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ABSTRACT 
 
Antipsychotic drugs have been classified as typical or atypical. To achieve an effective 

antipsychotic effect with typical antipsychotic drugs, e.g. haloperidol, a dopamine D2 receptor 
blockade of about 70% seems necessary. On the other hand, the prototype for atypical 
antipsychotic drugs clozapine is clinically effective already at about 45% D2 receptor 
occupancy. Clozapine possesses affinity for a large number of receptors and an important 
question is to what extent these other receptor affinities may contribute to its therapeutic 
action. Atypical antipsychotic drugs have been claimed to exert an advantageous effect on 
negative symptoms as well as cognitive deficits in schizophrenia. These symptoms/deficits 
are thought to be largely related to dysfunctions in the prefrontal cortex, and both preclinical 
and clinical studies indicate deficits in prefrontal dopamine functioning, which in turn may be 
linked to a glutamatergic dysfunction in the prefrontal cortex.  

By using in vivo voltammetry in anaesthetized rats we have examined to what extent 
different types of antipsychotic drugs modulate dopamine release in two subdivisions of the 
nucleus accumbens, the core and the shell, regions that are associated with motor control and 
limbic functions, respectively. Haloperidol and drugs that yield a high D2 receptor occupancy 
induced a higher dopamine release in the core than in the shell. In contrast, atypical 
antipsychotic drugs, given in doses that generate high 5-HT2- but low D2 receptor occupancy, 
caused a higher dopamine output in the shell than in the core. Both selective 5-HT2A- and α1 
adrenoceptor antagonists caused a significantly increased dopamine output exclusively in the 
shell region. In addition, even very low doses of haloperidol which generate very low D2 
receptor occupancies still induced the highest dopamine output in the core. These results 
show that typical and atypical antipsychotic drugs exert differential effects on dopaminergic 
function in the two subdivisions of the nucleus accumbens. Whereas the typical profile 
largely seems to be related to the D2 receptor blockade, the atypical profile may also involve 
actions at other receptors, such as 5-HT2A- and α1 receptor blockade.  

Clozapine is a potent α2 adrenoceptor antagonist and adjunctive treatment with idazoxan, 
an α2 adrenoceptor antagonist, enhances the effect of typical antipsychotic drugs in treatment-
resistant schizophrenia. The effects of clozapine, idazoxan, the D2/3 receptor antagonist 
raclopride and the combination of idazoxan and raclopride were examined on i) glutamatergic 
neurotransmission in the medial prefrontal cortex, using electrophysiological intracellular 
recording in pyramidal cells in vitro, and ii) impaired cognitive performance induced by the 
selective N-methyl-D-aspartate (NMDA) receptor antagonist MK-801, using the 8-arm radial 
maze test in rats. Whereas neither idazoxan nor raclopride had any effect when given alone, 
the combination exerted the same facilitation of glutamatergic transmission as clozapine, an 
effect found to be mediated by D1 receptor activation. In similarity with clozapine, the 
combination of α2- and D2/3 receptor blockage completely reversed the impaired cognitive 
function. Moreover, these effects of the two treatment regimes were obtained at similar 
occupancies at D2-, α2A- and α2C receptors. Our results provide novel neurobiological and 
behavioural support for a pro-cognitive effect of adjunctive use of idazoxan with 
antipsychotic drugs that lack appreciable α2 adrenoceptor antagonistic properties.  

Schizophrenic patients are mostly heavy smokers. Nicotine has been shown to improve 
both cognitive dysfunction and negative symptoms in schizophrenia, and it has been 
suggested that the intense tobacco consumption may represent a form of self-medication with 
nicotine. We examined whether nicotine, when given alone or in combination with raclopride 
or L-745,870, a D4 antagonist, might facilitate glutamatergic neurotransmission in the medial 
prefrontal cortex, using intracellular recording in pyramidal cells in vitro. Neither nicotine, 
nor raclopride or L-745,870 showed any effect. However, combining nicotine with raclopride 
or L-745,870 facilitated glutamatergic transmission, supporting a cognitive-enhancing effect 
of nicotine in schizophrenic patients.  

 
Key words: schizophrenia, antipsychotic drug, nucleus accumbens shell, nucleus 

accumbens core, prefrontal cortex, dopamine, 5-HT2A receptor, α1 adrenoceptor, α2 
adrenoceptor, glutamate, nicotine. 
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Introduction 
 

 
1. INTRODUCTION 
1.1. Antipsychotic drugs  

In the early 1950s the first antipsychotic drug was introduced for treatment of 
schizophrenia. Chlorpromazine, an antihistaminic compound, initially used to 
alleviate stress in patients undergoing surgery, was found to be unique in controlling 
the symptoms of psychotic patients without excessively sedating them (Delay et al., 
1952; see Bennett, 1998), and the word “neuroleptic” was defined to describe drugs 
with such effects on the mental state of patients. In 1958 a new compound, 
haloperidol, was synthesized and found to be a powerful neuroleptic. The classical 
neuroleptics, that generally induced extrapyramidal side-effects (EPS), e.g. 
parkinsonism and dystonia, were subsequently called typical antipsychotic drugs and 
later also first generation antipsychotic drugs (FGAs). At this time, the mechanism of 
action was completely unknown. In 1958, Carlsson and associates discovered that 
dopamine functions as an independent neurotransmitter in the brain, and a few years 
later they found that chlorpromazine and haloperidol, in contrast to e.g. 
antihistamines, shared a common ability to enhance the metabolism of noradrenaline 
and dopamine (Carlsson and Lindqvist, 1963). This effect was explained by a 
compensatory activation of monoaminergic neurons due to blockade of 
monoaminergic receptors. This was the first time that dopamine was implicated in the 
treatment and, by inference, in putative pathophysiology of schizophrenia.  

Clozapine was synthesized in 1958 as one of many tricyclic compounds with a 
structural similarity to the recently introduced imipramine. In animal studies 
clozapine was found to possess a pharmacological profile that was more similar to 
chlorpromazine than imipramine, and accordingly clinical trials in psychotic patients 
were performed. Clozapine was found to exert a powerful antipsychotic effect (Gross 
and Langner, 1966; see McKenna and Bailey, 1993; see Bennett, 1998). The absence 
of EPS was noted in animal experiments, as well as in clinical practice, and because 
of the lack of these side-effects clozapine was not considered as a “real neuroleptic”. 
At this time, it was a part of the psychopharmacological dogma that EPS were 
indicative of antipsychotic efficacy (Hippius, 1989). Clozapine was subsequently 
defined as an atypical antipsychotic drug. Unfortunately, clozapine produced many 
other side-effects and the most severe was agranulocytosis (Idänpään-Heikkilä et al., 
1977), which led to withdrawal of clozapine from the market. However, in some 
countries clozapine remained in clinical practise, although only under strict 
supervision, involving regular haematological monitoring of the patients. Because of 
its superiority to other neuroleptics in certain patients, the interest in clozapine 
increased and was again introduced to the market in 1990. 

Subsequently, clozapine was found to be therapeutically effective in many 
refractory patients who did not respond to conventional antipsychotic drugs (Conley 
et al., 1988; Kane et al., 1988; Lindström, 1988). Clozapine has also been shown to 
improve negative symptoms, as well as some of the cognitive deficits in 
schizophrenic patients, more effectively than typical antipsychotic drugs. The rather 
unique clinical profile of clozapine has been attributed to a preferential action on the 
mesolimbocortical dopamine system. Clozapine was shown to increase dopamine 
turnover more in the limbic system than in the striatum, whereas haloperidol 
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increased dopamine turnover to the same extent in both areas (Andén and Stock, 
1973). Electrophysiological studies showed that whereas typical antipsychotics 
influence dopamine cell firing in both ventral tegmental area (VTA; the origin of the 
mesolimbocortical dopamine system) and substantia nigra (SN; the origin of the 
nigrostriatal dopamine system), clozapine exerts a preferential effect on dopamine 
neurons in the VTA (Bunney and Grace, 1978; White and Wang, 1983; Bunney, 
1984; Hand et al., 1987). Subsequently, clozapine has also been found to increase 
dopamine output to a greater extent in the prefrontal cortex compared to subcortical 
dopaminergic areas, whereas typical antipsychotic drugs have been shown to increase 
dopamine output more in the striatum than in the prefrontal cortex (Moghaddam and 
Bunney, 1990a-b; Nomikos et al., 1994; Youngren et al., 1999). Furthermore, a 
similar limbic selectivity of clozapine and other atypical antipsychotic drugs has also 
been observed in studies investigating the ability of antipsychotic drugs to induce 
post-synaptic activation measured as expression of the immediate-early gene c-fos in 
dopaminergic target areas (Deutch et al., 1992; Robertson and Fibiger, 1992). 

Through the development of positron emission tomography (PET) and the use 
of receptor-selective radioligands, it became possible to directly measure the 
occupancy at a receptor in vivo in relation to the behavioural effects in humans 
produced by the drug, e.g. its antipsychotic effect and/or EPS liability. Thus it was 
shown that in order to obtain a sufficient antipsychotic effect with typical 
antipsychotic drugs, e.g. haloperidol, a striatal D2 receptor occupancy of around 70% 
is necessary, but above 80% the risk of EPS becomes very high (Farde et al., 1988, 
1992; Farde and Nordström, 1993; Nordström et al., 1993; Kapur et al., 1996). 
Clozapine, on the other hand, needs only a central D2 receptor occupancy of around 
45% to achieve its antipsychotic effect (Farde et al., 1989; Wiesel et al., 1990; Farde 
and Nordström, 1992; Nordström et al., 1995). Consequently, at this low level of D2 
blockage, the risk of inducing EPS is very low. 

Clozapine possesses high affinity for other receptors than the D2 receptor, e.g. 
D3- and D4 receptors, α1- and α2 adrenoceptors, several types of 5-HT receptors (e.g. 
5-HT2A), muscarinic and histaminergic receptors (Ashby Jr and Wang, 1996). One 
important question is to what extent these other receptor affinities of the drug may 
contribute to its therapeutic action. During the last two decades a number of atypical 
antipsychotic drugs, also called second generation antipsychotic drugs (SGAs), with 
different receptor binding profiles (see Table 1) have been introduced, but in terms of 
efficacy clozapine still seems to be superior to both typical and most other atypical 
antipsychotic drugs (Davis et al., 2003). On the other hand, a better adverse effect 
profile of other SGAs than clozapine may lead to higher rates of compliance and 
better quality of life compared to treatment with typical antipsychotic drugs.  
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Table 1. In vitro receptor binding profile (Ki value, nM) for the antipsychotic 
drugs used in the thesis 
 
 
 Haloperidol Clozapine Risperidone Olanzapine Sertindole Quetiapine 

D1  * 270 540 620 250 210 4240 

D2  * 1.4 150 3.3 17 7.4 310 

D3  * 21 360 13 54 8.2 650 

D4  ** 11 40 16 28 21 1600 

5-HT1A * 3080 180 250 n.a. n.a. n.a. 

5-HT2A * 25 3.3 0.16 1.9 0.85 120 

5-HT2C * >5000 13 63 7.1 1.3 3820 

α1  * 19 23 2.3 60 1.8 58 

α2A  ** 1130 50 23 470 640 2230 

α2C  ** 550 9.1 9.1 210 450 350 

mACh  * 4670 34 >5000 26 >5000 1020 

H1  * 730 2.1 2.6 3.5 570 19 

 

* In vitro receptor binding profile in animal brain, ** in vitro receptor binding profile in cloned human 
receptors. n.a.= not available. (From Schotte et al. 1996).  
Remark: Given differences in dosage, pharmacokinetic and biodistribution between compounds, 
comparison should be based on relative rather than absolute affinities. 
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1.2. Schizophrenia 

Schizophrenia is one of the most devastating brain disorders with a world-wide 
lifetime prevalence of about 0.85 %, generally claimed to be independent of 
geographic, cultural or socio-economic variables (Sartorius et al., 1986; Carpenter Jr 
and Buchanan, 1994). However, higher rates of schizophrenia have been reported in 
some immigrant populations in both Britain and the Netherlands (see Jablensky, 
1997), suggesting that environmental factors may be involved. The onset of the 
disease usually occurs during late adolescence/early adulthood and it affects both 
sexes equally. Morbidity and mortality is high, with a suicide rate of approximately 
10% (Meltzer, 2002). The disease does not only cause human suffering, but also very 
high costs for the society in terms of lost productivity as well as medical care. 

Family and twin studies have provided strong support for a hereditary linkage 
(Asherson et al., 1995), and the increased risk of developing schizophrenia is 
apparently based on largely common genes. Several putative susceptibility genes 
have been identified and the evidence for some of them is strong (see Harrison and 
Weinberger, 2005). Clearly, schizophrenia is a complex genetic disorder, which is not 
characterized by any single causative gene and it does accordingly not show simple 
patterns of inheritance. Thus, each gene will only account for a small increment in 
risk, and the genes involved are probably, in turn, modified by other genes as well as 
by environmental factors.  

The definition of the phenotype in schizophrenia is difficult because patients 
with this illness suffer from a wide variety of symptoms. The first psychotic episode 
is often preceded by prodromal signs such as depression, social withdrawal, 
impairment of role function, odd behaviour and ideas, neglect of personal hygiene 
and blunted affect. The prodromal period, which may last for several years, is 
subsequently followed by one or several psychotic episodes. It is often at this stage of 
the illness that the patient gets in contact with psychiatric healthcare and treatment 
with antipsychotic drugs begins. Yet, symptoms such as poverty of speech, poor 
attention span, blunted affect and lack of motivation may reside for long periods of 
time. Such symptoms are called negative symptoms because they reflect the absence 
of normal interpersonal and social functions. The more overt and florid symptoms 
during an intense psychotic period are instead called positive symptoms (or psychotic 
symptoms) because they reflect the presence of additional, distinctly abnormal 
manners and behaviours related to delusions and hallucinations with markedly bizarre 
or disorganized activity as a consequence (see Andreasen, 1995). A third group of 
symptoms involves deficits in cognitive functions, i.e. dissociative thought disorders, 
such as tangentiality, incoherence, looseness of associations, and impaired attention 
or information processing (see Carpenter Jr and Buchanan, 1994). 
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1.3. The dopaminergic system 
1.3.1. Dopamine  

 

The amino acid tyrosine, 
derived from food proteins, is the 
original precursor of the catechol-
amines. First, tyrosine is converted 
to L-dihydroxyphenyl-alanine (L-
Dopa) by the enzyme tyrosine 
hydroxylase, which is the rate-
limiting enzyme in the catechol-
amine synthesis (see Figure 1). 
This enzyme can be blocked by α-
methyl-p-tyrosine (AMPT). 
Second, L-Dopa is rapidly de-
carboxylated by L-aromatic amino 
acid decarboxylase to dopamine, 
the final product in dopaminergic 
neurons. (In noradrenergic neurons 
the enzyme dopamine-β-hydroxy-
lase hydroxylates dopamine into 
noradrenaline). Dopamine is stored 
in vesicles in the nerve terminal. 
The storage of dopamine in the 
vesicles can be inhibited by 
reserpine, which irreversibly 
damages dopamine uptake/storage 
mechanisms and produces long-lasti
dopamine from the nerve terminals is a
impulse activity. Released dopamine
dopamine-selective transporter. This is
released transmitter. Extravesicular do
enzyme monoamine oxidase (MAO) to
different forms of MAO exists in huma
A has a substrate preference for nor
appears to be an equally good substrat
dopamine is degraded by catech
methoxytyramine (3-MT), which is fu
Pargyline, which is used in the presen
non-selective MAO inhibitor (see Coop

TYROSINE
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MAO
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Figure 1. Schematic drawing of a dopaminergic 
nerve terminal. AMPT, reserpine and pargyline 
are drugs used in the thesis. Abbreviations: DA=
dopamine, D1= D1-like receptor, D2= D2-like 
receptor, Gi= Gi-protein, Gs= Gs-protein, AC= 
adenylate cyclase, other abbreviations see text. 
(Modified from Cooper et al. 2003). 
ng depletion of dopamine. The release of 
 calcium-dependent process initiated by nerve 

 is transported back into the neuron via a 
 the main mechanism for inactivation of the 
pamine is intracellularly metabolized by the 
 dihydroxyphenylacetic acid (DOPAC). Two 
n and rat brain, MAO-A and MAO-B. MAO-

adrenaline and serotonin, whereas dopamine 
e for both MAO-A and MAO-B. Extracellular 
ol-O-methyl transferase (COMT) to 3-
rther degraded to homovanillic acid (HVA). 
t study (see Materials and Methods 3.3.), is a 
er et al., 2003).  
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1.3.2. The dopaminergic systems in the brain  
 
 

            

VTA
NAC SN

Am
Hip

Sep

Str

Hyp

Th

P

Mesolimbic
pathway

Nigrostriatal
pathway

Tubero-hypophyseal
pathway

PFC

M
pathway
esocortical

 
Figure 2. Dopaminergic pathways in the human brain. Abbreviations: Am= amygdaloid nucleus; Hip= 
hippocampus; Hyp= hypothalamus; NAC= nucleus accumbens; P= pituitary gland; PFC= prefontal 
cortex; Sep= Septum; SN= substantia nigra; Str= striatum; Th= thalamus; VTA= ventral tegmental 
area. (Modified from Rang et al. 1999). 
 
