that can be reversed by antagonists at their respective 
sites (Sipes and Geyer 1995a; Rigdon and Weatherspoon 
1992; Sipes and Geyer 1994). 

Finally, it is relevant to mention that an interesting, 
nonpharmacological approach has been introduced in 
which deficits in PPI responses are demonstrated in un
treated rats reared in social isolation, thus mimicking 
deficits in schizophrenic patients (Geyer et al. 1993; 
Varty and Higgins 1995b; Bristow et al. 1995). In the 
study of Varty and Higgins (1995b), haloperidol, cloza
pine, raclopride, and risperidone all reversed the isola
tion-induced deficits. However, only a single dose level 
was studied for each compound, making strict compar
isons between relative efficacies of the compounds im
possible (Varty and Higgins 1995b). In the other study, 
isolation-induced deficits were paradoxically reversed 
by the glycine/NMDA antagonist L-701.324 (Bristow 
et al. 1995). In addition to the incomplete nature of dose
response curves, it should be mentioned that the magni
tude of PPI deficits in rats reared in isolation is smaller 
than that induced by apomorphine, PCP, or dizocilpine. 

The effects on PPI deficits induced by PCP or dizo
cilpine are of potential interest, because this class of 
NMDA antagonists in humans induces a psychotic 
state consisting of positive as well as negative symp
toms of schizophrenia (for references, see Sams-Dodd 
1996). Thus, it will be interesting to see whether this ap
proach can also be used to model part of the negative 

symptomatology. However, the differences between re
sults obtained in different laboratories, particularly 
with clozapine, suggest that the model is highly sensitive 
to methodological differences, and thus comparative 
studies using identical experimental conditions are neces
sary to make fair comparisons between test compounds. 

In conclusion, the concept of the PPI startle model is 
of potential interest, but important information is still 
lacking: no detailed studies of the effects of APDs in 
schizophrenic patients are available, and furthermore, 
no studies using subchronic APO treatment in animals 
have been published. 

Latent Inhibition. Latent inhibition is defined as a re
tarded acquisition of a conditioned response that occurs 
if the subject being tested is preexposed to the same 
stimulus "to-be-conditioned" before the conditioning 
trials actually start. Thus, deficits in latent inhibition 
can be interpreted as reflecting an inability to ignore ir
relevant stimuli and therefore shows some similarities 
to the above-mentioned prepulse startle response para
digm. Latent inhibition can be modeled in animals as 
well as in humans and has been shown to be deficient in 
schizophrenia (Feldon and Weiner 1991b), though some 
recent evidence has questioned this notion (Swerdlow et 
al. 1996b ). Despite conceptual similarities, latent inhibi
tion and prepulse startle inhibition are mediated by sep
arate neuronal substrates (Ellenbroek et al. 1996b). 

Latent inhibition is usually studied in rats by mea
suring the acquisition of a conditioned emotional re
sponse or conditioned taste aversion in the absence and 
presence of a series of unconditioned acoustic or visual 
preexposures. Using a low number of preexposures 
that do not induce latent inhibition in vehicle-treated 
rats, haloperidol and other classic APDs have consis
tently been shown to facilitate the response (Feldon and 
Weiner 1991a; Dunn et al. 1993), although there is con
troversy about the profile of clozapine. Some studies 
have failed to show positive effects of clozapine (Dunn 
et al. 1993), whereas three studies confirmed its efficacy 
(Feldon and Weiner 1991a; Moran et al. 1996; Weiner 
and Feldon 1994; Weiner et al. 1996). The discrepancy 
may be related to the disruptive effects of clozapine on 
the conditioned emotional response per se, leaving only 
a narrow dose range open for showing the positive ef
fects. No systematic studies have been made with novel 
APDs, though a positive effect has been demonstrated 
with sertindole and MDL 100.907 at relatively high 
doses (Weiner et al. 1994; Moser et al. 1995). 

The effects of antipsychotics can also be evaluated as 
a reversal of the deficits in latent inhibition induced by 
AMPH, using a higher number of preexposures leading 
to maximum latent inhibition in the vehicle group. Such 
studies confirm that haloperidol, clozapine, sertindole, 
and MDL 100.907 prevent the AMPH-induced disrup
tion (Moran et al. 1996; Warburton et al. 1994; Weiner et 
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al. 1994; Moser et al. 1995). In conclusion, although the 
model detects classic and novel APDs, further work is 
needed to compare efficacies of the novel APDs with 
the classic compounds. 

