CHAPTER 25
Dopamine in Schizophrenia

Dystunctional Information Processing
in Basal Ganglia — Thalamocortical Split Circuits

I. WEINER and D. JoEL

A. The Dopamine Hypothesis of Schizophrenia

Schizophrenia is a major mental disorder with about 0.85%-1% lifetime
prevalence world wide (JABLENSKY et al. 1992). The course of schizophrenia is
characterized by the onset of clinical symptoms after puberty and a high
symptom heterogeneity. Schizophrenia symptoms are considered to fall into
two major classes: positive and negative. According to the Diagnostic and
Statistical Manual of Mental Disorders (DSM)-IV, the former include “dis-
tortions or exaggerations of inferential thinking (delusions), perception (hal-
lucinations), language, and communication (disorganized speech), and
behavioral monitoring (grossly disorganized or catatonic behavior)”, and the
latter include “restrictions in the range and intensity of emotional expression
(affective flattening), in the fluency and production of thought and speech
(alogia), and in the initiation of goal-directed behavior (avolition)” (pp.
274-275). While additional classifications of symptoms have been proposed
(e.g., CrRow 1980; ANDREASEN 1982; LIDDLE 1987; CARPENTER et al. 1988, 1999;
LippLE et al. 1989; KAy 1990; BucHANAN and CARPENTER 1994; ANDREASEN
et al. 1995; TANDON 1995), the dopamine (DA) hypothesis of schizophrenia
has been primarily related to the positive-negative classification (see below).

For about three decades, the DA hypothesis of schizophrenia has been the
reigning biological hypothesis of the neural mechanisms underlying this dis-
order (CArLssON and LINDQUIST 1963; MATTHYSSE 1973; SNYDER 1973, 1974,
1976; MELTZER and STAHL 1976; BURT et al. 1977; OWEN et al. 1978; McKENNA
1987; SEEMAN 1987; LIEBERMAN et al. 1990, 1997; WILLNER 1997). The DA
hypothesis has undergone numerous revisions, but has proven remarkably
resistant to obliteration. In its original formulation, the hypothesis stated that
schizophrenia is due to a central hyperdopaminergic state. This was based
on two complementary lines of indirect pharmacological evidence: the DA
releaser amphetamine as well as other DA-enhancing agents such as the DA
precursor L-dopa or methylphenidate, produced and exacerbated schizo-
phrenic symptoms (JENKINS and GroH 1970; ANGRIST et al. 1971, 1974, 1980;
SNYDER 1973; JANowsKY and Davis 1976; van KAMMEN et al. 1982; LIBERMAN
et al. 1984, 1987; DavipsoN et al. 1987), whereas drugs that were effective
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in the treatment of amphetamine-induced psychosis and schizophrenia
[neuroleptics or antipsychotic drugs (APDs)] decreased DA activity, and their
clinical potency was correlated with their potency in blocking D, receptors
(Carisson and LinpqQuist 1963; CREESE et al. 1976; HYTTEL et al. 1985; FARDE
et al. 1988, 1992; NorDSTROM et al. 1993).

Initially, the focus was on hyperdopaminergia in the mesostriatal DA
system [DA projections from the substantia nigra pars compacta, retrorubral
area and ventral tegmental area (VTA) to the neostriatum), because the
neostriatum has the highest concentration of D, receptors in the brain, and
because prolonged treatment with neuroleptics produced motor disturbances
(extrapyramidal side effects), which are associated with the mesostriatal DA
system (SEDVALL 1996; ARNT et al. 1997; Jovck et al. 1997). Indeed, the most
widely accepted definition of a neuroleptic drug had been that it has antipsy-
chotic activity and induces extrapyramidal side effects (ARNT and SKRSFELDT
1998). In parallel, repeated high-dose amphetamine administration was
deemed necessary for producing schizophrenia-like symptoms in humans
(SEGEL 1975; Groves and REeBEC 1976; KokkiNiDis and ANisMaN 1980), and
studies in rodents have revealed that the effects of comparable regimens of
amphetamine administration, which led to stereotypy, are mediated by the
mesostriatal DA system (CReeSE and IVERSEN 1975; CostaLL et al. 1977,
Staron and Soromon 1984). By corollary, the most essential preclinical test of
antipsychotic activity was antagonism of amphetamine-induced stereotypy in
rodents (ARNT and SKARSFELDT 1998).

The first wave of challenges to the original formulation of the DA hypoth-
esis sprung from its very cornerstones, namely, the effects of amphetamine and
neuroleptic drugs, as well as from the growing recognition of the importance
of negative symptoms in schizophrenia. Thus, on the one hand it became
apparent that amphetamine does not produce the entire spectrum of schizo-
phrenic symptoms but only those considered to belong to the “positive” cat-
egory; moreover, it improved negative symptoms (OGURA et al. 1976; ANGRIST
et al. 1980, 1982, 1985; DavipsoN et al. 1987; DANIEL et al. 1990; SANFILIPO
et al. 1996). On the other hand, while neuroleptics were effective in treating
positive symptoms, their efficacy in treating negative symptoms turned out to
be limited (JoHNSTONE et al. 1978; MELTZER et al. 1986; 1994; KANE 1995;
BREIER et al. 1987; BReIER and BERG 1999), and these drugs themselves could
lead to a syndrome similar to the negative symptomatology of schizophrenia
(BELMAKER and WALD 1977; CHATTERJEE et al. 1995; HEINZ et al. 1998). These
problems were reinforced by studies of the main DA metabolite, homovanil-
lic acid (HVA), in the cerebro-spinal fluid (CSF) and plasma of schizophrenic
patients which yielded inconclusive results regarding changes in DA turnover
(Posrt et al. 1975; van KAMMEN et al. 1986; REyNoLDS, 1989; Hs1ao et al. 1993;
Kann and Davis, 1995; BEUGER et al. 1996), and indeed have pointed to
DA hypofunction in some schizophrenic patients (BJERKENSTEDT et al. 1985;
LinpstrRoM 1985; WIESELGREN and LinpstroMm 1998). Taken together, these
findings have led to the proposition that positive symptoms are associated
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with an increased DA function, whereas negative symptoms are associated
with a decreased DA function (MELTZER 1985; Wyat 1986; Davis et al. 1991).