 

On the basis of their efferent projections, the dopamine neurons are organized 
into four subsystems: the nigrostriatal, the mesolimbic, the mesocortical and the 
tuberoinfundibular dopaminergic systems (Figure 2). The nigrostriatal dopaminergic 
system originates in the SN and projects primarily to the striatum. This system is 
involved in motor control, and degeneration of this system causes the symptoms of 
Parkinson´s disease. Accordingly, it is involved in EPS that frequently occur during 
treatment with typical antipsychotic drugs. Both the mesolimbic and the mesocortical 
systems originate in the VTA. The mesolimbic dopaminergic system projects to the 
nucleus accumbens (NAC), the nuclei of the stria terminalis, parts of the amygdala 
and the hippocampus, the lateral septal nuclei, the cingulate and the entorhinal 
cortices. This system plays a role in emotional control, motivation and reward. The 
mesocortical dopaminergic system projects to the neocortex, and most densely to the 
prefrontal cortex. The prefrontal cortex is generally involved in executive planning, 
temporal organization of behaviour, attention and social behaviours, and the 
prefrontal dopaminergic system may be importantly involved in the negative 
symptoms and cognitive deficits in schizophrenia (see Goldman-Rakic and Selemon, 
1997). Finally, the tuberoinfundibular dopaminergic system originates in the arcuate 
nucleus of the hypothalamus and projects to the pituitary stalk. This system is 
involved in endocrine control. Many antipsychotic drugs may also modulate this 
system, causing an increased prolactin secretion, which results in side-effects such as 
gynaecomastia, galactorrhoea, sexual dysfunction, infertility and amenorrhoea 
(Haddad and Wieck, 2004).  

The midbrain dopamine neurons located in SN and VTA, i.e. the origin of the 
nigrostriatal, the mesolimbic and the mesocortical systems, receive noradrenergic, 
serotonergic, cholinergic, glutamatergic and γ-aminobutyric acid (GABA)-ergic 
inputs. 
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1.3.3. Dopamine receptors 
Two types of dopamine receptors, D1 and D2, were first distinguished on 

pharmacological and biochemical bases. They are linked to activation and inhibition 
of adenylate cyclase, respectively (Spano et al., 1978). In 1988, cDNA transcribing 
the D2 receptor protein was cloned (Bunzow et al., 1988) and this achievement 
opened a new area of dopamine receptor research. The D1 family includes D1- and D5 
receptors, while the D2 family consists of the D2-, D3- and D4 receptor subtypes (Jaber 
et al., 1996). The D2 receptor exists in a long and a short isoform, D2L and D2S. The 
predominant isoform expressed in brain is D2L, but both isoforms appear to be co-
expressed throughout the brain (see Hartman and Civelli, 1997). The dopamine 
receptor subtypes all belong to the family of G-protein coupled transmembrane 
receptors. They are expressed in the brain in distinct but overlapping areas (see Jaber 
et al., 1996). Both D1- and D2-like receptors are localized postsynaptically, whereas 
the presynaptic autoreceptors belong to the D2 family (see Figure 1). By blocking 
these autoreceptors with dopamine antagonists, dopamine synthesis and release will 
increase, an effect that also has been attributed to a compensatory increase in the 
firing rate of the dopaminergic neurons, induced by the blockade of postsynaptic D2 
receptors, so-called feed-back activation (see Cooper et al., 2003). 

D1 receptors are most abundant and widespread in areas receiving dopaminergic 
innervation, with highest densities found in the striatum, NAC, olfactory tubercle and 
SN, but are also found in thalamus, hypothalamus and cerebral cortex (Boyson et al., 
1986; Dubois et al., 1986; Camps et al., 1990). The D5 receptors are mainly restricted 
to thalamic, hypothalamic and hippocampal areas (Meador-Woodruff et al., 1992). 
The highest densities of D2 receptors have been found in almost the same areas as 
where the D1 receptors are expressed, namely striatum, olfactory tubercle, NAC, SN, 
and VTA. The D2 receptor is also expressed in the pituitary where it regulates the 
secretion of prolactin (Creese et al., 1977). D3 receptors are found primarily in areas 
belonging to the limbic system, such as NAC shell, olfactory tubercle, island of 
Calleja, ventral pallidum, SN and cerebellum, but to some extent also in the striatum 
and the VTA (Sokoloff et al., 1990; Levesque et al., 1992; Stanwood et al., 2000). D4 
receptors are much more weakly expressed, and occur mainly in the cortex and limbic 
areas (Van Tol et al., 1991). D4 receptors have been found to be present on both 
glutamatergic pyramidal and GABAergic non-pyramidal neurons in the cerebral 
cortex and the hippocampus (Mrzljak et al., 1996). 

Overall, it appears that D2 receptors are more prominently expressed in areas 
associated with motor control, while D3- and D4 receptors are preferentially located in 
areas where the dopamine system is thought to serve a role in modulating emotion 
and cognition. Also, the D1 receptors have been attributed to play a major role in 
cognitive functions (see Goldman-Rakic et al., 2004). Because of their limbic 
selectivity, both D3- and D4 receptors have received much attention as potential 
targets for antipsychotic drugs (see Jardemark et al., 2002). Preclinically, D3 
antagonists have in some models been shown to produce similar effect as D2 
antagonist and even a putative antipsychotic effect (Lacroix et al., 2003; Park et al., 
2003), but so far no clinical studies showing antipsychotic effect with selective D3 
antagonists have, to my knowledge, been published. Clinical trials with selective D4 
antagonist have been performed, but showed to be ineffective in the treatment of 
schizophrenia (Kramer et al., 1997; Corrigan et al., 2004). 
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1.4. The serotonergic system 

The 5-hydroxytryptamine (5-HT, serotonin) neurons originate from clusters of 
cells located within the raphe nuclei near the midline of the brain stem. The nerve 
terminals of these cells innervate virtually all regions of the central nervous system. 
The 5-HT innervation of the forebrain arises from the dorsal and median raphe nuclei 
(se Figure 4). There are seven classes of serotonin receptors (5-HT1-7), of which 
several are further subdivided, e.g 5-HT1A,B,D,E,F and 5-HT2A,B,C (see Saudou and Hen, 
1994). The 5-HT3 receptor is a ligand gated ion channel, but the other 5-HT receptors 
are G-protein coupled receptors. For example, activation of 5-HT2A- and 5-HT2C 
receptors leads to up-regulation of IP3/DAG (inositol triphosphate/ diacylglycerol) 
and neuronal excitation, whereas activation of 5-HT1A receptors down-regulates 
cAMP (cyclic adenosine monophosphate) leading to neuronal inhibition. The 
serotonergic systems are involved in e.g. sleep, wakefulness, mood, feeding 
behaviour and perceptual changes such as visual hallucinations (see Barnes and 
Sharp, 1999). The 5-HT receptors which have received particular attention in the 
pharmacology of schizophrenia are the 5-HT2A-, 5-HT2C- and 5-HT1A receptors (see 
Meltzer et al., 2003b), partly due to the fact that several antipsychotic drugs, in 
particular the atypicals, exhibit high affinities for these receptors (see Table 1). The 5-
HT2A receptors are widely distributed in brain with a high density in the frontal cortex 
(Pazos et al., 1985; Hoyer et al., 1986), where they have been localized to pyramidal 
glutamatergic neurons (Jakab and Goldman-Rakic, 1998). 5-HT2A receptors are also 
localized within the SN and the VTA, as well as in the terminal regions of the 
mesolimbic/mesocortical dopamine neurons, indicating a potential role of these 
receptors in the actions of antipsychotic drugs. The highest density of 5-HT2C 
receptors is found in the choroid plexus, but they are also detected in the 
hippocampus and the cortex. High densities of 5-HT1A receptors are found in the 
hippocampus, septum, amygdala, entorhinal cortex and the raphe nuclei (see Saudou 
and Hen, 1994). The 5-HT2A and 5-HT2C are mainly postsynaptic receptors, whereas 
5-HT1A receptors are located both pre- and postsynaptically.  

 

1.5. The noradrenergic system 
The noradrenergic cell groups are localized in the brainstem and can be divided 

into two major subgroups, the lateral tegmental nuclei and the locus coeruleus (LC). 
The LC is the main source of the forebrain noradrenergic nerve terminals and project 
e.g. to the amygdala, hippocampus as well as most cortical areas (see Figure 4). There 
are two types of adrenoceptors, α and β, and they are both G-protein coupled 
receptors. The α and β receptors have been further subdivided into α1A,B,D, α2A,B,C and 
β1-3 (see Bylund, 1988; Docherty, 1998). Both α1- and α2 adrenoceptors are widely 
distributed in the rat brain (Nicholas et al., 1996). Originally, it was presumed that α2 
adrenoceptors were presynaptic and α1 adrenoceptors postsynaptic, but subsequent 
studies have shown that α2 adrenoceptors can also be postsynaptically located and α1 

adrenoceptors presynaptically located (see Docherty, 1998). Specifically, the α2A 
adrenoceptor is predominantly expressed presynaptically, although α2C adrenoceptor 
subtype may also occur in nerve terminals. The α1 adrenoceptors are linked to 
activation of phospholipase C and an intracellular increase of Ca2+, whereas the α2 
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adrenoceptors are coupled to inhibition of adenylate cyclase. Activation of the α2 
adrenoceptors results in a hyperpolarization of the neuron.  

The major central noradrenaline system, originating in the LC, exerts a major 
influence on brain and behavioural responses. Thus, the level of activation of the LC 
neurons has been found to be correlated with vigilance, showing phasic activation 
responses to environmental sensory stimuli, particularly if associated with novelty or 
fear, but showing low activity in association with behaviours such as grooming, sweet 
water consumption or sleep (see Svensson and Mathé, 2002). A role for the LC in 
attentional functioning is generally recognized and, in principle, the system may serve 
as a significant enhancer with respect to salient environmental stimuli. This function 
also appears to apply to the internal milieu, and a general role in the so-called defence 
reaction appears very likely (Svensson, 1987), and subsequent studies over the past 
two decades have largely confirmed and extended such a biological role of the largest 
brain noradrenaline system (Aston-Jones et al., 1999).  

In parallel to the feedback circuit between the frontal cortex, NAC and 
SN/VTA areas, the prefrontal cortex also provides a potent excitatory influence on 
LC neurons (Jodo et al., 1998). There are also two brainstem nuclei that provide 
major synaptic input to the LC. The nucleus paragigantocellular mediates, via 
glutamate, excitatory effects of environmental stimuli and is crucial for vigilance, 
attention and behavioural responses to external stimuli, whereas the nucleus 
prepositus hypoglossi exerts an inhibitory action via GABAergic input. In addition, 
other regions such as the VTA, raphe nuclei, and the hypothalamus provide input to 
the LC and thereby contribute to the modulation of noradrenaline dependent 
behaviour. Blockage of both α1- and α2 adrenoceptors have been suggested to be 
involved in the mechanisms of action of antipsychotic drugs (see Results and 
Discussion, General Discussion). 

 
1.6. The glutamatergic system 

On the basis of their functional action, amino acid transmitters have been 
divided into two general categories; excitatory and inhibitory. The excitatory 
transmitters, e.g. glutamate, depolarize neurons, whereas the inhibitory transmitters, 
e.g. GABA, hyperpolarize neurons in the central nervous system. Glutamate is 
considered to be the main neurotransmitter mediating fast excitatory signalling in the 
brain (Orrego and Villanueva, 1993). A range of excitatory amino acid receptors have 
been identified and characterized as ionotropic or metabotropic (Ozawa et al., 1998). 
Metabotropic receptors are coupled to G-proteins and operate through a second 
messenger system. The ionotropic receptors, N-methyl-D-aspartate (NMDA), α-
amino-3-hydroxy-5-methyl-isoxazole-4-propionate (AMPA) and kainate, are ligand-
gated ion channels (see Figure 3). The ionotropic receptors are all named according to 
their specific agonists, but the endogenous ligands for these receptors are thought to 
be glutamate and/or aspartate. 

AMPA, as well as the kainate receptors, are non-selective and permeable to Na+ 
and K+ ions, but mostly impermeable to Ca2+. The AMPA receptor is widely 
expressed in the brain and is considered to be the most important receptor for fast 
excitatory signalling in the brain (Seeburg, 1993). The low Ca2+ permeability of 
AMPA receptors has the consequence that glutamate-activated ionic currents, 
mediated by these channels, do not carry Ca2+ ions into the cell to initiate biochemical 
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and biological processes triggered by an increase in intracellular Ca2+ levels. The 
NMDA receptor has slower kinetics compared to the AMPA receptor (see Figure 12), 
but the permeability for Ca2+ is high. NMDA-mediated Ca2+ flux is an important 
consequence of glutamate activation. Excessive NMDA receptor activation and 
concomitant Ca2+ influx can cause neuronal death (Olney and Sharpe, 1969; Choi, 
1988). However, an important restriction to Ca2+ influx is provided by the 
requirement for glycine as co-agonist. Moreover, activation of the NMDA receptor is 
restricted by voltage-dependent Mg2+-block at the resting potential. This block is 
removed by e.g. an AMPA receptor-mediated depolarization of the membrane. 
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Figure 3. Schematic drawing of the ionotropic excitatory amino acid receptors. Abbreviations: APV = 
2-amino-5-phosphono-valeric acid; CNQX = 6-cyano-7-nitroquinoxaline-2,3-dione; Glu= glutamate; 
Gly= glycine; PCP= phencyclidine. (Modified from Kandel et al. 1991). 
 

Glutamate is the main neurotransmitter of the neocortical and hippocampal 
pyramidal neurons and is thought to be involved in higher mental functions such as 
cognition, learning and memory. Thus, antagonists at the glutamatergic NMDA 
receptor impair learning and memory, while NMDA receptor agonists and facilitators 
may improve memory (Francis et al., 1993; Francis, 2003). Likewise, ampakines 
(positive modulators of glutamatergic AMPA receptor function) may facilitate 
learning and memory (Lynch, 1998). Several lines of evidence suggest hypofunction 
in glutamatergic transmission in schizophrenia. For example, in healthy human 
volunteers the non-competitive NMDA-receptor antagonist phencyclidine (PCP) has 
been shown capable of inducing both positive and negative symptoms as well as the 
typical formal thought disorder, that is a distinctive feature of schizophrenia (Javitt 
and Zukin, 1991; see Introduction 1.9.). 
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1.7. The cholinergic system 
There are several cholinergic neuronal pathways in the brain, of which the two 

major originate in the magnocellular basal complex (the nucleus basalis and the 
preoptic magnocellular nucleus), which provide the largest cortical and hippocampal 
input, and the peduncolopontine-laterodorsal tegmental complex (the 
pedunculopontine nucleus and the laterodorsal tegmental nucleus), with projections to 
the thalamic nuclei and the midbrain dopamine neurons (see Gotti and Clementi, 
2004). Cholinergic neurotransmission is mediated through muscarinic and nicotinic 
acetylcholine receptors (mAChRs, nAChRs). The mAChRs are G-protein coupled 
receptors mediating slow synaptic transmission and exert presynaptic modulation in 
various brain areas. The nAChRs are ligand-gated ion channels, and are widespread 
in the CNS, although at much lower densities than e.g. glutamate receptors. The 
composition of nAChRs in the CNS is diverse. The receptor is a pentamer containing 
α and β-subunits, e.g. the homomeric α7 nAChR and the heteromeric α4β2 nAChR 
(see Gotti and Clementi, 2004). The cholinergic systems acting via nAChRs regulate 
processes such as transmitter release, cellular excitability and neuronal integration, 
which are crucial for network operations, and influence physiological processes such 
as cognitive functions. Terminals of cholinergic neurons are found throughout all 
layers of the neocortex and synapse with pyramidal neurons of layer II/III and V 
(Bravo and Karten, 1992). Both muscarinic and nicotinic receptors activate 
glutamatergic pyramidal neurons and hence increase glutamate release (Chessell and 
Humphrey, 1995; Dijk et al., 1995). 