OTHER BEHAVIORAL EFFECTS 

Effects on Cognitive Responding 

Although the main focus in the search for novel APDs 
has been to diminish the EPS liability (as discussed ear
lier), the influence on cognitive function has been rela
tively neglected. In addition to the severe psychotic 
symptoms, schizophrenic patients often show impair
ment of cognitive function, i.e., compromised attention, 
associative abilities, judgment, concentration, planning 
ability, and memory. Although reports have suggested 
that memory deficits in schizophrenic patients could be 
drug-induced (Frith 1984) and that classic neuroleptics 
induce deficits in animals (Beatty and Rush 1983; Levin 
1988), consensus has not been achieved. Recent reviews 
discussing results obtained within the last 5 years indi
cate that APDs have no marked effect on the deficits in 
working memory or secondary memory impairments in 
schizophrenic patients (Goldberg and Weinberger 1996). 
In contrast, some data do indicate an improvement in 
vigilance. In a review of 30 patient studies, Green and 
King (1996) concluded that there is poor consistency be
tween the results of the studies, but a trend does sug
gest that there is an antipsychotic-induced improve
ment of cognitive function. 

APDs have been reported to improve basic informa
tion processing in patients, but the medication effects 
are sensitive to different testing conditions (Cutmore 
and Beninger 1990). In memory tests including digit 
repetition, picture recall, and story repetition, chlorpro
mazine and thioridazine impaired short-term verbal 
memory, whereas trifluoperazine and haloperidol im
proved short-term verbal memory in schizophrenic pa
tients. Immediate and long-term memory and visual 
short-term memory were unaffected by the medication 
(Eitan et al. 1992; Verdoux et al. 1995). 

A recent review by Goldberg and Gold (1995) con
cluded that the cognitive measures are stable, indepen
dent of the medication status, and presumably a reflection 
of the clinical state. Additionally, cognitive impairment is 
not merely a function of psychotic symptomatology, as 
the BPRS scores (positive and negative) can be improved 
without a change in the cognitive rating, i.e., cognitive 
function constitutes a separate symptom dimension. 

To gather comparative information on the effect of 
APDs on cognition in rats, we have tested the effect of 
haloperidol and novel APDs on spatial learning and 
memory in the Morris water maze (Morris 1984) and in 
a delayed nonmatch to position model, models for eval-
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uation of working and reference memory (Dunnett et 
al. 1988; Etherington et al. 1987; Didriksen 1995b). 

Water Maze. In the water maze model, rats are en
couraged to find a hidden platform beneath the water 
surface. Rats in the control group show a gradual de
crease in escape latencies, whereas daily APO treatment 
30 min before the swimming trials differentially influ
enced the performance. In general, three compounds 
were more or less inactive (sertindole, clozapine, and 
quetiapine) whereas risperidone, ziprasidone, and ha
loperidol significantly inhibited the spatial perfor
mance. Olanzapine significantly inhibited spatial per
formance after administration of high doses. The results 
are summarized in Table 10 (Skarsfeldt 1996). 

Delayed Nonmatch to Position. In a test model for 
working memory, rats were tested in a visual-spatial 
version of the delayed nonmatching to position para
digm. Animals were first trained to perform the test 
until showing performance accuracy decreasing from 
90-100% to approximately 60-70% correct responses 
with increasing delay time (delay from 0-9 s). In gen
eral, APDs had marked inhibitory effects: risperidone 
and haloperidol potently decreased performance, 
whereas olanzapine, ziprasidone, and clozapine were 
somewhat weaker. Two compounds, sertindole and 
quetiapine, were inactive at the tested doses (Table 10) 
(Didriksen 1995b and unpublished results). Haloperi
dol, clozapine, and sertindole have also been studied af
ter daily treatment for 3 weeks: haloperidol retained its 
marked inhibitory effect, whereas tolerance developed 
to the effect of clozapine. Sertindole induced no deficits, 
similar to the results obtained after acute administra
tion (Didriksen and Sams-Dodd 1997). These results in
dicate that the depolarization blockade of DA neurons 
in the VTA seen after repeated treatment with APDs is 
unrelated to effects on cognitive performance. 