The postulated site of DA dysfunction has been re-conceptualized as
well. The advent of the “atypical” neuroleptic clozapine, which had superior
efficacy against positive as well as negative symptoms, has undermined the con-
nection between antipsychotic efficacy and extrapyramidal side effects, as this
drug had high antipsychotic efficacy at doses that did not produce extrapyra-
midal side effects (HOGBERG et al. 1987; ARNT and SKARSFELDT 1998; KiNnoN and
LiEBERMAN 1996). The latter was consistent with findings that relatively to the
typical APD haloperidol, clozapine produced a much weaker striatal D, block-
ade (FarDE et al. 1989, 1992; KerwIN 1994; MELTZER et al. 1994; ARNT and
SKARSFELDT 1998). Subsequently, a wide separation between the doses used to
control psychosis and those that induce extrapyramidal side effects has become
a major characteristic of the novel or “atypical” APDs (KiNoN and LIEBERMAN
1996; ArRNT and SKARSFELDT 1998). Furthermore, electrophysiological, bio-
chemical, and behavioral studies of typical and atypical APDs in rodents have
revealed that clozapine and other atypical APDs exhibit selectivity for the
mesolimbic DA system [originating in the VTA and terminating in the nucleus
accumbens (NAC)] and reverse amphetamine-induced activity, mediated pri-
marily by the mesolimbic DA system (PUNENBURG et al. 1975; Staron and
Soromon 1984) but not stereotypy (mediated primarily by the mesostriatal DA
system; StaToN and SoroMoN 1984). In addition, Fos immunohistochemistry
studies have shown that the NAC might be the common site of action of all
APDs (DeuTcH et al. 1992; RoBErTsON and FiBIGER 1992). These findings have
led to the hypothesis that antipsychotic activity is mediated by inhibition of DA
function in limbic regions, whereas extrapyramidal side effects are mediated by
inhibition of the mesostriatal DA function, and, by inference, that schizophre-
nia may be related to excessive activity in the mesolimbic DA system. As evi-
dence has accumulated from rodent studies that the mesolimbic DA system
plays a central role in complex motivational and cognitive processes (e.g.,
TacHzouTr et al. 1985; MoGENSON et al. 1988; ANNETT et al. 1989; CADOR et al.
1989,1991; CoLE and RoBBiNs 1989; Van DEN Bos and Cools 1989; LEMoaL and
SimoN 1991; VaN DEN Bos et al. 1991; PENNARTZ et al. 1994; SALAMONE 1994,
1997; SEaMaNs and PHILLIPS 1994; IkEMOTO and PANKSEPP 1999, see also Chap.
19, this volume), and that the NAC receives, in addition to its DA input from
the VTA, input from all the brain regions implicated in the pathophysiology of
schizophrenia (SEsack et al. 1989; GROENEWEGEN et al. 1990, 1991; BERENDSE
et al. 1992, see below), the locus of the subcortical DA dysfunction in this dis-
order has been shifted to the mesolimbic DA system (SwerpLow and Koo
1987; CserNANSKY et al. 1991; GrRACE 1991,1993; Gray et al. 1991; DEutcH 1992;
Joyce 1993, although recently, there has been a comeback of the mesostriatal
system, see GRAYBIEL 1997).

While pharmacology and results of animal studies have increasingly im-
plicated the mesolimbic DA system, the results of neuropathological and neu-
roimaging studies in schizophrenia patients have increasingly pointed to a
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dysfunction of cortical areas in schizophrenia. Thus, findings revealed a func-
tional abnormality of the frontal cortex in schizophrenia (“hypofrontality”,
e.g., WoLKIN et al. 1985, 1988, 1992; Gur et al. 1987; VoLkow et al. 1987;
WEINBERGER 1988; WEINBERGER et al. 1988; BERMAN and WEINBERGER 1990);
BucasBaUM et al. 1990; ANDREASEN et al. 1992, 1996) and structural abnormal-
ities were found in frontal and temporal brain regions in schizophrenia, includ-
ing the prefrontal cortex, the entorhinal cortex, the hippocampus, and the
amygdala (e.g., KovELMAN and ScHEIBEL 1984; BoGERTs et al. 1985; JaAkoB and
BEckMAN 1986; BoGeRTS 1991, 1993; KNABLE and WEINBERGER 1995; HARRISON
1995,1999; SELEMON et al. 1995,1998; WEINBERGER and LipskA 1995; ArRNoLD and
Trosanowskl 1996; Raikowska et al. 1998; WEICKERT and WEINBERGER 1998;
BENEs 1999). These findings have resurrected the proposition of KRAEPELIN
(1919) that schizophrenia symptoms resulted from pathology of the frontal and
temporal lobes, but were unrelated to the evidence of mesolimbic DA dysfunc-
tion. In addition, while the initial wave of DA hypothesis revision implied that
positive and negative symptoms characterize distinct subgroups of patients, it
has become clear that positive and negative symptoms coexist in schizophrenic
patients (ANDREASEN 1982; TaNDON 1995; WILLNER 1997). Therefore, models of
schizophrenia that could link the pharmacological and neuropathological/neu-
roimaging lines of evidence as well as accommodate the coexistence of positive
and negative symptoms have become imperative.

The formulation of such hypotheses has been made possible by the results
of rodent studies which showed that: (1) the NAC is a site of convergence and
interaction between the ascending mesolimbic DA system and the gluta-
matergic inputs from all the cortical regions whose dysfunction has been im-
plicated in schizophrenia (Krayniak et al. 1981; KELLEY and DomEsIk 1982;
LoPrEs DA SiLva et al. 1984; FULLER et al. 1987; GROENEWEGEN et al. 1987,1991,
1996, 1999; SEsack et al. 1989; McDoNALD 1991; Brog et al. 1993; Joyce 1993;
PENNARTZ et al. 1994; O’DoNNEL and GRACE 1995; FiNcH 1996; WRIGHT and
GROENEWEGEN 1996); and (2) perturbations of these cortical regions can
modify mesolimbic DA function (KeLry and RoBErTs 1983; Isaacson 1984;
MogGeNsoN and NIELSEN 1984; LourLor et al. 1985; Yim and MoGENSON 1988;
Jaskiw et al. 1990; Capor et al. 1991; LE MoaL and SimoN 1991; LirskaA et al.
1992; Burns et al. 1993; Lipska et al. 1993; WILKINSON et al. 1993; LE MoaL
1995; KaRREMAN and MOGHADDAM 1996).