The prevalence of smoking among psychiatric patients has been found to be 
high and in patients with schizophrenia as high as 70-90 % (Hughes et al., 1986; 
George and Krystal, 2000). Nicotine has been proposed to improve both cognitive 
dysfunctions as well as negative symptoms in schizophrenia and it has been 
suggested that their intense tobacco consumption may represent a form of self-
medication (Svensson et al., 1990; Nomikos et al., 2000; Simosky et al., 2002; Martin 
et al., 2004). Nicotine administration has been shown to improve sustained attention 
(Depatie et al., 2002), and also to normalize several sensory-processing deficits seen 
in schizophrenia (see Leonard et al., 2001). In addition, post-mortem studies of 
schizophrenic patients have shown a small but significant decrease in α7 
immunoreactivity in the hippocampus (Freedman et al., 1995), in thalamus and 
frontal cortex (Martin-Ruiz et al., 2003). 

  
1.8. The nucleus accumbens and the prefrontal cortex 

In this thesis two brain areas have been studied, the NAC and the prefrontal 
cortex. The NAC is a projection area of the mesolimbic dopamine system and has 
been ascribed several functional roles, including the regulation of motivational and 
emotional processes as well as reward function. Based on histochemical studies the 
NAC has been anatomically subdivided into a core and a shell region (Zaborszky et 
al., 1985) and, more recently, also in a rostral pole region (Zahm and Brog, 1992). 
The core and the shell, have been shown to differ in neuronal connections, 
neurochemistry and function (Heimer et al., 1997; Zahm, 1999, 2000). For example, 
Deutch and Cameron (1992) examined the effects of stressful stimuli and various 
antipsychotic drugs, i.e. haloperidol and clozapine, on dopamine metabolism in the 
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two subdivisions, and reported that mild stress selectively augments dopamine 
metabolism in the shell, but not in the core of the NAC. In contrast, haloperidol was 
found to increase dopamine metabolism to a greater extent in the core than in the 
shell, whereas clozapine produced approximately the same effect on dopamine 
metabolism in both subdivisions of NAC. Generally, it has been proposed that the 
shell region constitutes a mesolimbic sector in the brain involved largely in emotional 
and motivational processes, while the core region comprises a striatal sector that 
plays a role predominantly in motor functions (Deutch, 1993). Consequently, the 
NAC has been considered as an interface between the limbic system and the 
extrapyramidal motor system. 

The prefrontal cortex is a projection area of the mesocortical dopamine system. 
These dopamine neurons have been shown to modulate the activity of neurons in the 
prefrontal cortex related to cognitive functions such as working memory, planning 
and execution of behaviour, inhibitory response control and maintenance of focused 
attention (see Le Moal and Simon, 1991). At least three types of neurons have been 
identified in rodent cortex, regular-spiking (RS), intrinsically bursting (IB) and fast-
spiking (FS; Connors and Gutnick, 1990). RS and IB cells can be either pyramidal 
neurons or spiny stellate cells, and thus constitute the excitatory cells of the cortex. 
The stellate cells are very similar to pyramidal cells but their axons do not leave the 
cortex. Pyramidal cells constitute the majority of neurons in the neocortex (60-70%). 
Their sizes range from 12-36 µm and their somata can be found in layer II through VI 
(Kawaguchi, 1993). Stellate cells are smaller, 4-8 µM, and are most numerous in 
layer IV (see Afifi and Bergman, 1998). FS cells are non-pyramidal cells and are 
likely to be GABAergic inhibitory interneurons. Apart from the dopaminergic input, 
the prefrontal cortex receives also noradrenergic, serotonergic and cholinergic inputs 
and, in accord with an almost universal law of cortical connectivity, the prefrontal 
cortex sends fibers to practically every structure from which it receives input (Fuster, 
1997; see Figure 4). 
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Figure 4. Schematic presentation, on coronal sections of the brain, of the noradrenergic pathway from 
the locus coeruleus (LC), the serotonergic pathway from the dorsal and medial nucleus raphe (DR, 
MR), and the mesocortical dopaminergic pathway from the ventral tegmental area (VTA); all three 
innervate the prefrontal cortex (PFC). 
Abbreviations: SN= substantia nigra, NAC= nucleus accumbens. (Modified from Fuster 1997) 
 
 
 
 
 
 
 
 
 

” Any hypothesis attributing schizophrenia to a 
dysfunction of dopamine neurons should consider the 
possibility that such a dysfunction, in contrast to 
parkinsonism, might not reflect a primary pathology of 
dopamine neurons themselves but, instead, some 
particular changes in the normal balance of impulses 
converging upon such neurons from widely different 
sources.”  

   W. J. H. Nauta, 1976 
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1.9. Hypotheses of schizophrenia 

Dysfunctions in brain dopamine systems have been thought to be crucial in the 
pathophysiology of the disease, since inter alia all antipsychotic drugs that have 
proven effective in the treatment of schizophrenia, impair brain dopaminergic activity 
(see Carlsson, 1988; Kapur and Mamo, 2003). The first pharmacological evidence, 
indirectly supporting the dopamine hypothesis of schizophrenia, was published by 
Carlsson and Lindqvist 1963 (see Introduction 1.1.). Subsequently, their findings 
were confirmed by functional studies in the rat by Andén et al. (1966, 1970). The 
dopamine hypothesis has since then been supported by numerous preclinical, as well 
as clinical, studies. Experimental studies using receptor ligand binding techniques in 
vitro revealed that all clinically effective antipsychotic drugs bind to D2 receptors in 
brain (Seeman et al., 1975, 1976; Creese et al., 1976). Antipsychotic drugs have also 
been shown to label dopamine receptors in the brains of schizophrenic patients (Farde 
et al., 1988, 1992) and a statistically significant relationship between antipsychotic 
effect and degree of D2 receptor occupancy has been shown (Nordström et al., 1993). 
In fact, dopamine D2/3 receptor antagonism still remains the only common 
denominator in the presumed mode of action of all presently used antipsychotic drugs 
(Kapur and Mamo, 2003). Moreover, dopamine-releasing drugs, as well as D2 
receptor agonists, may aggravate or induce a paranoid psychosis (Angrist et al., 1974) 
and may also exacerbate schizophrenic symptoms (Snyder et al., 1974; Angrist and 
van Kammen, 1984). Dopamine receptor antagonists and drugs that block neuronal 
dopamine storage, e.g. reserpine, are particularly effective in suppressing the positive 
symptoms of schizophrenia, but less effective on negative symptomatology. For a 
long time, hardly any evidence emerged in support of an enhanced dopaminergic 
activity in schizophrenic patients and, in fact, some clinical studies even indicated a 
reduced dopaminergic activity (Karoum et al., 1987). However, more recent findings, 
obtained with brain imaging techniques in drug-free schizophrenic patients, have 
shown evidence for an increased striatal dopamine metabolism (Reith et al., 1994; 
Lindström et al., 1999) and also an increase in amphetamine-induced dopamine 
release in patients with schizophrenia, suggesting that psychotic symptoms may 
indeed be related to an augmented release of dopamine in the brain, in particular an 
abnormal responsiveness of the system (Laruelle et al., 1996, 2003; Breier et al., 
1997; Abi-Dargham et al., 1998, 2000).  

 
The non-competitive NMDA receptor antagonist phencyclidine (PCP, angel 

dust), has been demonstrated to be capable of inducing a psychotic state in healthy 
volunteers that closely resembles schizophrenia, even after administration of a single 
dose of the drug (Luby et al., 1959, 1962). Moreover, when administered to 
schizophrenic patients a sustained worsening of symptoms occurred (Luby et al., 
1959). Later, Kim and co-workers (1980) reported decreased glutamate levels in the 
cerebrospinal fluid of schizophrenia patients, and the glutamate hypothesis, 
suggesting a glutamatergic hypofunction in schizophrenia was introduced. However, 
other studies could not confirm these findings (Perry, 1982), but, in support for the 
hypothesis, PCP was found to be acting as an antagonist at the NMDA receptor 
(Lodge and Anis, 1982). The PCP-induced psychosis incorporates both positive and 
negative symptoms as well as cognitive deficits frequently found in schizophrenic 
patients, and a decreased NMDA receptor activation in the brain has been proposed to 
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represent a pathophysiological substrate of psychotic states (see Javitt and Zukin, 
1991; Svensson et al., 1995).  

It has been shown that the blood flow in the prefrontal cortex may be reduced in 
schizophrenic patients and, specifically, that the blood flow is not enhanced during 
intellectually challenging tasks, as it is in normal subjects. This so-called 
hypofrontality was also found to be correlated with negative symptoms (see Knable 
and Weinberger, 1997; Ingvar and Franzen, 1974a,b; Ingvar, 1987). Animal studies 
have shown that functional inhibition of the prefrontal cortex reduces the activity of 
VTA dopamine neurons, in particular their burst firing mode (Svensson and Tung, 
1989; Murase et al., 1993a). Burst firing is driven by glutamatergic afferents 
(Grenhoff et al., 1988; Chergui et al., 1993) and evokes larger release of dopamine in 
target areas than regular firing (Gonon, 1988; Murase et al., 1993a). Non-competitive 
NMDA receptor antagonists cause a modestly increasing firing rate in VTA 
dopamine neurons, concomitant with a significant regularization of their firing pattern 
(Pawlowski et al., 1990). Yet, burst firing responded differentially to the NMDA 
receptor antagonists, depending on the anatomical localization within the VTA. 
Dopamine neurons that project to prefrontal cortex, displayed a significant reduction 
in burst firing, whereas dopamine neurons which project to subcortical areas 
displayed a significant increase in burst-like firing (Murase et al., 1993b). Since, the 
dopamine neurons in the VTA that project to the prefrontal cortex are precisely those 
that receive a direct, monosynaptic glutamatergic input from the prefrontal cortex 
(Carr and Sesack, 2000; Figure 5), hypofrontality may indeed be associated with an 
impaired prefrontal dopamine functioning.  

 

 
 
Figure 5. Schematic drawing of the observed relationship between prefrontal cortex terminals 
and mesolimbic/mesocortical, and other projection neurons of the VTA.  
1, Prefrontal cortex terminals form synaptic contacts onto dopamine neurons that project to the 
prefrontal cortex.  
2, Prefrontal cortex terminals synapse onto GABA neurons that project to the nucleus accumbens.  
3, Prefrontal cortex terminals within the VTA appear to target dopamine and GABA neurons that 
project to unknown target sites. (From Carr and Sesack 2000). 
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Carlsson (1988, 2001) has suggested that the psychomotor activity depends on 
an interplay between dopamine and glutamate pathways from the lower brainstem 
and cortex, respectively, projecting onto striatal GABA-ergic projections neurons. 
These GABA-ergic neurons are supposed to exert an inhibitory action on 
thalamocortical glutamatergic neurons, thereby filtering off part of the sensory input 
to the thalamus to protect the cortex from sensory overload and hyperarousal. 
Hyperactivity of dopamine or hypofunction of corticostriatal glutamate pathways 
should reduce this protective influence and could thus lead to confusion and 
psychosis. 

Preclinical studies using the PCP administration to animal, as a model of 
schizophrenia (Contreras et al., 1987), indicate that there may exist several types of 
dysregulation of brain dopamine systems, i.e. a hypofunctioning prefrontal dopamine 
projection concomitant with a hyperactive mesolimbic dopamine projection 
(Svensson et al., 1995; Jentsch et al., 1997; Jentsch and Roth, 1999). In addition, 
mutant mice, expressing 5% of normal level of the NMDA receptor 1 (NR1) subunit, 
exhibit schizophrenia-like behaviours that can be ameliorated by antipsychotic drugs 
(Mohn et al., 1999), and a highly significant decrease in phosphorylation levels of the 
NR1 subunit has also been shown in frontal cortex and hippocampus of schizophrenic 
patients (Emamian et al., 2004). Moreover, subdissociative doses of ketamine, a non-
competitive NMDA receptor antagonist, generate impairment in the manipulation of 
information within working memory, distorting higher order control of executive 
function (Honey et al., 2003).  

Many studies have shown the importance of prefrontal dopamine transmission 
at D1 receptors for optimal prefrontal cortex performance (see Goldman-Rakic et al., 
2000), and implicate that deficits in dopamine transmission at the D1 receptor might 
cause cognitive impairments in schizophrenia (Abi-Dargham et al., 2002; Goldman-
Rakic et al., 2004). Subsequent clinical studies in schizophrenic patients provide 
actual clinical evidence for a hypofunctioning prefrontal dopamine projection in 
schizophrenia, i.e. alterations in the dopamine innervation of the prefrontal cortex 
(Akil et al., 1999), as well as increased prefrontal dopamine catabolism due to 
increased COMT Val allele (Egan et al., 2001). This COMT genotype, i.e. Val/Val, 
has been found to be linked to lower cognitive performance than the Val/Met or the 
Met/Met individuals (Goldberg et al., 2003). Interestingly, reduced prefrontal activity 
has also been shown to predict exaggerated striatal dopaminergic function in 
schizophrenia (Meyer-Lindenberg et al., 2002).  

 
Consequently, both hypo- and hyperfunctioning dopamine systems may be 

encountered in schizophrenia and both types of dysfunctions might occur 
simultaneously, albeit in different brain regions. Presently, the dopamine hypothesis 
of schizophrenia proposes an imbalance of the dopaminergic system, entailing 
hyperstimulation of subcortical dopamine D2 receptors resulting in positive 
symptoms, and a concomitant understimulation of cortical dopamine D1 receptors, 
resulting in negative symptoms and cognitive deficits. Such a dysregulation of 
dopamine transmission in schizophrenia can be caused by alterations in NMDA and 
glutamatergic functions (Svensson, 2000), and, moreover, this dysregulation may in 
turn further impair NMDA transmission (see Figure 6). In this way, the dopamine and 
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glutamate hypotheses can be functionally integrated into a dopamine-glutamate 
interaction hypothesis. 
 
 
 
 

 

 

 D1 function 
NMDA function D2 function 

 

 
 

 

Figure 6. Dopamine and glutamate interaction. Schematic representation of the three fundamental and 
interrelated neurochemical imbalances emerging in the brain of patients with schizophrenia: sustained 
deficit in NMDA and D1 transmission, affecting mostly cortical connectivity; and, intermittent excess 
of D2 receptor transmission, affecting mostly subcortical territories. These abnormalities are 
interrelated, in the sense that they negatively impact on each other, forming positive feedback loops 
that underlie the symptomatology. (From Abi-Dargham and Laruelle 2005). 
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2. SPECIFIC AIMS OF THE STUDY  
 

• To examine the putative differential effects of typical and atypical antipsychotic 
drugs on dopaminergic transmission in two subdivisions of nucleus accumbens, 
the core and the shell.  

• To elucidate the roles of D2, 5-HT2A, and α1 receptor blockage, respectively, in 
the above model. 

• To compare the effect of a combination of an α2 adrenoceptor antagonist and a 
D2/3 receptor antagonist with that of clozapine on glutamatergic 
neurotransmission in the medial prefrontal cortex, using electrophysiological 
techniques, radioligand binding and behavioural methodology.  