Table 10. Effects of Antipsychotics in Two Rat Models of 
Cognition 

MED (µmol/kg, s.c.) 

Delayed Nonmatch 
Compound to Position" 

Sertindole >5.7 
Clozapine 7.6 
Risperidone 0.97 
Olanzapine 4.0 
Quetiapine >40 
Ziprasidone 6.1 
Haloperidol 0.11 

''Didriksen 1995b and unpublished. 
1'Skarsfeldt 1996. 

Morris Water 
Maze& 

>5.7 
>31 

0.76 
8.0 

>11 
3.0 
0.11 

Some results are previously published, as indicated (Didriksen 1995b; 
Skarsfeldt 1996). For details on methods, please refer to original articles. 
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In conclusion, the present data suggest that several 
of the tested compounds (risperidone, ziprasidone, and 
haloperidol) more or less impair spatial learning in the 
water maze and working memory in the delayed non
matching to position paradigm, whereas two of the 
novel APDs (sertindole and quetiapine) do not induce 
cognitive deficits. The reason for the pronounced effect 
of some of the compounds is unclear, but it is suggested 
that a marked DA D2 receptor antagonism is mainly 
responsible for the impairment of responding. The dif
ferences might be of clinical significance as several of the 
novel APDs are weak or relatively weak DA D2 receptor 
antagonists and hence might not aggravate the cognitive 
deficits often encountered in schizophrenic patients. 

At present it is not known which human cognitive 
parameters correspond to these learning and memory 
functions in rats. The water maze is presumably a very 
stressful test model for the rats, and the stress level 
might influence the outcome of the test, suggesting that 
compounds possessing anxiolytic activity may indi
rectly improve spatial learning. However, diazepam 
does not improve performance in the maze. Instead, di
azepam impairs acquisition (McNamara and Skelton 
1991; Arolfo and Brioni 1991). In contrast, although the 
delayed nonmatch to position model is presumably less 
stressful, risperidone, ziprasidone, and haloperidol im
pair working memory at least as potently as observed 
in the water maze. The cognitive disturbances in schizo
phrenic patients are an important target for develop
ment of better APDs. However, the above-mentioned 
animal models have little chance to predict such effects, 
because cognitive performance is near optimal in nor
mal rodents. Availability of animals with cognitive def
icits relevant for schizophrenia will be of crucial impor
tance for advances in this field of research. One such 
possibility is the model of neonatal hippocampal le
sions (Weinberger and Lipska 1995) in which cognitive 
deficits have been described in the adult rats (Chambers 
et al. 1996). 

Anxiolytic Potential 

Anxiety and aggression are frequently accompanying 
symptoms in schizophrenic patients, and benzodiaz
epines are one of the most commonly used add-on 
treatments, both as anxiolytics and as sedative/hypnot
ics. Thus, an add-on anxiolytic effect of an APD might 
be desirable. Whereas classic APDs are generally inef
fective in animal models of anxiety, some positive find
ings have been obtained with novel APDs, though only 
few studies are available. 

In classic operant conflict procedures, clozapine and 
olanzapine have shown anxiolytic-like activity with a 
mechanism of action different from benzodiazepines 
(Moore et al. 1994; Wiley et al. 1993; Nanry et al. 1995), 
whereas risperidone and remoxipride are ineffective. 

Selective antagonists at 5-HT2 and muscarinic receptors 
are ineffective as well (Moore et al. 1994). Using Vogel's 
test (shock-induced suppression of drinking behavior), 
amperozide has anticonflict activity of similar magnitude 
to diazepam (Gustafsson and Christensson 1990a). Fur
thermore, clozapine and olanzapine have pronounced 
effects on conditioned freezing behavior induced by 
prior inescapable electric shock, whereas haloperidol is 
ineffective (Inoue et al. 1996). 