Two major versions of what can be termed the revised DA hypothesis have
received prominence. One version, based on rodent experiments showing that
the mesocortical DA system can regulate the activity of the mesolimbic DA
system (e.g., CARTER and Pycock 1980; Pycock et al. 1980; LoutLor et al. 1989;
DgeutcH et al. 1990; Jaskiw et al. 1991; LEMoaL and SimoN 1991; DEuTcH 1992;
Rosiv et al. 1992; LE MoaL 1995; KiNG et al. 1997), states that schizophrenia
is associated with hypodopaminergia in the prefrontal cortex and a consequent
hyperdopaminergia in the mesolimbic DA system, leading to negative and
positive symptoms, respectively (MELTZER 1985; Wyat 1986; WEINBERGER 1987,
Dauvis et al. 1991; DeutcH 1992; DEUTCH et al. 1992).
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The second, more general, hypothesis posits that schizophrenia reflects
a dysfunction of fronto-temporolimbic-mesolimbic DA circuitry in which
mesolimbic DA hyperactivity is either primary or secondary to a
disrupted/reduced cortical input to the mesolimbic DA system (FritH
1987; SwerpLOowW and Koo 1987; WEINBERGER 1987; CArLSSON 1988, 1995;
WEINBERGER et al. 1988; CarLssoN and CARLSSON 1990; RossiNs 1990, 1991;
CserNANSKY et al. 1991; Grace 1991; Gray et al. 1991; DeurcH 1992; Joyce
1993; WEINBERGER and Liprska 1995; O’DoNNEL and GRACE 1998; MOORE et al.
1999). Grack (1991, 1993) has advanced an influential hypothesis according to
which reduced cortical input to the NAC leads to both decreased (tonic) and
increased (phasic) striatal DA function leading to negative and positive symp-
toms, respectively (GRace 1991, 2000; O’DonNEL and GRACE 1998; MOORE
et al. 1999, see below). CSERNANSKY et al. (1991) have proposed an additional
model which combines decreased and increased striatal DA function, albeit
via different mechanisms (see below).

Direct evidence for a DA dysfunction in schizophrenia has been lacking
for years. As noted above, studies of HVA concentration in the CSF and in
plasma have yielded inconsistent results (see Davis et al. 1991; Kaun and
Davis 1995 for reviews of this literature). Early postmortem studies reported
elevated levels of brain DA and DA metabolites (BowErs, 1974; BIrD et al.
1977,1979a,b,c) as well as significantly elevated numbers of D, receptors (LEE
and SEEMAN 1977; LEE et al. 1978; Cross et al. 1981; MAckay 1982; SEEMAN
et al. 1984, 1987) in schizophrenic brains. The possibility that such an increase
is related to antipsychotic treatment (which has been shown in rats to elevate
striatal D, receptors) has been contested by findings of elevated D, receptors
in never-medicated patients (LEE et al. 1978; OWEN et al. 1978; Cross et al.
1981; FARDE et al. 1987). However, later studies of D, receptor densities in neu-
roleptic-naive patients using neuroimaging techniques have yielded conflict-
ing results (WonG et al. 1986, 1997a,b; MARTINOT et al. 1989, 1990, 1991; FARDE
et al. 1990; TuNE et al. 1993, 1996; HIETALA et al. 1994, PiLowsky et al. 1994;
NoRrRDSTROM et al. 1995; BREIER et al. 1997; LARUELLE et al. 1997). Two recently
published meta-analyses (LARUELLE et al. 1998; Zakzanis and HANSEN 1998)
and several reviews (Davis et al. 1991; Soares and Innis 1999) have concluded
that striatal D, receptor levels are moderately elevated in a substantial
portion but not in all patients with schizophrenia, although FARDE et al.
(1995, 1997) concluded that the weight of the evidence does not point to such
an elevation. Interestingly, the elevation of D, receptors in drug-naive schizo-
phrenics appears largely in the limbic region of the striatum (Mira et al. 1986;
Jovce et al. 1988, 1997). In any event, it should be evident that elevation/up-
regulation of D, receptors is not indicative of higher DA activity but rather
would be in agreement with DA hypoactivity (GRACE 1991; CSERNANSKY et al.
1991).

In recent years, the development of sophisticated imaging techniques has
finally allowed the demonstration of DA dysfunction in the living brain, which
may with further developments become substantiated as a direct support for
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the DA hypothesis. A series of studies using D, radioreceptor imaging have
found larger displacement of the ligand from striatal D, receptors following
amphetamine challenge in untreated and neuroleptic-naive schizophrenics
compared to healthy controls, pointing to a greater stimulation of these recep-
tors (LARUELLE et al. 1996, 1999; BREIER et al. 1997; ABI-DARGHAM et al. 1998).
Importantly, excessive DA function was found in patients who were in an
active phase of the illness but not in patients in remission, suggesting that DA
abnormality is not stable but is related to the clinical stage of the disease
and may subserve or at least contribute to the transition to the active phase.
Furthermore, amphetamine challenge and the concomitant increase in DA
transmission were correlated with an exacerbation of positive symptoms and
an improvement in negative symptoms, indicating that increased DA trans-
mission is related to positive symptoms, whereas reduced DA function may be
associated with negative symptoms.

Positron emission tomography (PET) studies assessing striatal DA syn-
thesis as measured by the uptake of labeled dopa have yielded comparable
findings. Thus, increased rate of DA synthesis, consistent with increased presy-
naptic activity, was found in both first-admission and more chronic psychotic
schizophrenic patients (HIETALA et al. 1994, 1995, 1999; RerTH et al. 1994; Dao-
CosTELLANA et al. 1997; HAGBERG et al. 1998; LiNDSTROM et al. 1999), whereas
decreased DA synthesis appears to characterize schizophrenic patients with
psychomotor slowing and depressive symptoms, i.e., primarily negative symp-
tomatology (HIETALA et al. 1995, 1999; Dao-CoSTELLANA et al. 1997).

Recently, BErToLINO et al. (2000) found a selective negative correlation
between a measure of neuronal integrity in dorsolateral prefrontal cortex
(assessed as N-acetylaspartate relative concentrations measured with MRS
imaging) and amphetamine-induced release of striatal DA (assessed as
changes in striatal raclopride binding measured with PET) in schizophrenia
patients but not in healthy controls. These results show that increased release
of striatal DA after amphetamine in schizophrenia might be related to reduced
glutamatergic activity of prefrontal cortex neurons, and are consistent with
the hypothesis that DA dysregulation in schizophrenia may be prefrontally
determined.