• To study the effects of nicotine, alone and in combination with a D2 or a D4 
receptor antagonist, on glutamatergic neurotransmission in pyramidal cells of 
the medial prefrontal cortex. 

 

26 



Materials and Methods 
 

 

3. MATERIALS AND METHODS  

3.1. Animals 
Male albino rats were used in all studies. SD rats (Sprague-Dawley; BK 

Universal, Sollentuna, Sweden) were used for the voltammetry (Paper I - III), 
immunohistochemistry (Paper III) and electrophysiology experiments (Paper IV and 
V), whereas Wistar rats were used for the behavioural experiments (BK Universal, 
Sollentuna, Sweden) and radioligand binding experiments (Paper IV). Animals 
arrived one week prior to experimental use and were housed under standard 
laboratory conditions in temperature and humidity controlled rooms. For the 
voltammetry, immunohistochemistry, electrophysiology and radioligand binding 
experiments, the rats were maintained on a 12/12h light/dark cycle (lights on at 6:00 
A.M.) with ad libitum access to food and water. Experiments took place during the 
light period. For behavioural experiments the rats were maintained on a reversed 
12/12h light/dark cycle (lights off at 6:00 A.M.) with ad libitum access to food and 
water during the first week after arrival. Thereafter, animals were put on a restricted 
feeding schedule with access to approximately 20 g/day/animal for 30-45 minutes. 
Training started when around 90% of free feeding level was reached, and this feeding 
schedule was then maintained throughout the study. Testing took place during the 
dark phase, and the rats were fed immediately after testing sessions. On non-
experimental days, animals were fed according to the same time schedule as on 
experimental days. Water was always available ad lib. 

The voltammetry, immunohistochemistry, electrophysiology and behavioural 
experiments were approved by the local Animal Ethics Committee, Stockholm North. 
Permit numbers N244/91, N19/94, N21/97, N9/00, N11/00, N7/00, N339/02, 
N129/03 and N419/03. The radioligand binding studies (Paper IV) were performed at 
Johnson & Johnson Pharmaceutical Research and Development, Beerse, Belgium and 
all procedures were conducted in strict accordance with the European Communities 
Council Directive of 24 November 1986 (86/609/EEC) and were approved by the 
animal care and use committee of Johnson & Johnson Pharmaceutical Research and 
Development, Beerse, Belgium. 
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3.2. Drugs 
Antipsychotic drugs 

Clozapine Novartis AG, Switzerland.  
Haloperidol Sigma-Aldrich Co, USA.  
Olanzapine Eli Lilly Sweden AB, Sweden.  
Quetiapine Astra-Zeneca, Sweden.  
Risperidone Janssen Pharmaceutica Inc., Belgium.  
Sertindole H. Lundbeck A/S, Denmark. 
 
Catecholaminergic drugs 

AMPT  (α-methyl-DL-P-tyrosine methyl ester HCl), tyrosine 
 hydroxylase inhibitor, Sigma-Aldrich Co, USA.  
Idazoxan HCl α2A/C receptor antagonist, Sigma-Aldrich Co, USA. 
L-745,870  (3-(4-[4-chlorophenyl]piperazin-1-yl)-methyl-1H-
 pyrrolo[2,3b]pyridine), D4 receptor antagonist, Merck, 
 Germany.  
L-Dopa  (L-dihydroxy-phenylalanine), Sigma-Aldrich Co, USA.  
Pargyline  non-selective monoamine oxidase inhibitor, Sigma-Aldrich Co, 
 USA.  
Prazosin HCl α1 receptor antagonist, Pfizer, USA. 
Raclopride D2/3 receptor antagonist, Astra-Zeneca, Sweden.  
Reserpine blocks storage of monoamines, Novartis AG, Switzerland. 
SCH 23390 D1 receptor antagonist, Tocris, UK.  
 
Serotonergic drugs 

Amperozide 5HT2A receptor antagonist, Pfizer, Sweden.  
M100907  (R-[+]-α-[2,3-dimethoxyphenyl]-1-[2-(4-fluorophenyl)ethyl]-4- 
 iperidinemethanol), selective 5HT2A receptor antagonist, 
 Hoechst, Marion Roussel, USA.  
Ritanserin 5HT2A/2C receptor antagonist, Janssen Pharmaceutica Inc., 
 Belgium.  
 

Glutamatergic drugs 

APV  (AP-5; 2-amino-5-phosphono-valeric acid), NMDA receptor 
 antagonist, Sigma-Aldrich Co, USA.  
Glycine co-agonist at the NMDA receptor, Sigma-Aldrich Co, USA.  
MK-801  (dizocilpine; [+]-5-methyl-10,11-dihydroxy-5H-
 dibenzo[a,b]cyclohepten-5,10-imine hydrogen maleate), non-
 competitive NMDA receptor antagonist, RBI, USA.  
NMDA  (N-methyl-D-aspartate), Sigma-Aldrich Co, USA. 
 
Other drugs 

(-)-Bicuculline methiodide  GABAA receptor antagonist, Sigma-Aldrich Co, USA.  
CsCl voltage-gated K+ channel blocker, Merck, Germany.  
Nicotine di(+)tartrate  Sigma-Aldrich Co, USA. 
QX-314  (lidocaine N-ethyl bromide), voltage-gated Na+ channel blocker, 
 Tocris, UK.  
TTX  (tetrodotoxin), voltage-gated Na+ channel blocker, Sigma-
 Aldrich Co, USA. 
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3.3. In vivo voltammetry (Paper I-III) 

3.3.1. Surgery  
Rats were pre-treated intraperitoneally (i.p.) with pargyline (75 mg/kg) and 

anaesthetized with chloral hydrate (400 mg/kg, i.p.). To achieve free respiration a 
tracheal catheter was inserted. In addition, a jugular and a femoral vein catheter for 
intravenous (i.v.) administration of drugs and continuous infusion of chloral hydrate, 
respectively, were inserted. The animals were kept under surgical anaesthesia 
throughout the experiment by a continuous infusion of chloral hydrate (100 mg/kg/h, 
i.v.) and normal body temperature was maintained by using a thermostatically 
controlled electric heating pad. Rats were mounted in a stereotaxic instrument 
(Unimecanique, France) with the incisor bar 3 mm under the horizontal plane passing 
through the interaural line. The skull was exposed and a hole was drilled above the 
NAC. The dura mater was incised and the pia mater was punctured by means of a 
used electrode. Electrodes were inserted into either the NAC core (anterior-posterior 
[AP] +1.7, medial-lateral [ML] +1.6 mm relative to bregma) or the NAC shell (AP = 
+1.6, ML = +0.7-0,8 mm relative to bregma) in accordance with the atlas of Paxinos 
and Watson (1998). 

 
3.3.2. Carbon fiber electrodes and electrochemical measurement 

Carbon fiber electrodes (active portion 12 µm thick and 500 µm long) were 
prepared and treated as described by Gonon et al. (1984a) except that the amplitude 
of the first treatment was +2.5 - 2.7 V for 20 s, then -0.7 V (cathodic potential) for 5 s 
and +1.5 V for 5 s, successively. The activation of the electrode surface by an 
electrochemical treatment improves the selectivity and sensitivity of the 
measurement, i.e. allows the separation of the ascorbic acid from the catechols, 
whereas the pargyline pre-treatment of the animals prevents the formation of 
DOPAC, thus minimizing the interference of DOPAC with the catechol peak (Gonon 
et al., 1984a; Gonon, 1988). The tip of the prepared and treated electrode was placed 
6.5 - 7.0 mm below the cortical surface and the catechol oxidation current was 
monitored by a pulse voltammetric system (Biopulse, SOLEA Tacusell, France). 
Differential normal pulse voltammetry (DNPV; Adams and Marsden, 1983; Gonon, 
1987; Adams, 1990) was used to record voltammograms with the parameters 
previously described (Gonon, 1988), and a scan was performed from -240 to +220 
mV every minute. After a stable baseline was obtained, the animal was injected i.v. 
with vehicle, and 10 minutes later with the drug. At the end of each experiment, an 
electrolytic lesion (5 V, 5 s) was made through the carbon fibre electrode for 
histological verification of the recording site. 

 

3.3.3. Histological verification of electrode positioning 
Upon completion of the experiment, the animals were sacrificed and their 

brains were stored in 25% sucrose in a 4% formaldehyde solution. Each brain was 
sliced on a microtome (50 µm), stained (Nissl), and examined under microscope for 
electrode placement (Figure 7). Only animals with correct electrode positioning were 
included in the study. 

 

29 



Monica M. Marcus 
 

core shell

A

core shell

B

 
 
Figure 7. Representative photomicrographs showing the site of electrode positioning in (A) the core 
and (B) the shell subdivision of the nucleus accumbens. 
 
 
3.3.4. Analysis of voltammograms and statistics 

The pulse voltammetric system (Biopulse, SOLEA Tacusell, France) was 
connected to a potentiometric laboratory recorder (Ecoscript, SOLEA Tacussel, 
France) for the ritanserin and raclopride experiments (Paper I) and peak height was 
measured. For all the other experiments (Paper I - III), the Biopulse system was 
connected to an integrator (Spectra-Physics SP 4290) and further to a computer 
(Victor V286C) with the Spectra-Physics software WINNER, and the peak area under 
the curve was calculated. The correlation between the dopamine oxidation current 
expressed either as peak height or as peak area were found to be highly correlated 
(r=0.990; n=156).  

For each experiments the means ± standard error of the mean (SEM) were 
calculated. The average of ten one minute samples before the injection of drug was 
used as baseline. Data were statistically evaluated by an overall two-way (time x 
region) analysis of variance (ANOVA), or one-way (time) ANOVA for each dose of 
the drug used, to measure differences between the two studied regions and differences 
from baseline level. A significant overall group, time or interaction, effect was 
followed by post hoc analysis, the Newman-Keuls multiple comparisons test. In all 
statistical measures a p-value less than 0.05 was considered significant. Data were 
statistically evaluated by using the software CSS: Statistica (StatSoft, Inc., USA). 
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3.4. Fos immunohistochemical experiments (Paper III) 
 
3.4.1. Pre-treatment and transcardial perfusion 

In order to reduce stress due to handling and injection, the rats were habituated 
10 minutes/day for three days and received injections (subcutaneously [s.c.]) with 1 
ml/kg 0.9% NaCl (saline) solution for two days before the experiment. A group of 
eight animals were processed on each day of experiments, each time counterbalanced 
across treatment groups. Two hours after injection (s.c.) of the drug or vehicle, the 
animals were deeply anaesthetized with pentobarbital (Mebumal, 120 mg/kg i.p.) and 
transcardially perfused with 150 ml saline followed by 300 ml of 4 % 
paraformaldehyde in 0.1 M phosphate-buffer. Subsequently, the brains were 
removed, postfixed for 2 hours in 4% paraformaldehyde, and placed overnight in 
15% sucrose in phosphate-buffered saline (PBS).  
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Figure 8. Schematic drawings of representative sections used for counting of Fos-positive neurons in 
(A) the medial prefrontal cortex, (B) dorso-lateral striatum, NAC core and NAC shell, (C) bed nucleus 
of stria terminalis and (D) central nucleus of amygdala. (Coronal drawings modified from Paxinos and 
Watson, 1998).  
 
 
3.4.2. Immunohistochemistry 

Fos immunohistochemistry was performed as described by Robertson and 
Fibiger (1992) and Chergui et al. (1996). Thirty µm coronal sections of selected brain 
areas were cut on a freezing microtome. Sections were washed in PBS (2 x 15 
minutes), placed in 0.3% H2O2 in PBS (10 minutes), and then washed in PBS (3 x 20 
minutes) before being incubated for 48 hours in PBS containing 0.02 % NaAzide, 2% 
normal rabbit serum, and sheep anti-Fos primary antibody diluted 1:2000 (sheep 
polyclonal antibody, Cambridge Research Biochemicals, Wilmington, DE, OA-11-
824). The sections were then washed in PBS (3 x 20 minutes) and incubated for one 
hour in PBS containing 2% normal rabbit serum and a biotinylated rabbit antisheep 
secondary antibody (Vector Laboratories, Burlingame, CA) diluted 1:200. After 
being washed in PBS (3 x 20 minutes) and incubated for one hour in PBS containing 
avidin-coupled horseradish peroxidase (1:1000, Vector Laboratories), the sections 
were washed again in PBS (2 x 15 minutes), then rinsed for 10 minutes in 0.2 M Na 
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acetate buffer. The immunohistochemical reaction was visualized using a glucose 
oxidase 3,3-diaminobenzidine-nickel method terminated by washing in PBS. The 
sections were mounted on chrom-alum-gelatin-coated slides, dehydrated, and 
coverslipped for microscopic observation. 
 
3.4.3. Counting of labelled cells and statistics 

The number of Fos-like immunoreactivity (FLI)-positive cells were counted in 
sections cut: +3.35 to +3.05 for the medial prefrontal cortex (mPFC), +1.5 to +1.2 for 
the NAC core, the NAC shell and for the dorso-lateral striatum (dlSTR), -0.1 to -0.4 
for the bed nucleus of stria terminalis (BST) and –2.4 to –2.7 for the central nucleus 
of amygdala (CNA), relative to bregma (Paxinos and Watson, 1998; Figure 8). The 
distribution of FLI positive cells was examined by light microscopy with assistance 
of an image analysis system (Biocom, France). Counting was computer-aided using 
Biochom´s Histo software. The average density and area of a FLI-positive cell was 
determined and a grain counting program was used to discriminate target cells, i.e. 
FLI-positive cells, from background based on relative size and density. Cells positive 
for FLI were counted from a computer screen in a rectangle of 600 x 445 µm over the 
mPFC, dlSTR, BST and CNA, at 125x magnification (Figure 9). For the NAC core 
and NAC shell, FLI-positive cells were counted in three rectangles of 230 x 165 µm 
at 272.5x magnification.  
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Figure 9. Representative coronal sections illustrating Fos-immunoreactive cells in the dorso-lateral 
striatum (dlSTR) and medial prefrontal cortex (mPFC) after acute injection of vehicle and haloperidol 
0.005, 0.05, 0.5 mg/kg sc. Scale bar=100 µm. 
 
 

The mean value of six slices from each animal was calculated. The results are 
presented as means ± SEM number of Fos-immunoreactive nuclei. Data were 
statistically evaluated by an overall one-way (treatment) ANOVA for each area 
measured. A significant overall group effect was followed by post hoc analysis, the 
Newman-Keuls multiple comparisons test. In all statistical measures a p-value less 
than 0.05 was considered significant. Data were statistically evaluated by using the 
software CSS: Statistica (StatSoft, Inc., USA). 
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3.5. Electrophysiological experiments (Paper IV-V) 
 
3.5.1. Treatment for monoamine depletion (Paper IV) 

To deplete monoamines and inhibit dopamine synthesis, rats were pre-treated 
with reserpine (5 mg/kg i.p) and 20 hours later with AMPT (200 mg/kg i.p.; see 
Figure 1). The rats were decapitated 1 hour after AMPT treatment under halothane 
anaesthesia as described below. 

 
3.5.2. Preparation of brain slices 

The rats were decapitated while under halothane anaesthesia and the brains 
were quickly removed and placed in ice-cold Ringer’s solution consisting of (in mM): 
NaCl 126; KCl 2.5; CaCl2 2.4; MgCl2 1.3; NaHCO3 18; NaH2PO4 1.2; D-glucose 10; 
aerated with 95% O2 : 5% CO2. The brains were then cut coronally in ice-cold 
Ringer’s solution in order to produce 450-470 µm slices by using a vibratome 
(Vibroslice, Campden model MA 752, World Precision Instruments, Sarasota, FL, 
USA). The brain slices were submerged in aerated Ringer’s solution (34°C) for at 
least 1 hour to allow for recovery. A single slice was then transferred to the recording 
chamber (34°C) in which it was held submerged between two nylon nets during the 
electrophysiological recordings. The chamber was continuously perfused with aerated 
Ringer’s solution at a flow rate of 1.5-2.5 ml/minute. 