Sertindole has no anticonflict activity. However, us
ing alternative anxiolytic test models in mice and rats 
sertindole has potent effects: it markedly facilitates ex
ploratory behavior in the light/ dark exploration model 
(i.e., measuring the aversiveness of a highly illuminated 
test compartment in a free choice situation with a dark 
compartment of the text box), facilitates social interac
tions between unfamiliar rats in high-light conditions, 
and shows marked anxiolytic effects in the marmoset 
human threat test. At relatively high doses, sertindole 
inhibits aggressive behavior of mice kept in isolation 
(Sanchez et al. 1995). Facilitation of social behavior has 
been demonstrated by others for clozapine and risperi
done, whereas haloperidol is ineffective (Corbett et al. 
1993). In a follow-up to the sertindole study (Sanchez et 
al. 1995), a series of novel APDs and haloperidol was in
vestigated in the light/ dark exploration test in rats, for 
antiaggressive activity in isolated mice and for inhibi
tion of shock-induced ultrasonic vocalization in rats 
(Sanchez and Amt 1995). Haloperidol, clozapine, ris
peridone, olanzapine, quetiapine, and ziprasidone did 
not mimic the potent effect of sertindole in the light/ 
dark exploration test, whereas all compounds, except 
haloperidol, had antiaggressive effects. In the shock
induced ultrasonic vocalization test, sertindole was in
effective, haloperidol and ziprasidone had weak effects, 
whereas the remaining APDs showed reasonable inhib
itory potencies. 

It is not possible to deduce the mechanism behind 
these complex differences in anxiolytic profiles, but the 
studies suggest that the novel APDs may affect one or 
several symptoms of anxiety. They also suggest that the 
novel APDs comprise a heterogeneous group with re
spect to anxiolytic effects. Clinical experience is needed 
to confirm whether the effects seen in animals are rele
vant for treating anxiety in schizophrenic patients. 

An important point for evaluation of a drug with 
anxiolytic potential is to demonstrate lack of abuse po
tential. This has been accomplished in the conditioned 
place preference paradigm for haloperidol, clozapine, 
risperidone, and sertindole, which all fail to induce 
preference or aversion. Rather they inhibit place prefer
ence induced by AMPH or metamphetamine (Hoffman 
and Donovan 1995a; Suzuki and Misawa 1995). Fur
thermore, remoxipride fails to sustain self-administra
tion and rather attenuates AMPH self-administration 
(Amit and Smith 1991). 
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Antidepressant-like Activity 

In addition to anxiolytic co-medication, antidepressants 
are frequently combined with APDs as well. Very little 
evidence exists for positive or negative effects of classic 
and novel APDs in animal models of depression. This is 
probably related to the limited number of accepted 
models and to the theories favoring stimulation rather 
than inhibition of the limbic DA system to achieve anti
depressant activity, using different treatment strategies 
(Willner et al. 1992). This is particularly shown in the 
chronic mild stress-induced anhedonia model in rats 
where DA agonists reverse anhedonia (Muscat et al. 
1992), whereas DA antagonists can reverse the effects of 
an antidepressant (Willner et al. 1991, 1992) without 
having effect by themselves (Papp et al. 1996). 

In the learned helplessness model of depression, a 
single study indicates that haloperidol and raclopride 
further enhance the deficits in shuttle-box responding 
following unavoidable shocks, whereas sertindole has a 
weak reversing ("antidepressant-like") activity in a nar
row dose range and clozapine is ineffective (Chris
tensen 1994). To our knowledge, other novel APDs 
have not been studied in this paradigm. 

In the popular swim despair model devised by Por
solt, haloperidol increased (i.e., an effect opposite to an
tidepressants), whereas clozapine did not influence im
mobility time (Borsini et al. 1984; Kawashima et al. 
1985). No published data are available for novel APDs. 

Finally,, a few comments on the model of differential
reinforcement-of-low-rate (DRL) responding in rats. This 
model is assumed to be a test of impulsivity and is able 
to detect effects of putative antidepressant treatments 
(drugs and electroconvulsive shock) (Seiden et al. 1985). 
Haloperidol and clozapine are ineffective (loc. cit.), 
though contrary evidence has been reported (Pollard 
and Howard 1986). Unpublished results show positive 
effects of sertindole (Richards and Seiden, personal 
communication), but the effect is probably related to its 
potent 5-HT2 antagonistic activity, because selective 
5-HT2 antagonists are effective in the model as well 
(Marek et al. 1989). 