There have been some findings suggesting DA dysfunction in the cortex
of schizophrenic patients. Using immunocytochemical methods, AKIL et al.
(1999) have found morphological alterations in DA axons in some areas
of the prefrontal cortex, suggesting disturbance in DA neurotransmission.
LinDpsTROM et al. (1999) have found increased uptake of L-dopa in the medial
prefrontal cortex, pointing to an elevated DA synthesis. There are also some
reports on receptor abnormalities in the cortex of schizophrenic subjects,
including decreased density of D; receptors in the prefrontal cortex
(OkuBo et al. 1997), increased density of D, receptors in the entorhinal
cortex (LauTI et al. 1998), and a higher (Steranis et al. 1998) or lower
(MEADOR-WOODRUFF et al. 1997) level of D, mRNA in the frontal cortex.
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Taken together, the results obtained with the newly developed methods
of neurochemical brain imaging (SoAres and Innis 1999) support the DA
hypothesis and moreover, suggest that hyperresponsivity of striatal DA is
an important component of the positive symptomatology of schizophrenia,
whereas reduced striatal DA function is involved in the pathophysiology of
negative symptoms. However, the mechanisms underlying the DA abnormal-
ity remain unknown. For example, abnormal DA responsiveness to ampheta-
mine could reflect either a presynaptic mechanism, i.e., increased DA release,
or a postsynaptic mechanism, i.e., increased affinity of D, receptors. Another
important issue relates to the basal levels of endogenously released DA in
schizophrenia; thus, some authors suggested that different basal DA levels
in patients may account for conflicting PET measurements of D, receptors
(WonG et al. 1986; FARDE et al. 1990, 1997), and LARUELLE et al. (1999) sug-
gested that the response to amphetamine challenge may be associated with a
dysregulation of baseline DA activity. Direct measure of baseline DA levels
will be necessary to unravel the nature of abnormal DA transmission in schiz-
ophrenia. Finally, due to limitations in the anatomic resolution, most imaging
studies have measured the neostriatum, and the contribution of the ventral
(limbic) striatum has remained largely unknown. This is a major limitation
given the present emphasis on the abnormality of the mesolimbic DA system
in schizophrenia. The same problem is evident with PET and single photon
emission computed tomography (SPECT) studies of D, receptor occupancy
by APDs. Only few studies exist and only for striatal D, receptors (ARNT and
SKARSFELD 1998).

Finally, there is some evidence that D, receptor gene polymorphism
affects susceptibility to schizophrenia (OHARA et al. 1998; SERRETTI et al. 1998;
Jonsson et al. 1999, but see KaNESHIMA et al. 1997; TALLERICO et al. 1999), and
that allelic variation in the Dj; receptor gene may play a role in the patho-
physiology of schizophrenia (DUBERTRET et al. 1998; SCHARFETTER et al. 1999,
but see MALHOTRA et al. 1998).

B. Schizophrenia as a Dopamine-Dependent
Dysfunctional Information Processing in Basal
Ganglia—Thalamocortical Circuits

Several paths have been taken in attempting to link DA dysfunction to schiz-
ophrenia symptomatology. As noted above, most often DA dysfunction is
related at the gross level to positive vs negative symptoms, either in a region-
specific manner, e.g., hypodopaminergia of the prefrontal cortex is responsi-
ble for negative symptoms, whereas mesolimbic DA overactivity is responsible
for positive symptoms (Davis et al. 1991; MELTZER 1985), or in relation to the
mode of striatal DA release, i.e., increased phasic and decreased tonic release
are responsible for positive and negative symptoms, respectively (GRACE 1991;
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O’DonnNEL and GRACE 1998; Moore et al. 1999). Recently, it has been sug-
gested that schizophrenia may involve a hypodopaminergic state in the dorsal
striatum coupled with a hyperdopaminergic state in the ventral striatum
(O’DonNEL and GRACE 1998; LARUELLE et al. 2000), or an imbalance between
modes of DA activity within the prefrontal cortex, i.e., decreased phasic and
increased tonic release (BRAVER et al. 1999; CoHEN et al. 1999).

Other approaches include the selection of a “basic” cognitive deficit which
presumably underlies many schizophrenic symptoms (e.g., lack of contextual
modulation; BRAVER et al. 1999; lack of influence of past regularities on current
perception; Gray et al. 1991; disruption of working memory; GoLDMAN-RAKIC
1999), and/or endowing mesolimbic or cortical DA with a “basic” function
(gain, gating, switching) whose impairment produces the schizophrenic deficit
(e.g., SWerDpLOW and Koos 1987).

One of the major advances in the understanding of information process-
ing in the forebrain has been the discovery that anatomically and functionally
associated regions of the striatum and the frontal cortex are linked within
several limbic, associative and motor basal ganglia—thalamocortical circuits
(DELonG and Georcopouros 1981; Penney and Young 1983, 1986;
ALEXANDER et al. 1986; MARSDEN 1986; GROENEWEGEN and BERENDSE 1994;
JoeEL and WEINER 1994; PARENT and HazraT 1995; WiSE et al. 1996). Each
circuit receives glutamatergic input from several separate but functionally
related cortical areas, traverses specific regions of the striatum, the internal
segment of the globus pallidus, substantia nigra pars reticulata (SNR), ventral
pallidum and thalamus, and projects back upon a frontocortical area. Within
each circuit, striatal output reaches the basal ganglia output nuclei (SNR, inter-
nal segment of globus pallidus, and ventral pallidum) via a “direct” pathway
and via an “indirect pathway,” which traverses the external segment of the
globus pallidus and the subthalamic nucleus (DELONG et al. 1985; PENNEY and
Youna 1986; ALBIN et al. 1989; ALEXANDER and CRUTCHER 1990; ALEXANDER
et al. 1990; WisE et al. 1996; JoeL and WEINER 1997). Striatal neurons of the
direct pathway contain y-aminobutyric acid (GABA) and substance P and
preferentially express D, receptors, while neurons of the indirect pathway
contain GABA and enkephalin and preferentially express D, receptors
(ALBIN et al. 1989; GERFEN et al. 1990; REINER and ANDERSON 1990; GERFEN
and WiLsoN 1996; WisE et al. 1996; Chap. 11, Vol. I). Given the preponderance
of DA innervation of the striatum, it has been proposed that the understand-
ing of the role of DA in schizophrenia might profit from an understanding of
the nature of information processing within the basal ganglia—thalamocortical
circuits and its modulation by DA (FritH 1987; SwerDLOW and Koo 1987;
CaRrLssON 1988; RosBINs 1990; 1991; Gray et al. 1991; GRrAYBIEL 1997,
CarLssoN et al. 1999, 2000; Moore et al. 1999). Guided by this rationale,
several “circuit models” of schizophrenia have been described. These models
typically include a description of the circuit contribution to normal behavior;
the modulating effect of DA on the circuit functioning; and the effects of dys-
functional DA on circuit functioning and the resulting symptomatology.
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I. Circuit Models of Schizophrenia

PeEnNEY and Young (1983, 1986; ALBIN et al. 1989) were the first to describe
how abnormalities of striatal DA disrupt the functioning of basal ganglia—
thalamocortical circuitry. These authors focused on movement disorders (e.g.,
Parkinson’s disease), and thus on the motor circuit. In their model, the direct
pathway determines which sensory stimuli are used to initiate motor action,
whereas the indirect pathway suppresses unwanted responses to sensory
stimuli or determines which stimuli are disregarded. DA decreases the activ-
ity of striatal neurons of the indirect pathway and potentiates the activity of
striatal neurons of the direct pathway. Therefore, reduced DA input to the
striatum in Parkinson’s disease results in underactivity of the direct pathway
and overactivity of the indirect pathway, leading to reduced initiation and
increased suppression of movement, manifested clinically as bradykinesia and
hypokinesia.