 
3.5.3. Electrophysiological recordings  

The electrophysiological recordings were performed in pyramidal neurons in 
layer V and VI of the medial prefrontal cortex (i.e. prelimbic cortex; anterior 
cingulate cortex areas 1 and 3), 
located medial to the forceps 
minor (Figure 10). Pyramidal 
cells in these layers project to 
and receive input from 
subcortical areas, e.g. NAC and 
VTA (Kuroda et al., 1996). 
Standard intracellular and single-
electrode voltage- and current 
clamp recording techniques were 
used (Arvanov et al., 1997; 
Arvanov and Wang, 1998; 
Jardemark et al., 2001). The 
electrodes were pulled from 
borosilicate glass capillaries (i.d. 
0.58 mm; Harvard Apparatus 
Ltd, UK) with a horizontal 
electrode puller (Model P-87; 
Sutter Instrument Company, San 
Rafael, CA, USA). The 
electrodes were filled with 
electrode solution (see below) 

Bregma 3.20 mm

aca

IL

Cg1

PrL
fmi

Recording
electrode

Electrical
stimulation

Figure 10. Schematic drawing of a representative 
section used for electrophysiological recordings of 
pyramidal cells in the mPFC. Shown are the positions 
of the stimulation and recording electrodes. 
Abbreviations: Cg1= cingulate cortex, area1, PrL= 
prelimbic cortex, IL= infralimbic cortex, fmi= forceps 
minor of the corpus callosum, aca= anterior 
commissure, anterior part.  
(Modified from Paxinos and Watson 1998). 
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and used for intracellular recording with an Axoclamp 2A amplifier (Axon 
Instruments, Foster City, CA, USA). Penetration of cells by a sharp electrode was 
performed blindly. Single-electrode voltage-clamp (holding potential: - 60 mV) was 
performed in discontinuous mode. Current- and voltage-clamp recordings were 
acquired using digital-analogue sampling and acquisition software (Clampex 7; Axon 
Instruments).  

 
3.5.4. Characterization of pyramidal cells of the medial prefrontal cortex 

The electrophysiological criteria for distinguishing presumed pyramidal from 
non-pyramidal neurons have been described previously (McCormick et al., 1985; 
Connors and Gutnick, 1990; Arvanov et al., 1997; Wang and Liang, 1998). The 
presumed pyramidal cells of the medial prefrontal cortex have relatively long spike 
duration (1–3 ms at half-maximum spike amplitude) and show a pronounced spike-
frequency adaptation in response to constant-current depolarization pulses. As 
comparable, presumed non-pyramidal cells, characterized as interneurones, show a 
brief spike duration (< 1 ms at half-maximum spike amplitude) and a general lack of 
spike-frequency adaptation. In addition, it is rare to impale fast-spiking interneurons 
with a relatively low resistance microelectrode (McCormick et al., 1985), which also 
account for the fact that we have not recorded any fast-spiking non-pyramidal cells.  
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Figure 11. Representative traces illustrating the EPSCs (left) and EPSPs (right) in pyramidal cells of 
the prefrontal cortex induced by electrical stimulation of forceps minors. 
 
3.5.5. Electrical stimulation of forceps minor 

The procedures for eliciting excitatory postsynaptic potentials (EPSPs) and 
excitatory postsynaptic currents (EPSCs) by electrical stimulation of the forceps 
minor (white matter) have previously been described (Arvanov et al., 1997). The 
stimulation evokes glutamate receptor-mediated EPSPs/EPSCs (Figure 11), which 
consist of an early short duration component, which can be blocked by the 
AMPA/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 
and a prolonged late component, which could be blocked by the NMDA receptor 
antagonist d(-)-2-amino-5-phosphonopentanoic acid (APV; Tanaka and North, 1993; 
Chen and Yang, 2002; Figure 12). During the experiments, the γ-aminobutyric acid 
(GABA)A receptor antagonist bicuculline (2-5 µM) was included in the bath solution. 

34 



Materials and Methods 
 

In order to record EPSPs and EPSCs, the electrodes were filled with 2 M K-acetate 
(tip resistance 55 and 120 MΩ) and 2 M CsCl plus 30-40 mM QX-314 (lidocaine N-
ethyl bromide quaternary salt; tip resistance 30 and 60 MΩ), respectively. CsCl + 
QX-314 improve space clamp and block voltage-activated Na+ and K+ channels. 

Evoked EPSCs/EPSPs were 
elicited using a bipolar stainless steel 
electrode placed in the medial part of 
the forceps minor close to the 
recording electrode (see Figure 10). 
Square pulses of 0.3 ms duration and 
5-20 V amplitude were applied at a 
frequency of 0.05 Hz to evoke 
EPSCs and EPSPs. A train of six 
electrical (0.05 Hz) pulses was 
delivered five minutes before and 5, 
15, 25 and 35 minutes after drug 
application. The series resistance 
were monitored throughout the 
recordings. All drugs tested were 
administered via bath perfusion of 
Ringer’s solution. Experiments 
performed in both current-clamp 
(EPSPs) and voltage-clamp (EPSCs) 
modes ensure that the effects of the 
drugs were not the result of altering 
membrane potentials.  

Figure 12. Traces illustrating the early and the 
late component of electrically evoked EPSPs. 
(A) late component is blocked by APV, and the 
remaining potential is blocked by CNQX. (B) 
early component is blocked CNQX, and the 
remaining potential in blocked by APV. (C) 
depolarizing synaptic potential is increased in 
amplitude by bicuculline.  
(From Tanaka and North, 1993). 

 
3.5.6. NMDA-induced stimulation (Paper V)  

NMDA-induced currents were measured in the voltage-clamp mode (holding 
potential: -60 mV; Figure 13). During these experiments tetrodotoxin (TTX; 0.5-1 
µM; blocks action potentials), 
glycine (1 µM; enhances the 
NMDA-induced responses) and 
bicuculline (5-10 µM; blocks 
GABAA receptor responses) were 
routinely included in the Ringer’s 
solution. The electrodes were filled 
with 2 M K-acetate with tip 
resistance between 55 and 120 MΩ. 
All drugs used were diluted in 
Ringer’s solution and administered 
via bath perfusion. NMDA (5-20 
µM), also administered via bath 
application, induced inward currents 
in the pyramidal cells.  

NMDA 10 µM

60 s

50 pA

Figure 13. Representative trace illustrating the 
inward current, induced by NMDA, in a 
pyramidal cell of the medial prefrontal cortex.  
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3.5.7. Data analysis and statistics 

The integrated areas of EPSCs after electrical stimulation of the forceps minor 
were measured and the average area of the EPSCs was calculated after each train of 
six stimulation pulses. The average integrated area of EPSCs recorded before adding 
a drug or drug combination was used as baseline. The effects of the drugs or drug 
combinations were calculated by measuring the mean percentage of baseline value 
after 15, 25 and 35 minutes bath applications of drugs.  

The NMDA-induced currents were measured 18 minutes after application of 
drug or drug combination. The effects of the drugs or drug combinations on the 
NMDA-induced currents were calculated as percent of NMDA-induced currents, 
before and after application of drug or drug combination.  

For both EPSCs and NMDA-induced currents the mean ± SEM percentage of 
baseline value was calculated for each drug or drug combination. Multiple group 
comparisons were performed using one-way ANOVA with post hoc least significant 
difference (LSD) test applied for comparisons of individual group data. In all 
statistical measures a p-value less than 0.05 was considered significant. Data were 
statistically evaluated by using the software CSS: Statistica v 6.1 (StatSoft, Inc., 
USA). 
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3.6. Behavioural experiments (Paper IV) 
 
3.6.1. The 8-arm radial maze 

Animals were brought to the experimental room one hour prior to training or 
testing. They were trained and tested in a dimly lit room using a conventional 8-arm 
radial maze apparatus. The maze was placed on a table elevated 70 cm off the ground. 
The central arena was 53 cm in diameter and 8 arms (length 43, width 15 and height 
22 cm) extended radially. The arms were covered by transparent plastic lids. Visual 
cues in the room were kept constant over experimental days. Animals were kept in 
their home cages between activities. 

 
3.6.2. Training procedure  

Shaping: The actual training was preceded by 3-4 days of shaping, when the 
animals were introduced to the center of the maze surrounded by a 50 cm high 
transparent plastic cylinder. In this way, the arms of the maze were visible but not 
accessible. A half honey loop (Kellogg’s® multigrain Loops) was presented in the 
center in front of each arm opening along the cylinder wall, and the animals were 
allowed to explore the area and eat the food for approximately 5 minutes.  

Training: Half a honey loop was placed in each arm opening outside the plastic 
cylinder. Animals were placed in the cylinder for the first 10 seconds to allow for 
orientation, thereafter the cylinder was removed and they gained access to honey 
loops and arms. On the following training days, honey loops were placed further into 
each arm until finally placed at the bottom end of the arms. Animals were removed as 
soon as all loops were eaten or 5 minutes had elapsed. The animals received a total of 
8-10 days of training. Only animals showing robust correct performance were used in 
the experiments. 

 
3.6.3. Experimental procedure 

Following drug administration, given s.c. or i.p. in a volume of 2 ml/kg body 
weight, animals were placed in the cylinder for the first 10 seconds. Thereafter the 
cylinder was removed and they gained access to arms and honey loops. Animals were 
removed as soon as all loops were eaten or 5 minutes had elapsed. An arm entry was 
recorded when all four legs of the animal were inside the arm. Choice accuracy was 
measured by number of entries to repeat, which was the number of arms entered until 
a repeat entry was made into an arm previously entered during the trial (working 
memory error). Every animal (n=8) received all the different drug treatments in a 
counterbalanced design serving as its own control. Experimental days were always 
separated by at least two non-experimental days. 

 
3.6.4. Data analysis and statistics 

Statistical evaluation was performed by the Friedman two-way ANOVA, 
followed by the Wilcoxon matched-pairs signed-rank test (Siegel and Castellan Jr, 
1988). In all statistical measures a p-value less than 0.05 was considered significant. 
Data were statistically evaluated by using the software CSS: Statistica v 6.1 (StatSoft, 
Inc., USA).  
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3.7. Ex vivo radioligand binding experiments (Paper IV) 
 
3.7.1. Drug treatment 

Male Wistar rats were treated by s.c. administration of vehicle or tested drugs at 
four to six dosages ranging from 0.04 to 40 mg/kg. Three to six animals were used 
per dose of compounds. The animals were decapitated 1 hour after drug 
administration. Brains were immediately removed from the skull and rapidly frozen 
in dry-ice cooled 2-methylbutane (-40ºC). Twenty µm-thick sections were cut using a 
Leica CM 3050 cryostat-microtome (van Hopplynus, Belgium), and thaw-mounted 
on microscope slides (SuperFrost Plus, LaboNord, France). The sections were then 
kept at -20°C until use. 

 
3.7.2. Ex vivo radioligand binding in brain sections  

Selective occupancy measurement of α2A receptors was achieved by quantifying 
the specific binding of the subtype non-selective radioligand [3H]RS79948-197 in the 
septum, a brain area expressing selectively the α2A receptor. To measure the 
occupancy of α2C receptors, we have used the property of [3H]rauwolscine to label 
selectively this subtype in the rodent brain. α2C receptor occupancy was quantified in 
the striatum, the brain area showing the highest α2C receptor density.  

The following general procedure was applied. After thawing, sections were 
dried under a stream of cold air. The sections were not washed prior to incubation, in 
order to avoid dissociation of the drug-receptor complex. Brain sections of drug- and 
vehicle treated animals were incubated in parallel for 10 minutes with the 
radioligands (3 nM [3H]RS79948-197 in 50 mM Tris-HCl buffer pH 7.4 for α2A 
receptor occupancy ; 0.8 nM [3H]rauwolscine in 50 mM Na/K phosphate buffer pH 
7.7 for α2C receptor occupancy). Non-specific binding was measured in adjacent 
sections (10 µM rauwolscine for [3H]RS79948-197; 10 µM phentolamine for 
[3H]rauwolscine). After the incubation, the excess of radioactivity was washed off in 
consecutive baths of ice-cold buffer (2 x 1 minute for [3H]RS79948-197; 3 x 10 
minutes for [3H]rauwolscine) followed by a quick rinse in ice-cold water. The 
sections were then dried under a stream of cold air. 

Occupancy of the striatal D2 receptors was measured with [125I]iodosulpride 
according to our standard protocol (Schotte et al., 1996). 

 
3.7.3. Quantitative analysis and statistics 

Quantitative autoradiography analysis was performed after one hour acquisition 
with the β-imager (Biospace, Paris) according to our standard protocol (Langlois et 
al., 2001). Since only unoccupied receptors remain available for the radioligand, ex 
vivo receptor labelling is inversely proportional to the receptor occupancy by the in 
vivo administered drug. Percentages of receptor occupancy by the drug administered 
to the animal correspond to 100% minus the percentage of receptor labelling in the 
treated animal. The percentage of receptor occupancy was plotted against dosage and 
the sigmoidal log dose-effect curve of best fit was calculated by non-linear regression 
analysis, using the GraphPad Prism software (San Diego, CA, USA). From these 
dose-response curves, the ED50 (the drug dose producing 50% receptor occupancy) 
were calculated, with their 95% confidence limits. 
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4. RESULTS AND DISCUSSION 
4.1. Nucleus accumbens 
4.1.1. Basal extracellular concentrations of dopamine in the core and the 
shell of the nucleus accumbens (Paper I) 

In vitro calibration was performed before implanting the electrode into the 
brain. In earlier studies we have calculated the loss in sensitivity for the electrode by 
performing an in vitro calibration also after the experiment. The result of these 
calculations (n=11) showed an approximately 50% loss of sensitivity. This is in 
agreement with observations made by Gonon et al. (1984b), who reported a 30-50% 
loss in sensitivity following implantation. Based on these measurements, Gonon 
(1987) estimated that the extracellular dopamine level in the nucleus accumbens of 
pargyline-treated rats is around 40 nM. Similarly calculated, our experiments yield 
baseline levels of extracellular dopamine in NAC core of 27.1 ± 1.8 nM (mean ± 
SEM, n=83) and in NAC shell of 49.6 ± 3.6 nM (n=61). This difference in dopamine 
concentration between the two subdivisions of the NAC was highly significant 
(p<0.001, Student’s t-test for independent samples). Tissue measurements of 
dopamine in these areas have also revealed higher dopamine concentrations in the 
shell than in the core region of the NAC (Deutch and Cameron, 1992). 
 