Schedule-induced polydipsia is an acquired behavior 
that bears some resemblance to obsessive-compulsive 
disorders. Food-deprived rats receive food pellets at 
regular intervals during a 20-min daily test session and 
develop excessive drinking behavior leading to con
sumption of more than the total daily need of water 
during this period. The acquisition of this behavior is 
inhibited by APDs, and it has been demonstrated that 
classic APDs have profound inhibitory effects on drink
ing, drinking efficiency as well as food reward, whereas 
clozapine and sertindole decrease only some patterns of 
the behavior. Risperidone has an intermediate activity 
profile (Didriksen and Christensen 1994; Didriksen 
1995a). The clinical implications of this differentiation 
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are not known, but it is hypothesized that the effects of 
classic APDs are related to their EPS potential. It is un
clear whether the effects of novel APDs are a reflection 
of antipsychotic activity or suggest an additional effect 
on affective states. 

CLINICAL EXPERIENCE 

The ultimate question is whether the differences in 
pharmacological properties of classic and novel APDs 
are reflected in their clinical effects. It is premature to 
answer this question in depth presently, but some infer
ences can be made. Clinical findings from phase II and 
III clinical trials have recently been reviewed across 
novel APDs (Kerwin and Taylor 1996; Owens 1996). 

EPS Potential versus Clinical Efficacy on Positive 
Psychotic Symptoms 

The present consensus is that the efficacy against posi
tive symptoms is similar for classic and novel APDs. 
Further, it appears that predictions of lower EPS risks 
from preclinical studies are correct for the novel APDs 
discussed in this article. 

Clozapine is the only APO predicted to be free of 
EPS. It is accepted that clozapine has low EPS liability, 
although not necessarily nonoccurring (see review, Ca
sey 1996c). In animal models of EPS, risperidone has 
shown an intermediate activity profile between halo
peridol and clozapine. EPS occurs dose-dependently in 
clinical studies at the higher dose levels (above 10 mg/ 
day), although there may be a narrow dose range (less 
than 10 mg/ day) in which risperidone induces less EPS 
than haloperidol (Chouinard et al. 1993; Marder and 
Meibach 1994; Peuskens 1995; Song 1997). However, the 
dose-response studies with risperidone were made using 
a single, relatively high dose of haloperidol (10 or 20 mg/ 
day) as the comparator. Thus, strict comparisons between 
drugs are difficult, particularly with respect to EPS. 

Sertindole phase III trials have recently been com
pleted showing a clinically effective dose range be
tween 12 and 24 mg/ day. In no instance did EPS fre
quency and severity differ from that of placebo-treated 
patients (van Kammen et al. 1996; Dunn and Fitton 
1996; Tamminga and Lahti 1996; Wehnert et al. 1997). 
The most rigorous evaluation of sertindole is provided 
in a 7-arm placebo controlled study, consisting of three 
doses of sertindole (12, 20, and 24 mg/ day), three doses 
of haloperidol (4, 6, and 16 mg/day) and placebo. All 
active treatment groups had significantly greater im
provement from baseline to final evaluation on the total 
P ANSS score compared to placebo. The incidence of 
EPS seen for sertindole is indistinguishable from pla
cebo across the range of doses (12-24 mg/ day), whereas 
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all dose groups of haloperidol showed significantly 
more EPS compared to placebo and sertindole (Zim
broff et al. 1997; Tamminga and Lahti 1996). The effi
cacy of sertindole was maintained in a I-year study 
(Swann et al. 1997). 