Based on the model of PENNEY and YounG, SwerDLOow and Koos
(1987) presented a circuit model of schizophrenia in which the pathophysiol-
ogy of this disorder was attributed to a malfunctional limbic cortico-striato-
pallido-thalamo-cortical circuit. In this circuit, the limbic striatum (NAC)
selects and maintains specific sets of impulses originating in limbic structures
and frontal cortex, which form the basis of emotional and cognitive processes,
by inhibiting pallidal cells and thus disinhibiting the transfer of information
from the thalamus to the cortex. An important component of this selection
process is the sharpening of cortical information that is achieved by the dense
collateral inhibitory network within the NAC. DA modulates the capacity of
NAC neurons to filter out irrelevant patterns and initiate new patterns or
switch existing patterns by inhibiting these neurons and thus disrupting lateral
inhibition. Overactivity of DA input to the NAC results in the loss of lateral
inhibition causing inhibition of pallidothalamic efferents; this in turn causes
rapid changes and a loss of focused corticothalamic activity in cortical regions
controlling cognitive and emotional processes. This results in rapid switching
and an inability to filter inappropriate cognitive and emotional cortical infor-
mation at the NAC level, manifested clinically as “flight of ideas” (rapid
switching) and “loose associations” (unfiltered information) characteristic of
psychosis.

Gravy et al. (1991) have extended SwerpLOW and KooB’s (1987) model to
include also a dorsal cortico-striato-pallido-thalamo-cortical circuit which is
responsible for executing the steps of goal-directed motor programs. The func-
tion of the NAC system in this model is to monitor the smooth running of the
motor program in terms of progress toward the intended goal and to switch
between steps in the program, guided by the projections to the striatum from
the prefrontal cortex, the amygdala, and the septohippocampal system. The
latter is responsible for checking whether the actual outcome of a particular
motor step matches the expected outcome, and this information is transmit-
ted from the subiculum to the NAC. Positive symptoms of schizophrenia result
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from a disruption in the subiculo-NAC projection that leads to a failure to
integrate past regularities with ongoing motor programs. The role of DA in
this model is identical to that described by SwerpLow and Koo, namely
enabling switching of striatal activity into a new pattern by inhibiting striatal
neurons and consequently disrupting lateral inhibition within the NAC.
Gray et al. added a mechanism for a topographical specificity of DA effects,
achieved by local DA increase in the region of active cortical (particularly
subicular) glutamatergic terminals. Excess DA overcomes this topographical
specificity, thus inhibiting striatal neurons indiscriminately, leading to a dis-
ruption of the running of all steps in all motor programs indiscriminately.
Essentially the same process will be caused by loss of the subicular input to
the NAC. Behavioral control will revert to new stimuli or familiar stimuli will
be treated as novel. In psychological terms, this will be manifested in the weak-
ening of the influence of past regularities on current behavior, and in a failure
to monitor willed intentions correctly, which are considered by Gray et al. to
be basic to the schizophrenic condition and to account for most of the posi-
tive symptoms of this disorder.

Both SwerpLow and Koos’s and Gray and colleagues’ models incorpo-
rate only mesolimbic DA hyperfunction and relatedly account only for posi-
tive symptoms of schizophrenia. In SwerpLow and KooB’s model, negative
symptoms were suggested to result from NAC cell loss, which would limit the
amount of cortical information passing through the NAC, leading to paucity
of affect and behavior. SwWerpLOW and Koos did describe the effects of DA
underactivity in their limbic circuit and suggested that this would result in an
inability to initiate or switch sets of cortical activity, leading to psychomotor
retardation, paucity of affect, cognitive perseveration, and anhedonia, but this
was proposed as a model of depression.

CarLssoN (1988) proposed that striatal neurons can inhibit thalamocorti-
cal neurons and thus filter off part of the sensory input to the thalamus to
protect the cortex from sensory overload and hyperarousal. Since DA inhibits
(and glutamate excites) these striatal neurons, excess DA (or glutamatergic
deficiency) should reduce this striatal protective influence and thus lead to
psychosis. Recently, CARLsSON et al. (1999, 2000) have updated the model by
referring to the distinction between striatal neurons of the direct and indirect
pathways. Specifically, they attributed the protective striatal function to
neurons of the indirect pathway, and further suggested that neurons of the
direct pathway exert an opposite, excitatory influence on thalamocortical
neurons. Underactivity of the latter, induced for example by glutamatergic
deficiency, is suggested to contribute to the negative symptoms of schizophre-
nia, whereas underactivity of the indirect pathway, induced by hyperactivity
of DA or glutamatergic deficiency, is suggested to contribute to psychosis.

CSERNANSKY et al. (1991) have also provided a model in which alterations
in the limbic basal ganglia—thalamocortical circuit lead to the positive and
negative symptoms of schizophrenia. According to their model, hippocampal
activation of the circuit, by activating NAC neurons, results in inhibition of
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behavioral output. DA can modulate this inhibition by inhibiting NAC
neurons, thus inhibiting the circuit. In schizophrenia, abnormalities in limbic
structures result in chronic increase in glutamatergic input to the NAC.
Secondary to this increase, the level of NAC DA becomes reduced. Increased
glutamatergic and decreased DA input to the NAC lead to overactivity of
NAC neurons and thus overactivity of the circuit, and provide the patho-
physiological basis of the prodromal/residual state of schizophrenia. The
chronic decrease in DA in turn leads to an increase in the density of D, recep-
tors in the NAC. As a result, an acute increase in NAC DA (e.g., by environ-
mental stressors) will have an abnormally large disinhibitory effect on NAC
neurons, leading to pathological release of behavior, i.e., to psychosis.