4.1.2. Effects of typical and atypical antipsychotic drugs on dopamine 
release in the core and shell of the nucleus accumbens (Paper I, II) 

The effects on the dopamine output in the core and shell of the NAC by acute 
administration of the typical antipsychotic drug haloperidol, the atypical 
antipsychotic drugs clozapine, risperidone, olanzapine, sertindole and quetiapine, the 
D2/3 receptor antagonist raclopride, the 5-HT2A/2C receptor antagonist ritanserin, the 
selective 5-HT2A receptor antagonist M100907, the selective α1 adrenoceptor 
antagonist prazosin and amperozide, a purportedly atypical antipsychotic drug with 
predominantly 5-HT2A receptor antagonistic properties were examined. The drugs 
that generate a high 5-HT2A receptor occupancy with negligible D2 receptor 
occupancy (see Table 2), i.e. amperozide, ritanserin and M100907 caused an 
increased dopamine release almost exclusively in the shell region (Figure 14). The 
same qualitative release pattern was seen after administration of the α1 adrenoceptor 
antagonist prazosin, which produced a small, but significant increase in shell but no 
effect in the core region. In contrast, haloperidol and raclopride that both generate a 
high D2 receptor occupancy increased dopamine output preferentially in the core, 
with less effect in the shell region of the NAC. The atypical antipsychotic drugs 
clozapine, risperidone and olanzapine showed dose-dependent effects. At low doses 
of these drugs, which generate a high 5-HT2A, but still rather low D2 receptor 
occupancy, the dopamine output was higher in the shell compared to the core. When 
higher doses of these drugs were administered, resulting in a high D2 receptor 
occupancy, the pattern changed and the highest dopamine output was now obtained in 
the core region of the NAC. However, the atypical antipsychotic drugs sertindole and 
quetiapine, whether given in low or high doses, consistently increased dopamine 
outflow to a greater extent in the shell than in the core region of the NAC. The 
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estimated D2 receptor occupancy after the high dose of quetiapine was still not more 
than 35%, which could explain the low dopamine output in the core region. Higher 
doses (5 and 10 mg/kg i.v.) of quetiapine were used to achieve higher receptor 
occupancies, but these experiments were not conclusive because of high mortality of 
the rats. This mortality could be related to the high affinity for α1 and H1 receptors of 
quetiapine which in this dose range in the rat, may affect cardiovascular functions, 
especially following i.v. administration to pargyline pre-treated rats (Dr J.M. 
Goldstein, personal communication). However, the high dose of sertindole, with a 
estimated D2 receptor occupancy of 75%, still generated a higher dopamine output in 
the shell than in the core region of the NAC. Interestingly, like quetiapine, also 
sertindole possesses high affinity for the α1 adrenoceptor, and this effect might well 
contribute to their preferential effect in the shell region of the NAC (see Table 1). 
Taken together, a high 5-HT2A receptor blockade in combination with a relatively low 
D2 receptor blockade causes a higher dopamine output in the shell than in the core, 
whereas a high D2 receptor blockade, even in combination with a high 5-HT2A 
receptor blockade, results in a higher dopamine output in the core than in the shell of 
the NAC (Table 2). In addition, even when given alone selective 5-HT2A and α1 
adrenoceptor antagonists increased dopamine output exclusively in the shell, and 
blockade of these receptors may thus contribute to the characteristic biochemical 
profile of the atypical antipsychotic drugs tested in this model.  
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Figure 14. Overall dopamine output (mean ± SEM) in the shell and the core of the NAC by acute 
intravenous administration of various drugs (mg/kg). Data from paper I-III. Dotted line indicates 
baseline level (100%). 
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4.1.3. Low doses of haloperidol generate same biochemical pattern as high 
doses (Paper III) 

Typical antipsychotic drugs given in the low-dose range have been suggested as 
a cost-effective and safe alternative to atypical antipsychotic drugs (Geddes et al., 
2000). Therefore we examined whether very low doses of haloperidol, might produce 
an atypical antipsychotic-like effect on dopamine output in the core and shell of the 
NAC, and on FLI in dopamine nerve terminal regions. Different patterns of FLI in 
discrete brain areas have previously been observed after acute administration of 
typical and atypical antipsychotic drugs, respectively. Both typical and atypical 
antipsychotic drugs increase c-fos expression in the NAC. Thus, typical, but not 
atypical, antipsychotic drugs were found to cause c-fos activation in the striatum, 
whereas atypical but not typical antipsychotic drugs caused activation in the 
prefrontal cortex (Deutch et al., 1992; Robertson and Fibiger, 1992; Robertson et al., 
1994). Clozapine, but not haloperidol, had also been found to induce FLI in the 
extended amygdala, a brain region that includes bed nucleus of stria terminalis and 
central nucleus of amygdala (Pinna and Morelli, 1999).  

The present study showed, however that even very low doses, i.e. 0.001 and 
0.01 mg/kg i.v., of haloperidol caused a significantly higher dopamine output in the 
core than in the shell subdivision of the NAC (Figure 14, Table 2). Regarding c-fos 
activation, the lowest dose of haloperidol 0.005 mg/kg s.c. did not change FLI in any 
of the regions studied. The two higher doses of haloperidol, 0.05 and 0.5 mg/kg s.c., 
caused a statistically significant increase in the dorso-lateral striatum, NAC core and 
NAC shell. However there were no effects on FLI in the medial prefrontal cortex, 
central nucleus of amygdala or bed nucleus stria terminalis (Figure 15), areas where 
atypical antipsychotic drugs have been found to induce c-fos activation. Thus, even 
extremely low doses of haloperidol generate, in principle, the same biochemical 
effects in the brain as higher doses, and that these effects remain different from those 
of atypical antipsychotic drugs. These biological data indicate that clinical differences 
between haloperidol and atypical antipsychotic drugs are qualitatively rather than 
dose-dependent.  
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Figure 15. Effects of acute administration of vehicle, haloperidol 0.005, 0.05, 0.5 mg/kg s.c. on Fos-
like immunoreactivity in the dorso-lateral striatum (dlSTR), NAC core, NAC shell, medial prefrontal 
cortex (mPFC), central nucleus of amygdala (CNA), and bed nucleus of stria terminalis (BST). Data 
are expressed as mean ± SEM, number of Fos-positive nuclei.  
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4.1.4. Relationship between dopamine output in the core and in the shell of 
the nucleus accumbens and presumed EPS liability (Paper I-III) 
 

Our findings thus suggest that atypical antipsychotics may be differentiated 
from typical antipsychotics on the basis of their acute effects on dopamine outflow in 
the core and shell of the NAC. The difference in dopamine output in the two 
subdivisions of NAC can be calculated as a ratio between dopamine outputs in the 
core vs. in the shell. These ratios are shown in Table 2. Indeed, these ratios roughly 
parallel the EPS liabilities of the different drugs. Thus, a ratio >1 indicates an 
increased risk for EPS. Haloperidol, raclopride as well as high doses of both 
risperidone and olanzapine received a ratio >1. Haloperidol, raclopride as well as 
risperidone and olanzapine given in high doses have all been found to cause EPS 
(Nordström et al., 1993; Marder and Meibach, 1994; Schillevoort et al., 2001; Jeste et 
al., 2003). Also behavioural studies in animals show that haloperidol, raclopride, 
risperidone and olanzapine all can induce catalepsy in rats (Corbett et al., 1995; 
Hoffman and Donovan, 1995). On the other hand, both sertindole and quetiapine 
received a ratio <1, even at high doses, consonant with the clinically observed very 
low or even absent EPS (Fabre Jr et al., 1995; Borison et al., 1996; van Kammen et 
al., 1996; Zimbroff et al., 1997). The low dose of clozapine received a ratio <1, but 
the high dose of clozapine was found to generate a ratio >1. At the high dose, 5 
mg/kg i.v., the estimated D2 receptor occupancy is about 70%. Clinically, the use of 
clozapine in schizophrenic patients rarely, if ever, has been associated with EPS. This 
is certainly true for the doses mostly in the treatment of schizophrenic patients, which 
generate a D2 receptor occupancy of around 45% (see Introduction 1.1.). However, it 
has also been shown that clozapine at very high doses is able to produce much higher 
D2 receptor occupancy than what is necessary for antipsychotic effect. In monkeys, 
D2 receptor occupancies up to 93% have been obtained (Nyberg et al., 2002), 
although in this study it was not possible to monitor behavioural effects, since the 
monkeys were anaesthetized, but such high D2 receptor occupancies have consistently 
been shown to increase the likelihood of EPS (see Introduction 1.1.). In rats, very 
high doses of clozapine (50 and 75 mg/kg i.p.), which generate a D2 receptor 
occupancy >85%, have been found to induce catalepsy (Ninan and Kulkarni, 1999), 
which supports the notion that very high doses of clozapine could, in fact, induce 
EPS. In addition, in vivo measurements of D2 receptor occupancy in rats have 
revealed results that resemble human studies, a D2 receptor occupancy above 80% 
generates catalepsy (Wadenberg et al., 2000b, 2001b). 
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Table 2. Pharmacological characteristics and estimated values for the in vivo occupancy of D2 and 5-
HT2A receptors obtained with the different drugs and doses used in Paper I-III. 
A ratio, illustrating the relationship between the dopamine output in the core and the shell of NAC, is 
calculated. A ratio >1 indicates that the highest dopamine output is seen in core. 
  

Drugs: High affinity for: Doses 
mg/kg iv 

Estimated in vivo  
occupancy (%) 
D2                 5-HT2A 

Ratio: 
 
core/shell

1 Haloperidol  
 

D2 > α1 > 5-HT2A  
D4 

0.001 
0.005 s.c. 
0.01 
0.05 s.c. 
0.1 
0.5 s.c. 
1.0 

5 
5 

20 
25 
75 
80 

100 

- 
- 
- 
- 

10 
15 
55 

1.36 
- 

1.78 
- 

3.42 
- 

2.85 
1,2 Clozapine 
 

5-HT2A > α1 > D2  
D4, 5-HT2C, H1 

1.0 
5.0 

30 

70 
60 
77 

0.52 
1.16 

1 Risperidone  
 

5-HT2A > α1 > D2  
D3, D4, H1 

0.1 
1.0 

30 
60 

80 
100 

0.92 
1.52 

1 Olanzapine  
 

5-HT2A > D2 > α1 
5-HT2C, D1, D4, H1 

0.05 
1.0 

25 

80 
50 
90 

0.89 
3.88 

1 Sertindole 5-HT2A > α1 > D2 
D3, 5-HT2C  

0.1 
1.0 

30 

75 
75 
95 

0.65 
0.57 

1 Quetiapine α1 > 5-HT2A > D2 
H1 

0.25 
2.5 

10 
35 

15 
35 

0.56 
0.58 

2 Raclopride D2 > D3 0.01 
0.32 

35 
90  

- 
- 

1.12 
1.63 

3 Amperozide 5-HT2A, 5-HT2C 
(α1, D2)  

1.0 
2.0 

Low ~70 
~70 

0.73 
0.57 

3 Ritanserin 5-HT2A, 5-HT2C  1.0 - ~70  0.58 
4 M100907 5-HT2A  0.03 - 100 0.70 

  Prazosin α1 0.3 - - 0.88 
 
D2- and 5-HT2A receptor occupancy values estimated from: 
1. Schotte et al. (1996) 
2. Marcus et al. (2005, Paper IV) 
3. Meltzer et al. (1992) 
4. Schreiber et al. (1994) 
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4.2. Prefrontal cortex 
4.2.1. Electrophysiological criteria for pyramidal cells (Paper IV-V) 

The electrophysiological criteria for distinguishing presumed pyramidal from 
non-pyramidal neurons have been described previously (see Materials and Methods 
3.5.4.). In Ringer’s solution, presumed pyramidal cells of the layer V and VI in the rat 
medial prefrontal cortex exhibited a mean resting membrane potential of -82 ± 3 mV 
(mean ± SEM, n=34 cells), an action potential amplitude of 85 ± 4 mV (n=34), a 
spike half-width of 2.4 ± 0.1 ms (n=26), and an afterhyperpolarization potential of 8 ± 
1 mV (n = 34). These results are comparable to those previously published (Arvanov 
et al., 1997).  

 
4.2.2. Role of α2- and D2/3 blockage in pyramidal cells of the medial 
prefrontal cortex (Paper IV) 

In contrast to most other antipsychotic drugs, clozapine is a potent α2 
adrenoceptor antagonist (Ashby Jr and Wang, 1996), and adjunctive treatment with 
idazoxan, a selective α2 adrenoceptor antagonist, has been found to enhance the effect 
of conventional neuroleptics in treatment-resistant schizophrenia (Litman et al., 1993, 
1996). Preclinical work from our laboratory shows that idazoxan enhances the 
raclopride-induced suppression of conditioned avoidance response (CAR), a 
preclinical test for antipsychotic effect (Hertel et al., 1999). In addition, idazoxan in 
combination with raclopride selectively increases prefrontal dopamine output (Hertel 
et al., 1999), in similarity with clozapine and other atypical, but not typical 
antipsychotic drugs. Prefrontal dopamine plays a major role in the control of 
cognitive functioning (Goldman-Rakic et al., 2000), and both clinical and preclinical 
results indicate an impairment of prefrontal dopamine functioning in schizophrenia 
(Weinberger et al., 2001). Clinical results suggest that idazoxan treatment improves 
cognitive performance in dementia of the frontal type (Coull et al., 1996). One 
underlying mechanism may involve activation of the D1 receptor, because D1 receptor 
agonists alleviate cognitive deficits induced by lesions in the dopaminergic system 
(Schneider et al., 1994). In addition, a range of studies suggest that D1 receptor 
dysregulation may be critically involved in cognitive deficits in schizophrenic 
patients (Abi-Dargham et al., 2002) and that atypical, but not typical, antipsychotic 
drugs can improve various aspects of cognitive dysfunction in this disease (Meltzer 
and McGurk, 1999; Davis et al., 2003). It has also been shown that chronic blockade 
of dopamine D2 receptors by haloperidol in monkeys produces severe impairments in 
working memory, which can be reversed by co-administration of a D1 receptor 
agonist (Castner et al., 2000).  

Increasing evidence suggest that, in addition to dopaminergic dysfunction, 
glutamatergic hypofunction at NMDA receptors also plays a key role in 
schizophrenia (see Introduction 1.9.). Electrophysiological studies using intracellular 
recording in pyramidal cells of the rat medial prefrontal cortex have shown that 
atypical, but not typical, antipsychotic drugs facilitate post-synaptic responses, i.e. 
glutamatergic neurotransmission (Ninan et al., 2003). Specifically, this effect of 
clozapine was found to be mediated by dopamine and executed via D1 receptors 
(Chen and Yang, 2002; Ninan and Wang, 2003).  
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Combined α2- and D2/3 blockage potentiates EPSPs and EPSCs in prefrontal 
cortical cells 

Clozapine was found to markedly potentiate the late component, i.e. NMDA 
mediated, of the electrically induced EPSPs and evoked bursts of action potentials 
riding over the EPSPs with variable onset latencies. Neither the selective D2/3 
antagonist raclopride nor the α2 antagonist idazoxan had any effect when given alone, 
but by combining idazoxan with raclopride, there was a potentiation, similar to what 
seen with clozapine (Figure 16).  

 

Control
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Control
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Control
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Control
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Figure 16. Representative traces illustrating the effects of clozapine, raclopride, idazoxan and the 
combination of raclopride and idazoxan on electrically evoked EPSPs in pyramidal cells of the medial 
prefrontal cortex.  
 
 

Experiments were also performed in the voltage clamp mode to ensure that the 
effect of the combination of raclopride and idazoxan was not the result of altering 
membrane potentials. In these experiments the electrodes were filled with CsCl and 
QX-314, which block voltage-activated Na+ and K+ channels, i.e. block action 
potentials (see Figure 11). Clozapine significantly potentiated the electrically evoked 
EPSCs. In similarity with the above results, neither raclopride nor idazoxan showed 
any effect when given alone, but the combination of idazoxan and raclopride 
significantly facilitated the electrically evoked EPSCs in the pyramidal cells to the 
same extent as clozapine (Figure 17). 

These results show that a combination of a selective α2 adrenoceptor antagonist 
and a selective D2/3 antagonist can fully mimic the facilitatory effect of clozapine on 
electrically evoked EPSPs and EPSCs in pyramidal cells of the medial prefrontal 
cortex. 
 
The enhanced effect by combined α2- and D2/3 blockage on EPSCs is mediated by 
dopamine via D1 receptors 

In order to test the role of dopamine in the potentiation of prefrontal 
glutamatergic transmission by the combination of idazoxan and raclopride, rats were 
depleted of endogenous monoamines by a combined treatment with reserpine and 
AMPT, which inhibits both the vesicular storage and the ongoing synthesis of 
catecholamines (see Figure 1). This procedure completely blocked the effect of the 
combination of idazoxan and raclopride on the EPSCs, providing firm support for an 
involvement of catecholamines in this effect. Moreover, since the facilitating effect of 
the combination of idazoxan and raclopride on the EPSCs could be completely 
restored by application of the catecholamine precursor L-Dopa, these results provide 
further evidence for the involvement of catecholamines. Finally, as the facilitation of 
the EPSCs by combined treatment with idazoxan and raclopride also was completely 
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blocked by the selective D1 receptor antagonist SCH 23390, our results provide 
definite proof for the specific involvement of dopamine in this potentiation, and that 
this effect is mediated via D1 receptors (Figure 17). 
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Figure 17. The effects of clozapine (1 µM), raclopride (1 µM), idazoxan (1 µM), the combination of 
raclopride (1 µM) and idazoxan (1 µM), the combination of raclopride and idazoxan after monoamine 
depletion, the combination of raclopride and idazoxan after monoamine deletion + L-Dopa (1 µM), and 
the combination of raclopride and idazoxan after pre-treatment with the D1 receptor antagonist SCH 
23390 (1 µM) on electrically evoked EPSCs in pyramidal cells of the medial prefrontal cortex. Data 
are expressed as mean ± SEM.  
 