In our preclinical evaluation, olanzapine is predicted 
to induce less EPS than risperidone, although it still 
shows significantly more acute DA-blocking activity 
than clozapine, sertindole, ziprasidone, and quetiapine. 
However, the first published controlled trial of olanzap
ine (1 and 10 mg/ daily) versus placebo did not reveal 
EPS different from placebo (Beasley et al. 1996a). In a 
subsequent large phase III study of olanzapine in daily 
doses of 2.5-7.5 mg, 7.5-12.5 mg, and 12.5-17.5 mg ver
sus haloperidol 10-20 mg or placebo, the same conclu
sion was reached (Beasley et al. 1996b). Clinical efficacy 
of olanzapine was achieved at the two higher doses. 
However, it appeared that the consumption of anticho
linergic EPS medication tended to increase dose-depen
dently with olanzapine, though it was still less fre
quently used than in haloperidol-treated patients. Very 
recently, the results of an even larger phase III trial have 
been published, reaching the same conclusions (Tollef
son et al. 1997a). The published results, together with 
preliminary findings, have recently been reviewed (Ful
ton and Goa 1997). In addition, a few additional results 
deserve mention. The predicted difference in EPS rates 
between olanzapine and risperidone has now been con
firmed in a controlled trial (Tollefson et al. 1997b). Fi
nally, in al-year study compared with haloperidol, re
lapse rate is lower with olanzapine treatment (Weiden 
et al. 1996). 

Quetiapine has shown antipsychotic efficacy at daily 
doses of 150-750 mg/ day. So far EPS have been re
ported to be at placebo level. No full articles are avail
able to evaluate the findings that until now have only 
been presented at meetings (for reviews, see Hirsch et 
al. 1996; Casey 1996a, and a recent abstract, Rak and Ar
vanitis 1997). 

Clinical studies of ziprasidone are limited to poster 
presentations (for review, see Kerwin and Taylor 1996). 
Ziprasidone has demonstrated antipsychotic activity at 
dose levels between 80 and 160 mg/ day, with low EPS 
frequency. 

Although remoxipride is no longer on the market it 
should be mentioned that it-as predicted from preclin
ical studies-induced less EPS than classical APDs in 
equieffective doses in controlled clinical trials (review 
by Lewander et al. 1990; Owens 1996). Whether remox
ipride is comparable to some of the other novel APDs in 
showing EPS at placebo level is likely, but cannot be an
swered due to lack of appropriate placebo-controlled 
clinical trials. 

So far there is no evidence for differences in the time
course of antipsychotic activity between classic and 
novel APDs. Thus, a decrease of the time to maximal 

antipsychotic effect still remains an attractive goal for 
continued drug development. 

In conclusion, there is consistency between animal 
and human data for positive symptom efficacy and 
EPS, except that to date clinical trials have not demon
strated any differences among sertindole, olanzapine, 
and quetiapine. However, it should be mentioned that 
animal studies usually cover a larger dose range than the 
clinical studies and thereby increase the chance of finding 
differences between drugs with roughly similar profiles. 

Negative and Affective Symptoms and Effects in 
Patients Refractory to Classic APDs 

Drugs with effects on negative symptoms of schizo
phrenia are highly needed in the therapeutic armamen
tarium. Controlled studies of novel APDs indicate that 
risperidone, olanzapine, sertindole, and quetiapine all 
decrease PANSS (negative symptom subscale) or SANS 
ratings significantly in comparison with placebo, whereas 
haloperidol is ineffective (see references in previous 
section). The closest preclinical relation is to the reversal 
of PCP-induced social isolation in rats (Sams-Dodd 
1996). The only failure in the prediction of clinical re
sponse from animal studies is olanzapine, and this may 
have been due to insufficient dosing. 

It is difficult to distinguish effects on primary nega
tive symptoms from indirect effects due to reduction of 
positive symptomatology and lack of induction of EPS. 
It is still debated whether the effects of clozapine on 
negative symptoms are direct or indirect (Owens 1996), 
and the same holds for patients treated with risperi
done. From a path analysis of the results of the North 
American risperidone study, there is evidence that both 
direct and indirect effects of risperidone are involved in 
the decrease in negative symptoms (Moller et al. 1995). 
Other studies show only marginal effects of risperidone 
(metaanalysis by Carman et al. 1995). For sertindole 
and olanzapine, path analyses on phase III data also in
dicate an effect on primary negative symptoms (Lahti et 
al. 1997; Tollefson and Sanger 1997). However, large 
studies of patients with primary negative symptomatol
ogy are yet to be completed with novel APDs. There
fore, final conclusions on the comparative efficacies of 
novel APDs cannot yet be made. 