It should be noted that SwerbpLow and KooB, CArLssON et al. and
CserRNANSKY et al. emphasize the loss of the inhibitory effects of the limbic
circuit on behavior as the core abnormality of psychosis. In terms of current
views of the organization of the basal ganglia—thalamocortical circuits, and as
acknowledged by CarLssoN et al. (1999, 2000), these three models can be
reformulated as implicating underactivity of the indirect pathway in the patho-
physiology of psychosis. The contribution of dysfunction of the indirect
pathway to the florid state of schizophrenia is strengthened by the fact that in
the early stages of Huntington’s disease, which are characterized primarily by
degeneration of striatal neurons of the indirect pathway, patients often show
schizophrenia-like symptoms and are sometimes incorrectly diagnosed as suf-
fering from schizophrenia (JoEL and WEINER 1997; for an elaborated account
see JoEL 2001).

O’DonnNEL and GRACE (1998) have recently described three different dys-
functional circuitries postulated to underlie the three clusters of schizophrenic
symptoms as delineated by LIDDLE et al. (1992): reality distortion (positive),
psychomotor poverty (negative), and disorganization. Positive symptoms are
attributed to disrupted hippocampal and prefrontal inputs to the NAC shell,
combined with an increase in phasic DA release and a decrease in prefrontal
cortex-dependent tonic DA levels. These lead to a decrease in the overall cell
activity in the NAC shell, resulting in abnormally depressed activity in the
mediodorsal-prefrontal loop, leading to both hypofrontality and the emer-
gence of positive symptoms, possibly via the orbitofrontal cortex. Psycho-
motor retardation is attributed to decreased input from the dorsolateral
prefrontal cortex to the associative striatum, combined with the resultant
decrease in tonic DA levels. These result in reduced activity of striatal neurons,
leading to increased inhibition of the mediodorsal/ventroanterior—prefrontal
loop, which is reflected in a perseverative state and an overall psychomotor
retardation. The disorganization syndrome is attributed to disrupted input
from the cingulate cortex and the ventrolateral prefrontal cortex, which lead
to decreased activity of neurons of the NAC core. This will lead to increased
inhibition of the reticular thalamic nucleus, resulting in a breakdown of
thalamic filtering, as manifested in schizophrenics’ inability to focus attention
or maintain a coherent line of thought.
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II. The Split Circuit Model of Schizophrenia

We have recently presented a new model of basal ganglia—thalamocortical
organization, namely, the split circuit scheme, which emphasizes the open
interconnected nature of the circuits (JoEL and WEINER 1994, 1997, 2000),
as opposed to the common view that these circuits are structurally and
functionally segregated (e.g., ALEXANDER et al. 1986, 1990; ALEXANDER and
CruTcHER 1990). The model describes three open—interconnected split circuits,
a motor, an associative, and a limbic, each containing a closed circuit through
which information is channeled from a frontocortical subregion through spe-
cific subregions of the basal ganglia and thalamus back to the frontocortical
area of origin, as well as several types of pathways connecting it to the other
split circuits. The open-interconnected model is the first to explicitly incor-
porate the striatal connections with the dopaminergic system into a scheme
of basal ganglia—thalamocortical circuits, in the form of closed and open loops
(see Fig. 1 for a detailed description of the circuits and their interconnecting
pathways).

In functional terms, we proposed that the motor, the associative, and the
limbic split circuits provide the brain machinery for the selection and execu-
tion of goal-directed routine behavior, with the connections within each circuit
subserving the selection of circuit-specific elements (motor acts, motor pro-
grams, and goals, respectively), and the connections between the circuits
serving to coordinate their actions in order to produce complex goal-directed
behavior (JoEL and WEINER 1994, for a detailed exposition of the model see

Motor Circuit Associative Circuit Limbic Circuit

Frontal Cortex

Thalamus

Basal
Ganglia
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JoeL and WEINER 1999). In line with the widely held premise that the frontal
cortex has a central role in flexible behavior, planning and decision making
(e.g., MILNER 1963; Luria 1973; PriBRAM 1973; SHALLICE 1982; NorRMAN and
SHALLICE 1986; GoLDMAN-RAKIC 1987; FUusTER 1990; KoLB and WHisHAW 1990);
RoBBINs 1990, 1991; LEVINE et al. 1992; Stuss 1992), and the striatum subserves
routine or automatic aspects of behavior (e.g., Coors 1980; MARSDEN 1982;
IVERSEN 1984; NorMAN and SHALLICE 1986; RoLLs and WiLLIAMS 1987; ROBBINS
1990, 1991; RoBINs and BrRowN 1990; MiLLER and WICKENS 1991; BERRIDGE
and WHisHAw 1992; LEVINE et al. 1992; GrRAYBIEL et al. 1994; HikosakA 1994,