 
4.2.3. Role of α2- and D2/3 blockage on cognitive behaviour (Paper IV) 

Substantial scientific evidence indicate that the NMDA receptor system is 
important for cognitive functioning (Izquierdo, 1991; Javitt and Zukin, 1991; Honey 
et al., 2003), and subsequently we examined the effects of these drugs in a 
behavioural model in the rat, the 8-arm radial maze test of working memory, a well 
established preclinical test of cognitive functioning in the rat (see Olton, 1979) 
Recently published data, using the 8-arm radial maze, indicate a functional 
relationship between dopamine release in the prefrontal cortex and memory-based 
search behaviour, and also demonstrate that the magnitude of prefrontal dopamine 
release predicts the accuracy of this type of memory (Phillips et al., 2004). In 
addition, non-competitive NMDA receptor antagonists, e.g. MK-801, have been 
found to impair working memory as assessed by the radial maze test (Ward et al., 
1990; Levin et al., 1998). 
 
Clozapine, as well as the combination of idazoxan and raclopride, reverses MK-801 
- induced impairment of working memory in rats 

To test the purported cognitive enhancing properties of clozapine, raclopride 
and idazoxan, we used the 8-arm radial maze test of working memory. The non-
competitive NMDA receptor antagonist MK-801 produced a clear-cut and significant 
impairment of working memory performance. However, pre-treatment with clozapine 
(5 mg/kg i.p.) and the combination of idazoxan (1.5 mg/kg s.c.) and raclopride (0.05 
mg/kg s.c.) completely reversed MK-801-induced impairment of working memory 
(Figure 18), whereas when given alone, neither idazoxan nor raclopride were able to 
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reverse the MK-801-induced impairment. Treatment with clozapine, idazoxan, 
raclopride or the combination of idazoxan and raclopride did not affect radial maze 
performance. 
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Figure 18. Effects of (a) clozapine (5 mg/kg i.p.), (b) raclopride (0.05 mg/kg s.c.), idazoxan (1.5 
mg/kg s.c.) and the combination of raclopride and idazoxan on MK-801 (0.1 mg/kg s.c.)- induced 
impairment of working memory in rats. Data expressed as median + semi-interquartile range.  
 
 
The combination of raclopride and idazoxan generates similar levels of D2-, α2A- 
and α2C receptor occupancies in brain as clozapine 

Using ex vivo autoradiography, the D2, α2A and α2C receptor occupancies of 
clozapine, the D2 receptor occupancy of raclopride and the α2A and α2C receptor 
occupancies of idazoxan were assessed. The dose of clozapine (5 mg/kg), which was 
used in the 8-arm radial maze test, was found to generate D2-, α2A- and α2C receptor 
occupancies of about 45, 65 and 95%, respectively. The dose of raclopride (0.05 
mg/kg) was found to cause D2 receptor occupancy of about 45%, whereas idazoxan 
(1.5 mg/kg) was found to generate α2A- and α2C receptor occupancies of about 75 and 
90%, respectively (Table 3). 
 
 
Table 3. The estimated D2-, α2A- and α2C receptor occupancies of clozapine, raclopride and idazoxan in 
the doses used in the 8-arm radial maze experiments.  
 

  

mg/kg 

Receptor occupancy (%) 

        D2                       α2A                   α2C 

Clozapine    5.0 45 65  95 

Raclopride    0.05 45   

Idazoxan   1.5  75 90 
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These data, together with our previous results (Hertel et al., 1999), show that 
adjunctive treatment with idazoxan allows for a potentiation of the efficacy of D2 
antagonists, and that this effect is associated with both a markedly enhanced 
prefrontal dopamine output and a concomitant facilitatory effect on glutamatergic 
neurotransmission in this brain region. Both clozapine and the combination of 
raclopride and idazoxan induced bursts riding over the electrically evoked EPSPs (see 
Figure 16). It has been shown that most pyramidal cells in the prefrontal cortex are 
regular spiking cells, but after application to the apical dendrite of glutamate or 
NMDA, but not AMPA, they fire with repetitive bursts (Shi and Zhang, 2003). Co-
application of AMPA with NMDA, decreased the NMDA-induced bursting and PCP 
decreased the dendritic glutamate-induced bursting, indicating that NMDA receptors 
are essential for prefrontal pyramidal cells to fire in burst (Shi and Zhang, 2003). The 
changes in bursting induced by PCP are thought to distort information processing 
within the prefrontal cortex. Furthermore, our electrophysiological data demonstrate a 
relationship between the action of dopamine and glutamate, as the glutamatergic 
potentiation was found to be mediated via dopamine and executed at D1 receptors. In 
addition, in the 8-arm radial maze test, clozapine and the combination of α2- and D2/3 

blockage were able to reverse MK-801-induced working memory impairment in rats, 
indicating a cognitive-enhancing effect of both clozapine and the combination of α2- 
and D2/3 blockage. These effects were obtained at similar occupancies at D2-, α2A- and 
α2C receptors, supporting the notion that adjunctive use of idazoxan may enhance the 
efficacy of most typical and atypical antipsychotic drugs that lack appreciable α2 
antagonistic action. 
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4.2.4. Role of nicotine in the mechanism of action of antipsychotic drugs 
(Paper V) 

Schizophrenic patients are mostly heavy smokers (see Introduction 1.7.) and 
it has been suggested that the intense tobacco consumption by schizophrenic patients 
may represent a form of self-medication with nicotine, and nicotine has also been 
shown to improve both some aspects of cognitive dysfunction, as well as negative 
symptoms in schizophrenia (Svensson et al., 1990; Nomikos et al., 2000; Rezvani and 
Levin, 2001; Simosky et al., 2002; Smith et al., 2002; George et al., 2002; Sacco et 
al., 2004). Moreover, even exacerbation of schizophrenic symptoms after smoking 
cessation has been reported (Dalack and Meador-Woodruff, 1996).  

Systemic nicotine, in particular chronic intermittent administration, 
preferentially increases prefrontal dopamine release (Nisell et al., 1996). Moreover, 
both electrochemical and biochemical studies support a glutamate-releasing effect of 
nicotine in the prefrontal cortex (Gioanni et al., 1999; Lambe et al., 2003). Several 
atypical, but not typical, antipsychotic drugs have also been found to increase not 
only prefrontal dopamine release but also acetylcholine release (Ichikawa et al., 
2002). Interestingly, treatment with clozapine decreases smoking, as well as other 
forms of drug abuse in schizophrenic patients (McEvoy et al., 1995a), whereas in 
contrast, haloperidol treatment has been found to increase smoking (McEvoy et al., 
1995b), which suggest the possibility that indirect activation of AChRs, in this case 
by nicotine, may substitute for the action of clozapine.  
 

The combination of nicotine with raclopride or with L-745,870, a weak D4 receptor 
antagonist, generated a clozapine-like facilitation of glutamatergic transmission 

In agreement with previously reported (Arvanov et al., 1997), bath perfusion 
with clozapine markedly potentiated the NMDA-induced currents in pyramidal cells 
of the medial prefrontal cortex (Figure 19). On the other hand, neither raclopride nor 
L-745,870, or nicotine showed any effect on the NMDA-induced currents. However, 
perfusion with the combination of nicotine and raclopride or the combination of 
nicotine and L-745,870 significantly facilitated the NMDA-induced currents. We also 
examined the effects of these drugs and combinations on electrically evoked EPSPs 
in pyramidal cells of the medial prefrontal cortex. Consistent with earlier reports, 
clozapine markedly evoked bursts of action potentials riding over EPSPs with 
variable onset latencies (Chen and Yang, 2002). When given alone, neither nicotine 
nor raclopride or L-745,870 were able to enhance the effect, but both the combination 
or nicotine and raclopride and the combination of nicotine and L745,780 were able to 
mimic the effect of clozapine on the electrically evoked EPSPs. The enhanced effects 
of the combination of nicotine and raclopride and the combination of nicotine and L-
745,870 were mediated by the NMDA receptors, since these effects could be blocked 
by the NMDA receptor antagonist APV. The clozapine-induced potentiation of the 
EPSPs has also been shown to be blocked by APV (Chen and Yang, 2002).  
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Figure 19. (a) Representative traces showing the effect of clozapine on NMDA-induced currents. (b) 
Histogram showing the effects of clozapine, nicotine, raclopride, idazoxan, the combination of nicotine 
and raclopride, and the combination of nicotine and L745,870 on the NMDA-induced currents in 
pyramidal cells in the prefrontal cortex. 
 
 

These results indicate that the combination of nicotine with a D2- or a weak D4 
antagonist can produce a facilitation of NMDA receptor-mediated glutamatergic 
neurotransmission in the medial prefrontal cortex, similarly to clozapine, suggesting 
that addition of nicotine to antagonists at receptors within the D2 family may 
contribute, at least temporarily, to improve cognitive and negative symptoms in 
schizophrenia. Our data may also have bearing on the decreased smoking in 
schizophrenic patients when their treatment is switched from typical antipsychotic 
drugs to clozapine. 
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5. GENERAL DISCUSSION 
In all experiments of this thesis, the different antipsychotic drugs and related 

compounds were acutely administered. Previous studies have reported that chronic 
treatment with antipsychotic drugs generates a marked reduction in the number of 
spontaneous active SN and/or VTA neurons (Bunney and Grace, 1978; Chiodo and 
Bunney, 1983). This effect was proposed to be caused by depolarization 
inactivation/block, a phenomenon in the SN that was thought to provide an 
explanation to the appearance of EPS (Bunney and Grace, 1978). Also the 
depolarization block in the VTA gained interest, as it was claimed to explain the 
purportedly delayed onset of the clinical antipsychotic effect (see Grace et al., 1997). 
However, some EPS, such as acute dystonia, can occur acutely after administration of 
antipsychotic drugs, whereas other EPS, such as tardive dyskinesia, may appear after 
many years of treatment (Pierre, 2005). Therefore, the relationship between EPS and 
the occurrence of depolarization block after two weeks of treatment appears 
completely arbitrary. Moreover, a recent meta-analysis, including over 7400 patients, 
showed that the antipsychotic effect already appears within the first week of treatment 
(Agid et al., 2003), and an even faster onset, i.e. within a few hours, has been reported 
(Kapur, 2004), indicating that the purportedly delayed onset of the clinical effects of 
antipsychotic drugs my not exist. From a basic scientific perspective, the 
depolarization block hypothesis has also been questioned, since several studies report 
failure of chronic haloperidol treatment to induce depolarization block in 
unanaesthetized rats, using both biochemical and electrophysiological methods 
(Andén et al., 1988; Mereu et al., 1994; Klitenick et al., 1996; Egan et al., 1996; 
Melis et al., 1998), raising the possibility that the changes observed might be an 
artefact related to general anaesthesia (Andén et al., 1988; Mereu et al., 1995). Since 
the onset of the antipsychotic effect occurs within the first hours or days and the 
depolarization block appears first after weeks of treatment, this hypothesis appears 
today largely untenable, and, therefore, studies of antipsychotic drugs using acute 
administration appear, if anything, more relevant from a clinical perspective. 

 
The original definition of an atypical antipsychotic drug was that of a drug that 

does not induce EPS, i.e. clozapine, and for long time, clozapine was the only 
antipsychotic drug that was called atypical. Over time, the goal for the development 
of new “atypical” antipsychotic drugs has been slightly altered, and it now includes 
also improvement of negative symptoms and cognitive dysfunction. Thus, the term 
atypical is presently used to describe drugs that, apart from a low EPS liability, may 
possess improved effects on negative and cognitive symptoms in schizophrenia. Such 
drugs are also called second generation antipsychotic drugs (SGAs). Several theories 
have been proposed to explain the atypical character of SGAs, such as their purported 
“limbic selectively”, meaning that these drugs exerts a preferential effect on the 
mesolimbic, than the nigrostriatal dopamine system. As already mentioned (see 
Introduction 1.1.), several actions of the atypical antipsychotic drugs, exerted at 
different receptors, may contribute to the so-called limbic selectively.  
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Prefrontal dysfunction and cognitive deficits are common in many 
neuropsychiatric disorders. In patients with schizophrenia, impairments of working 
memory, selective attention and Wisconsin Card Sorting Test (WCST; a test of 
executive functions) have been linked to prefrontal dopaminergic dysfunction, e.g. 
increased prefrontal dopamine catabolism (Egan et al., 2001), and particularly 
involving dopamine D1 receptors (Goldman-Rakic et al., 2000; Goldman-Rakic et al., 
2004). In schizophrenic patients the impaired cognitive-task-induced activation of 
anterior cingulate cortex has been shown to be significantly improved by 
administration of apomorphine, a dopamine agonist (Dolan et al., 1995). Both 
amphetamine and L-Dopa, which in relatively high doses can aggravate, and even 
induce psychosis, have when used as adjunct treatment in low doses been found to 
improve cognitive and/or negative symptoms in schizophrenic patients (Daniel et al., 
1991; Jaskiw and Popli, 2004). Indeed, recent preclinical studies from our laboratory 
have shown that a low dose of L-Dopa enhances the raclopride-induced suppression 
of CAR, with no increase in catalepsy, and also that this effect was associated with a 
preferential increase in prefrontal dopamine release (Eltayb et al., 2005, in press), in 
similarity with atypical antipsychotic drugs. Moreover, there exists also other 
pharmacological means to increase prefrontal dopamine (see below). Thus, a more 
recent extension of the notion of limbic selectively as an explanation to atypicality is, 
that the effects of SGAs on negative and cognitive symptoms may be specifically 
related to their enhancing effect on prefrontal dopamine outflow.  

 
D2 receptor blockade is still the only common denominator among all the 

presently available antipsychotic drugs (Kapur and Mamo, 2003). A recent theoretical 
explanation to atypicality that has been put forward is that atypical antipsychotic 
drugs are more loosely bound to the D2 receptor than typical antipsychotic drugs, the 
so-called “fast-off” theory (Kapur and Seeman, 2001). According to this theory, 
atypical antipsychotic drugs are not tightly bound to the D2 receptor and can easily be 
replaced by endogenous dopamine, and this phenomenon is thought to explain why 
atypicals generate less EPS. However, the theory applies only to some SGAs, namely 
clozapine and quetiapine, but can not offer a general explanation to atypicality, since 
e.g. sertindole, an atypical antipsychotic drug which causes virtually no EPS, displays 
a slower off-rate that haloperidol (Meltzer et al., 2003b).  

Two drugs, usually classified as atypical antipsychotic drugs, and still mainly 
acting at the D2 receptor are amisulpride, a selective D2/3 antagonist, and aripiprazole, 
a partial D2 receptor agonist. Amisulpride has equal affinity for D2- and D3 receptors, 
displays the so-called limbic selectively in animal experiments (Schoemaker et al., 
1997), and causes no catalepsy in spite of a D2 receptor occupancy of 80% (Perrault 
et al., 1997). When given in low doses, used to ameliorate negative symptoms in 
schizophrenia and generating a D2 occupancy of only about 10%, it has been shown 
to preferentially activate cortical areas (Cudennec et al., 1997). Amisulpride has also 
been shown to possess a limbic selectivity in the living human brain (Vernaleken et 
al., 2004; Stone et al., 2005). Clinically, amisulpride appears to exhibit somewhat 
higher efficacy than FGAs (Davis et al., 2003), and to cause less EPS than typicals, 
but it still induces other side-effects, such as hyperprolactinaemia (Leucht, 2004; 
Mortimer, 2004). One explanation for the atypical profile of amisulpride might be its 
high affinity to the D3 receptor (see Schwartz et al., 2000). 