The same lack of information on effects of novel 
APDs in patients refractory to the effects of classic 
APDs precludes any inferences on the promise of the 
novel APDs compared with the efficacy of clozapine 
(Kane et al. 1988; Jalenques 1996). Recent results suggest 
that risperidone has some efficacy in treatment-resistant 
patients: equal efficacy to clozapine was suggested in a 
pilot study (Bondolfi et al. 1996), whereas recent ab
stracts suggest that risperidone has intermediate effi
cacy compared with clozapine and classic APDs (Flynn 
et al. 1997; Ames et al. 1997). In contrast, the first dou-
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Table 11. Summary of Gross Activity Profiles of Haloperidol and Novel APDs in Animal Models 

AMPH Motility: 
VTA/SNC Selectivity vs. Stereotypy Dystonia AMPH Discrim. Cognition 

Compound Selective and Catalepsy Primates, Inactive Lack of Inhib. Lack of Inhib. 

Sertindole '1 " 
I 

(--J) --J --J 

Clozapine '1 ,J --J No (--J) 
Risperidone No (--1) No (--J) No 
Olanzapine '1 (--1) (--J) No No 
Quetiapine Noor'1 ? (--J) ,J (--1) 
Ziprasidone No ,J No ? No 
Amperozide (--J) ,J ? ,J ? 
Remoxipride --1 (--1) No ('1) ? 
Haloperidol No No No No No 

'1 = favorable profile; (--1) = partially favorable profile; No = unfavorable profile with respect to each target effect (antipsychotic activity, EPS, and 
cognitive disturbances);? = data are not available. 

The evaluation is based on previous tables in this article and includes mainly results from our own laboratories. The statements indicate that halo
peridol in all models has an unfavorable profile, whereas novel APDs show large variations in activity patterns. 

ble-blind study of olanzapine versus chlorpromazine in 
refractory patients does not suggest a clozapine-like ef
ficacy (Conley et al. 1997). 

Few controlled studies are available with the novel 
APDs in affective disorders, but recent data show supe
riority to haloperidol for risperidone on anxiety items 
(Blin et al. 1996) and for olanzapine against haloperidol 
in depression ratings in schizoaffective patients (Tollef
son et al. 1997c). These results confirm preclinical find
ings summarized in the anxiety and depression sec
tions, but it is too early to judge about similarities and 
differences between the novel APDs. 

CONCLUSIONS 

This review indicates that it is inappropriate to divide 
APDs into two homogenous groups, the classic and 
novel APDs. Rather, each novel APD has its own spe
cific pharmacological profile, ultimately determined by 
its effects on a variety of targets in the brain. The novel 
APDs discussed in this review have both similarities as 
well as differences in the spectrum of receptors they in
fluence and in the balance between the relative affinities 
and potencies. Most of the novel APDs affect multiple 
receptors, with the exception of remoxipride. The prom
ising preclinical profile of this, unfortunately withdrawn, 
drug remains impossible to explain. 

An important point is to accept that very different re
sults for the same APD can be obtained in a range of an
imal models of psychosis and EPS, even though these 
models are widely accepted as being of reasonable pre
dictive validity. Thus, it is problematic to select a drug 
for clinical development based only on a few models. 
To illustrate this, we have summarized the APO pro
files roughly in Table 11 for some of the important mod
els in which comparative studies of the APDs have been 
made in our laboratories. This table illustrates that each 

APD has its own pharmacological "fingerprint." It also 
illustrates that clozapine and sertindole across most 
models have similar pharmacological profiles, whereas 
the remaining compounds show variable outcomes. In 
some models the compounds are suggested to show 
limbic and/ or cortical selectivity, whereas other models 
suggest nonselective profiles. 

It is very satisfying that the accumulated clinical evi
dence (see previous section) largely confirms the pre
dictions made from animal studies that the novel APDs 
are effective antipsychotics with less or no EPS com
pared with classic APDs. Nevertheless, much remains 
to be learned about subtle clinical differences between 
the novel APDs, particularly on specific patient groups, 
i.e., those with predominant negative symptoms, pa
tients refractory to classic APDs, patients with cognitive 
disturbances, as well as anxiety and depression, etc. 
Furthermore, differences in the spectrum of side effects 
may show up when larger patient populations have 
been studied. 
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