Fig. 1. A summary diagram of the structural organization of the motor, associative,
and limbic split circuits. Each split circuit contains a closed circuit and an open route
or an open pathway. The associative split circuit: The closed associative circuit com-
prises the associative striatum, SNR, VAmc, and MD thalamic nuclei and the associa-
tive prefrontal cortex (including the frontal eye field and dorsolateral prefrontal
cortex). The open associative pathway arises from the associative striatum, traverses
the associative GPi and VApc, and terminates in the premotor cortex, which projects
to the motor striatum. The motor split circuit: The closed motor circuit comprises the
motor striatum, motor GPi, VAdc, and the primary motor cortex and supplementary
motor area. The open motor route consists of motor striatal projections to SNR. The
limbic split circuit: The closed limbic circuit comprises the limbic striatum, ventral
(limbic) pallidum, MDmc, and the limbic prefrontal cortex (including the orbitofrontal
cortex and anterior cingulate area). The open limbic route consists of limbic striatal
projections to SNR. There may also be an open limbic pathway arising from the limbic
striatum and projecting via the rostromedial GPi to motor/premotor cortices. Included
within each of the closed circuits as well as within the open associative pathway are a
direct and a closed indirect pathway. In addition, the associative split circuit contains
an open indirect pathway that connects it with the motor split circuit, and possibly an
open indirect pathway that connects it with the limbic split circuit. Each split circuit
has a closed loop with the DA system, and in addition, there are two open loops con-
necting the limbic split circuit with the motor and the associative split circuits. Abbre-
viations: GPe, external segment of the globus pallidus; GPi, internal segment of the
globus pallidus; MD, mediodorsal thalamic nucleus; MDmc, mediodorsal thalamic
nucleus, magnocellular subdivision; STN, subthalamic nucleus; PFC, prefrontal cortex;
VAdc, ventral anterior thalamic nucleus, densocellular subdivision; VAmc, ventral ante-
rior thalamic nucleus, magnocellular subdivision; VApc, ventral anterior thalamic
nucleus, parvocellular subdivision. Definitions: Closed circuit: A striato-frontocortical
pathway that reenters the frontocortical area which is the source of cortical input to
this striatal subregion; Open pathway: A striato-frontocortical pathway that terminates
in a frontocortical area which innervates a different striatal subregion; Open route: The
striatonigral portion of an open pathway; Closed indirect pathway: An indirect pathway
(striatum-GPe-STN-GPi/SNR) that connects functionally corresponding subregions of
the basal ganglia, that is, which terminates in the same subregion of the basal ganglia
output nuclei as the direct pathway; Open indirect pathway: An indirect pathway (stria-
tum-GPe-STN-GPi/SNR) which connects functionally non-corresponding subregions
of the basal ganglia, that is, which terminates in a different subregion of the basal
ganglia output nuclei than the direct pathway; Closed loop: A loop (striatum-DA
system-striatum) which terminates in the striatal subregion from which it originates;
Open loop: A loop (striatum-DA system-striatum) which terminates in a different stri-
atal subregion than that from which it originates. Pathways connecting between circuits
are demarcated in thick lines
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MarsDEN and OBEso 1994), within each circuit, the frontal component sub-
serves a non-routine or non-automatic selection [similar to the supervisory
attentional system in NorMAN and SHALLICE’s (1986) scheme], whereas the
striatal component acts as an automatic selection device [similar to the con-
tention scheduling mechanism in NorMAN and SHALLICE’s (1986) scheme;
see RoBBINS 1990, 1991 and WISE et al. 1996].

Below we combine the split circuit scheme with the physiological and
behavioral functions of DA as they have emerged from animal research, to
present a detailed description of the circuits’ contribution to normal goal-
directed behavior and its modulation by DA. This model is then used to
account for some symptoms of schizophrenia, based on the postulated dual
DA dysfunction in this disorder as detailed by GRACE and colleagues (GRACE
1991, 1993, 2000; O’DonNNEL and GRACE 1998; MooORE et al. 1999). It is postu-
lated that (1) routine goal-related information is actively maintained in the
limbic striatum, and serves to direct and propel the selection and execution of
motor plans by the associative and motor split circuits; (2) Striatal DA plays
a fundamental role in the establishment, selection, and maintenance of routine
goals as well as in limbic control of the associative and motor circuits because
of its critical role in motivation, learning, and selection; and (3) The primary
deficit of schizophrenia lies in an impairment of goal-directed control of
routine behavior due to abnormal cortical and dopaminergic inputs to the
limbic striatum. The latter is a revision and an elaboration of the idea that the
cardinal deficit of schizophrenia lies in a failure to develop and maintain
coherent patterns of goal-directed behavior (BLEULER 1911; KRAEPELIN
1919; AnscoMmBE 1987; FritH 1987, 1992; StrAUSS 1987; CoHEN and SERVAN-
ScHREIBER 1992; HEMSLEY 1994; LipDDLE 1995; ZEc 1995; CoHEN et al. 1996,
1999; FristoN 1998; JanANSHANT and FriTH 1998; BRAVER et al. 1999).

1. Striatum as a Contention Scheduling Device

Several characteristics of the striatum are important for understanding its
functioning as a selection device. Striatal neurons are found in one of two
stable subthreshold membrane potential states; a “down” state, in which the
neuron is very hyperpolarized and does not generate action potentials, and an
‘“up” state, in which the neuron is depolarized and a relatively weak excitatory
synaptic input can trigger action potentials. The transition from the down
to the up state depends on a temporally and spatially synchronized input from
a relatively large subset of the neuron’s cortical glutamatergic afferents
(PENNARTZ et al. 1994; Houk 1995; WiLson 1995; FincH 1996; GERFEN and
WiLsoN 1996; see Chap. 11, Vol. I). Given that the organization of corticostri-
atal projections is such that (1) different combinations of cortical inputs con-
verge on different zones within a given striatal subregion and (2) each striatal
neuron receives only few synapses from each of the thousands of cortical
neurons innervating it (FLAHERTY and GRAYBIEL 1993, 1994; GRAYBIEL et al.
1994; PENNARTZ et al. 1994; GrAYBIEL and KiMURA 1995; WickiENs and KOTTER
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1995; WiLsoN 1995; FincH 1996; GERFEN and WILsON 1996; GRAYBIEL 1998), a
striatal neuron’s reaction to specific cortical inputs is likely to depend upon
the current cortical context, i.e,. the pattern of activity in the different corti-
cal regions which innervate this striatal neuron (LipsKy et al. 1985; RoLLs and
WiLLiaMs 1987; RoLLs and JOHNSTONE 1992; Aosaki et al. 1994; PENNARTZ
et al. 1994; PLENZ and AERTSEN 1994; Houk 1995; Houk and Wisk 1995; Houk
et al. 1995; KiMmura 1995; Scaurrz et al. 1995a; GRAYBIEL 1998). Moreover,
these characteristics suggest that cortical context determines a set of possible
striatal outputs corresponding to the set of striatal neurons that have been
driven into the up state. The specific striatal output is determined by the firing
induced in a subset of these neurons by specific cortical inputs, which together
with a winner-take-all mechanism subserved by inhibitory axon collaterals or
feed-forward inhibition by striatal interneurons (Groves 1983; PENNEY and
Youna 1983; SwerpLOW and KooB 1987; MiILLER and WICKENS 1991; PENNARTZ
et al. 1994; Wickens and KoTTer 1995; WiLson 1995; Kita 1996), restricts the
number of activated neurons and serves to select one specific output.

An additional important characteristic of the striatal selection mechanism
is its ability to be molded by experience, manifested in long-term changes in
corticostriatal synaptic efficacy (KiMmura 1987; MiLLER and WICKENS 1991;
FLAHERTY and GRAYBIEL 1994; PENNARTZ et al. 1994; ScHuLTZ et al. 1995a;
Wickens and KotTer 1995). Furthermore, it has been suggested that striatal
neurons of the direct pathway “learn” to select the most appropriate element
in response to specific stimuli, whereas neurons of the indirect pathway “learn”
to suppress inappropriate elements (Houk and WIise 1995, JoEL and WEINER
1999), as well as contribute to the termination of behavioral elements
(BrotcHIE et al. 1991a,b; OBEsoO et al. 1994; WicHMAN et al. 1994a).