52 



General Discussion 
 

Aripiprazole, apart from being a partial D2 receptor agonist, is also a partial 5-
HT1A receptor agonist and a 5-HT2A receptor antagonist (Green, 2004). In similarity 
with atypical, but not typical, antipsychotic drugs, aripiprazole increases dopamine 
release in the medial prefrontal cortex, but not in the NAC (Li et al., 2004). 
Clinically, aripiprazole has been shown to be effective against positive and negative 
symptoms, yet with no EPS or prolactin elevation (Kane et al., 2002; Naber and 
Lambert, 2004). Interestingly, aripiprazole has been reported to generate nearly 
complete D2 receptor occupancy, both in healthy volunteers and schizophrenic 
patients (Yokoi et al., 2002; Frankle et al., 2004), supporting the notion that 
aripiprazole functions as a partial dopamine agonist in the living human brain.  

 
A property shared by many antipsychotic drugs is 5-HT2A antagonism, and a 

high 5-HT2A/D2 affinity ratio has been proposed as a hallmark of SGAs, providing 
both protection against EPS and superiority in terms of negative symptoms (Meltzer, 
1989; Meltzer et al., 1989). However, risperidone given in a high-dose range, 
generating both high 5-HT2A- and D2 receptor occupancies, undoubtedly exhibits EPS 
(Kapur et al., 1995; Nyberg et al., 1999). Thus, high 5-HT2A receptor occupancy does 
not, per se, provide any substantial protection against EPS, when elicited by a 
massive D2 receptor blockage (Farde et al., 1992; Farde and Nordström, 1993; 
Nordström et al., 1993). Clinical studies have demonstrated that addition of ritanserin, 
a 5-HT2A/2C receptor antagonist, to a classical antipsychotic agent produces significant 
reduction in negative symptoms (Gelders et al., 1986; Reyntjens et al., 1986). A 
synergistic effect of ritanserin and D2 receptor blockade on dopamine release has 
been observed in the mesolimbocortical, but not in the nigrostriatal dopamine system 
(Andersson et al., 1995), and ritanserin has been shown to enhance the raclopride-
induced suppression of CAR, without affecting raclopride-induced catalepsy 
(Wadenberg et al., 1996). Also M100907, the 5-HT2A receptor antagonist, has been 
found to potentiate the effect of haloperidol on CAR (Wadenberg et al., 2001a), as 
well as the ability of low dose haloperidol to increase dopamine release in the medial 
prefrontal cortex, and to abolish the stimulatory effect of haloperidol on dopamine 
release in the NAC (Liegeois et al., 2002). These results support the notion that 
addition of 5-HT2A receptor blockage to typical D2 antagonists may enhance the 
antipsychotic effect without a concomitant increase of EPS liability, and that the 
atypical profile of the drug combination may, at least to some extent, be related to the 
enhanced prefrontal dopamine output.  

Non-competitive NMDA receptor antagonists can induce symptoms that closely 
resemble schizophrenia, and these drugs, e.g. PCP and MK-801, are frequently used 
to create an animal model of schizophrenia (see Introduction 1.9.). MK-801 induces 
dopamine release in the NAC, an effect that can be attenuated by M100907 (Schmidt 
and Fadayel, 1996), and in electrophysiological studies, M100907 has been shown to 
prevent PCP-induced blockade of NMDA responses (Wang and Liang, 1998). These 
results suggest that 5-HT2A blockade can attenuate responses to NMDA receptor 
antagonists and modulate NMDA receptor mediated neurotransmission. However, 
both preclinical and clinical data indicate that 5-HT2A blockade alone does not confer 
sufficient antipsychotic effect (Wadenberg et al., 1998; de Paulis, 2001). Thus, 5-
HT2A antagonism appears to enhance, modulate or complement D2 antagonism, rather 
than to represent a primary therapeutic mechanism in schizophrenia. At any rate, if 
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the antipsychotic effect of D2 blockage can be enhanced by 5-HT2A blockage, a 
decreased EPS liability could possible be achieved simply by decreasing the 
concomitant level of D2 receptor blockage. 

 
Clozapine and several other SGAs, e.g. risperidone, sertindole and quetiapine, 

possess high affinity for the α1 adrenoceptor. Behavioural and pharmacological data 
have indicated that activation of cortical α1 adrenoceptors may inhibit cortical 
dopamine transmission at D1 receptors (see Tassin, 1992). Moreover, prazosin, an α1 
adrenoceptor antagonist, has been shown to exert a modulating effect on VTA 
neurons, selectively reducing burst-like firing (Grenhoff and Svensson, 1993). Pre-
treatment with prazosin specifically modulates the effect of raclopride on dopamine 
neuronal firing patterns and dopamine release in the mesolimbocortical, but not in the 
nigrostriatal dopamine system (Andersson et al., 1994). Thus, prazosin was found to 
attenuate the enhancement in burst activity of VTA dopamine neurons and dopamine 
release in the NAC induced by raclopride, and to potentiate the stimulatory action of 
low dose raclopride on the firing rate of VTA neurons. Importantly, both the MK-
801-induced hyperlocomotion and dopamine release in the NAC can be blocked by 
prazosin (Mathe et al., 1996). Finally, pre-treatment with prazosin has been shown to 
enhance the raclopride-induced suppression of CAR, with no increase in catalepsy 
score (Wadenberg et al., 2000a). Thus, addition of an α1 adrenoceptor antagonist, just 
like a 5-HT2A receptor antagonist, seems to augment the antipsychotic activity of a D2 
receptor antagonist (see Svensson et al., 1999). 

 
In contrast to most other antipsychotic drugs, clozapine, and to some extent 

risperidone, is a most potent α2 adrenoceptor antagonist (Ashby Jr and Wang, 1996), 
and α2 adrenoceptor blockade was accordingly hypothesized to be important for its 
clinical profile (Nutt, 1994). Both clinical (Litman et al., 1996) and preclinical (Hertel 
et al., 1999) studies provide evidence that adjunctive treatment with idazoxan, an α2 
adrenoceptor antagonist, can increase the efficacy of typical antipsychotic drugs, e.g. 
in treatment-resistant schizophrenia, with an improved effect on both positive and 
negative symptoms. Moreover, the present study demonstrates an enhancing effect on 
cognitive function of adjunctive α2 adrenoceptor blockage (see Results and 
Discussion 4.2.2). Also mianserin, an antidepressant drug with high α2- and 5HT2A/C 
receptor antagonistic properties, has been claimed to enhance the effect of typical 
antipsychotic drugs on positive and negative symptoms and on cognitive dysfunctions 
in schizophrenia (Mizuki et al., 1990; Grinshpoon et al., 2000; Shiloh et al., 2002; 
Poyurovsky et al., 2003), generating a clozapine-like clinical effect (Lindström, 
2000). Significantly, recent preclinical work in our laboratory shows that addition of 
mianserin to a low dose of raclopride, in similarity with idazoxan, enhances the 
suppression of CAR without any increase in catalepsy, and preferentially enhances 
prefrontal dopamine output (Wiker et al., 2005, in press). Clozapine has proven 
superior both to olanzapine and typical antipsychotic drugs in reducing suicidality in 
schizoaffective disorder and schizophrenia (Meltzer et al., 2003a). The α2 
adrenoceptor blocking effect of clozapine may be significant for its suicide-
preventing effect, since α2 adrenoceptor antagonism represents one of the 
mechanisms of action of antidepressant drugs, and blockade of α2 auto- and 
heteroreceptors on nerve terminals results in an increased release of both 
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noradrenaline and serotonin (Haddjeri et al., 1995; de Boer, 1995). The elevated 
number of α2 adrenoceptors found in cortical areas of suicide victims (De Paermentier 
et al., 1997), also lends indirect support for an involvement of the α2 antagonistic 
effect of clozapine in suicide prevention. Therefore, the addition of idazoxan to 
typical D2/3 antagonists may potentially contribute to reduce suicidality in 
schizophrenia.  

 
The hypoglutamatergic hypothesis in schizophrenia (see Introduction 1.9.) 

proposes that enhancing glutamatergic function may provide a pharmacological 
means to treat schizophrenia (see Tamminga, 1998). Direct agonists at the NMDA 
receptor are not practically useful, since such drugs may produce cytotoxic effects, 
excessive excitation and seizures. However, glycine is an obligatory co-agonist at the 
NMDA receptor, and apart from glycine, D-serine is a full agonist and D-cycloserine 
is a partial agonist at the glycine site. Preclinical studies have shown that glycine 
reverses PCP-induced hyperactivity (Javitt et al., 1997), and that D-cycloserine 
enhances c-fos induction, a measure of post-synaptic activation, after treatment with 
haloperidol but not with clozapine (Leveque et al., 2000). Clinical studies have 
claimed an improved efficacy of adjunct treatment with glycine agonists in 
schizophrenic patients maintained on typical antipsychotic drugs, risperidone or 
olanzapine, but not clozapine (see Coyle and Tsai, 2004; Goff et al., 1999b; Evins et 
al., 2002; Heresco-Levy et al., 2004). Actually, patients treated with clozapine 
significantly worsened ratings of negative symptoms after adjunct treatment with D-
cycloserine (Goff et al., 1999a). To explain these observations in clozapine-treated 
patients, it has been suggested that clozapine increases NMDA receptor activity to a 
level that prevents further enhancement by glycine and D-serine treatment, but can be 
antagonized by the partial agonist D-cycloserine (Goff et al., 1999a; Tsai et al., 1999).  

Glycine levels in brain are regulated by glycine transporters (GlyT), which 
serve to protect the NMDA receptor from high circulating levels of glycine (Lopez-
Corcuera et al., 2001). Therefore, a potential means to increase the levels of glycine is 
to administer glycine transport inhibitors (GTIs), which prevent removal of glycine 
from the synaptic cleft. Glycyldodecylamide, a GTI, has been shown to inhibit PCP-
induced hyperactivity (Javitt et al., 1997), and ALX 5407 (NFPS), a highly selective 
GlyT1-inhibitor (Atkinson et al., 2001), has been shown to potentiate NMDA-
mediated neurotransmission in prefrontal cortical neurons (Chen et al., 2003), and to 
reverse PCP-induced dopamine dysregulation (Javitt et al., 2004). In addition, clinical 
work indicates a beneficial effect of adjunct treatment with sarcosine, a GTI, in 
schizophrenic patients (Tsai et al., 2004). Novel data from our laboratory shows that 
adding ALX 5407 to risperidone, but not to clozapine, enhances NMDA-induced 
currents in pyramidal cells of the prefrontal cortex (Konradsson et al., 2005, in press) 
in parallel with the above mentioned clinical results obtained with glycine and D-
serine (Goff et al., 1999a; Tsai et al., 1999). Indeed, a recent experimental study has 
shown that clozapine, but not haloperidol or risperidone, inhibits glycine transporters 
in cortical synaptosomes (Javitt et al., 2005). A recent meta-analysis of eighteen 
short-term trials found a small effect of adjunct treatment of glycine and D-serine in 
reducing negative symptoms in schizophrenic patients (Tuominen et al., 2005), 
however, this meta-analysis included also patients receiving clozapine and may, 
therefore, not be conclusive. 
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It has been postulated that neurochemical alterations in the dopaminergic-

cholinergic balance, i.e. a relative hyperdopaminergia and/or hypocholinergia, may be 
importantly involved with psychotic symptoms in both Alzheimer’s disease and 
schizophrenia (White and Cummings, 1996), suggesting a potential beneficial effect 
in schizophrenia of enhancing cholinergic neurotransmission in the brain. In fact, 
some atypical, i.e. clozapine, olanzapine and risperidone, but not typical, 
antipsychotic drugs enhance acetylcholine release in the prefrontal cortex of the rat 
(Ichikawa et al., 2002). Currently, several pharmacological means are available to 
enhance cholinergic functions, e.g. achetylcholinesterase inhibitors, muscarinic 
agonists, nicotinic agonists and potentiators of nicotinic receptor functions (Friedman, 
2004). Interestingly, xanomeline, a muscarinic agonist, exhibits a preclinical 
pharmacological profile that resembles atypical antipsychotic drugs, with limbic 
selectively, suppression of CAR and no catalepsy (Shannon et al., 2000; Perry et al., 
2001). The major active metabolite of clozapine, N-desmethylclozapine has also been 
found to be a muscarinic agonist (Davies et al., 2004), and to potentiate NMDA 
receptor activity in vivo (Sur et al., 2003). Another pro-cholinergic drug is 
galantamine, which is both an acetylcholinesterase inhibitor and a positive allosteric 
modulator of nAChR. Adjunct treatment with galantamine has clinically been found 
to significantly improve negative symptoms in schizophrenia (Rosse and Deutsch, 
2002; Deutch et al., 2004), and has also been proposed for cognitive enhancement in 
this disease (Friedman, 2004). Galantamine has recently been shown to activate 
mesocorticolimbic dopamine neurons via nAChR (Svensson et al., 2004) and to 
increase prefrontal cortical dopamine release (Schilström et al., personal 
communication). Thus, both muscarinic and nicotinic AChR agonists may hold some 
promise in the future treatment of schizophrenia. 

 
As outlined above, the development of improved pharmacological treatment of 

schizophrenia is currently expanding along several lines. One of these is to use 
various adjunct drugs to target subsets of symptoms, such as cognitive dysfunction, 
which appears to represent the major determinant of treatment outcome (Green, 
1996). The schizophrenia genotype, as well as phenotype, appears diverse. 
Disciplines such as pharmacogenetics and pharmacogenomics seek to uncover the 
genetic variation in order to predict treatment outcomes and to select drugs with 
greatest likelihood of benefit and least likelihood of harm in individual patients (see 
Basile et al., 2002). The genetic factors may include pharmacokinetic elements (i.e. 
involved in the metabolism and elimination of the drug from the body) as well as 
pharmacodynamic elements (i.e. involving the direct site of action within the body). 
Genetic variation in pharmacodynamic elements such as brain receptors may result in 
receptors with higher affinity for a certain medication and may, therefore, allow pre-
selection of patients that are most likely to respond or to develop side-effects. Genetic 
differences in pharmacokinetic factors, such as drug-metabolizing enzymes, may 
expose some patients with less active enzymatic forms to higher plasma levels of the 
medication. For example, it is well known that effective dosage of clozapine varies 
widely among patients (Freeman and Oyewumi, 1997), making it necessary to 
individualize drug therapy with clozapine. There is a correlation between dose and 
clearance of clozapine, as well as between dose of clozapine and the activity of 
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CYP1A2, an isozyme belonging to the cytochrome P-450 enzyme system (Doude van 
Troostwijk et al., 2003). Therefore, information about enzyme activity, i.e. CYP1A2, 
activity may be useful to determine the effective initial dosage. Thus, the 
pharmacological treatment of schizophrenia at the level of the individual patient is 
likely to improve. 

 
The present study demonstrates a qualitative difference between the actions of 

the first and the second generation of antipsychotic drugs in the nucleus accumbens. 
This work also supports the contribution of effects of the antipsychotic drugs other 
than D2 blockage to their atypical profile, such as 5-HT2A- and α1 receptor blockage. 
Importantly, the present set of studies demonstrate that the difference observed 
between the two groups of antipsychotic drugs is not simply dose-related, since the 
effects of very low doses of haloperidol were still qualitatively the same as those 
caused by high doses. By reducing the dose of a typical antipsychotic drug, e.g. 
haloperidol, side-effects are likely to decrease. However, only a few clinical reports 
which compare low-dose haloperidol, i.e. <6 mg/d, with SGAs have been published. 
One of these, comparing olanzapine (mean dose 9.3 mg/d) with haloperidol (mean 
dose 4.6 mg/d), demonstrates an advantageous effect of olanzapine on cognitive 
impairment (Keefe et al., 2004). Indeed, a qualitative difference between the effects 
of typical and atypical antipsychotic drugs in the prefrontal cortex is also illustrated 
by both their neurochemical and electrophysiological effects, where atypical, in 
contrast to typical, antipsychotic drugs have been shown to activate both 
dopaminergic and glutamatergic transmission. The present work proposes that 
presynaptic α2 adrenoceptor blockage in the prefrontal cortex may be one of the most 
important mechanisms of action to explain the still somewhat unique efficacy of 
clozapine in schizophrenia. Finally, this study provides novel neurobiological support 
for a cognitive-enhancing effect of nicotine in schizophrenic patients and, by 
inference, the self-medication hypothesis for the intense tobacco consumption 
associated with this disease. 
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