Under conditions requiring the selection of a new response strategy (e.g.,
during the initial stages of learning), the prefrontal cortex, interacting with
different association and limbic regions, selects and directs behavior. Con-
currently, the corticostriatal projections arising from these different cortical
regions may drive a set of striatal neurons into the up state. Specific cortical
activity patterns may then activate a subset of these neurons, of both the direct
and indirect pathways, encoding the facilitation and suppression of specific
behavioral elements, respectively. If the actual behavior leads to favorable out-
comes to the organism, the activated corticostriatal synapses (both those
responsible for the transition to the up state and those which induced firing)
onto the activated striatal neurons of both pathways are strengthened, so that
in the future this subset of neurons is more likely to be driven into the up state
by the same or a similar cortical context and to be activated by the specific
input.

Repeated occurrences of this sequence of events, i.e., reinforcement of a
specific behavior in a specific context, will lead to the following: First, when-
ever the cortical context occurs it will drive a set of striatal neurons into the
up state, thus determining a set of behaviors appropriate to that context as
well as a set of behaviors inappropriate to that context. Second, the actual
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behavior will be selected according to the specific cortical inputs to the
neurons in the up state which will induce firing in a subgroup of direct pathway
neurons, whereas inappropriate behaviors which may be triggered by these
same cortical inputs will be suppressed due to the activation of indirect
pathway neurons. Specific changes of the cortical input will activate other indi-
rect and direct pathway neurons leading to the termination of the current
behavior and to the initiation of a new behavior. Third, the behavior selected
at any moment will be the most appropriate for the current situation accord-
ing to past experience.

2. The Interaction Between the Striatum and the Frontal Cortex

Information regarding the selection of the most appropriate behavioral
element in the current context is continuously channeled from the striatum to
the frontal cortex via the basal ganglia output nuclei (SNR, internal segment
of globus pallidus, ventral pallidum) and thalamus, and acts to bias the activ-
ity patterns of cortical neurons towards the selection of this behavior. Striatal
information, however, does not necessarily translate into behavioral output
since the frontal cortex receives in addition information about the current
context from other cortical regions. Whether the actual behavioral output is
the one selected by the striatum depends on the strength of the striatal biasing
effect on the frontal cortex (which is a function of the degree of activation of
striatal neurons), and on the degree of correspondence between the striatal
and cortical biasing effects on the activity pattern in the frontal cortex.

In well-learned/highly familiar situations, striatal neurons which encode
the most appropriate behavior, as well as those encoding incompatible behav-
iors, are expected to be strongly activated, and their strong biasing effect is
expected to have a high degree of correspondence with the cortical biasing
effect. The result is an effortless production of routine behavior. In novel or
ill-learned situations, striatal neurons are expected to be weakly activated, and
in addition, their (weaker) biasing effect on the activity of frontal neurons is
unlikely to coincide with the biasing effects of other inputs to the frontal
cortex. Under such circumstances the selection of behavioral output cannot
be achieved automatically, but requires a supervisory process, subserved by
the interaction of the frontal cortex with other brain regions (e.g., posterior
association regions and high-order limbic cortices), which will yield alterna-
tive ways of action. In intermediate situations in which the cortical context is
only partly familiar, striatal neurons will be activated, albeit less strongly than
they would be in the fully familiar context, but their biasing effect is less likely
to coincide with the cortical biasing effect. Two outcomes can ensue: (1) The
cortical biasing effect may be sufficiently strong to counteract the striatal
biasing effect; the routine behavior will not be performed, and the supervisory
process will intervene. (2) The striatal biasing effect is sufficiently strong to
lead to the execution of the routine behavior.
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3. Contention Scheduling of Goals by the Limbic Striatum

The striato-frontal interaction described above takes place within each of the
circuits, but on different types of information, namely, motor, cognitive, or
limbic. Specifically, the motor striatum subserves the contention scheduling of
simple motor acts, the associative striatum subserves the contention schedul-
ing of motor programs (which include cognitive and motor components) and
the limbic striatum subserves the contention scheduling of goals (JoEL and
WEINER 1999).

The proposition that the limbic striatum subserves the contention sched-
uling of goals, i.e., directs an organism’s behavior toward specific end-points,
e.g., obtaining appetitive stimuli (such as food, warmth, affection, the recog-
nition of others), avoiding aversive stimuli (such as shock, anger, rejection),
exploring novel stimuli, etc., is consistent with the current view, pioneered by
NaurTa et al. (1978) and MoGeNsoN et al. (1980), that the limbic striatum plays
a fundamental role in the translation of limbic information to action, that is,
in the “directional” aspects of motivation (e.g., RoBBINS and EVERITT 1982,
1992; BENINGER 1983; CaDOR et al. 1989, 1991; EveRItT et al. 1991; SCHEEL-
KRUGER and WILLNER 1991; LavoiE and Mizumort 1992; ScHuLTZ et al. 1992,
1995a; KaLivas et al. 1993; PENNARTZ et al. 1994; SALAMONE 1994; BENINGER
and MILLER 1998; DEPUE and CoLLINS 1999; IkEMOTO and PANKSEPP 1999).

The proposition that goals are selected by a contention scheduling mech-
anism has the following implications: (1) Goals are selected according to their
activation level which is determined by external and internal information (pro-
vided by the inputs to the limbic striatum); (2) As a result of a reinforcement-
driven learning mechanism, the most appropriate goal is selected, that is, the
goal that according to past experience is expected to maximize reward in the
present situation; (3) In routine situations, the selection of goals is automatic
and effortless; (4) In novel, ill-learned or dangerous situations, in which auto-
matic selection of goals is not possible, a supervisory mechanism, residing in
the limbic prefrontal cortex, selects a goal. These characteristics are in line with
current views of goal-directed behavior according to which goals are activated
by environmental and internal factors and selected in a way that maximizes
expected value. In addition, it is accepted that when activity is well organized
and routine, action moves from goal to goal fairly smoothly without requiring
a deliberate “choice” or “decision” to change goals. The effortful process of
selecting a goal is required under unusual internal or external stimulation
(for review, see PERVIN 1983, 1996).

4. The Role of Tonic and Phasic DA in the Contention Scheduling of Goals

What is needed for adaptive goal-directed behavior? The “goal system” must
select (sometimes among several competing goals) the goal most appropriate
to a given situation; maintain it throughout the course of the behavior; be resis-
tant to interference; terminate it as soon as it is fulfilled or turns out to be
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inadequate for the situation, and switch to a different goal. Current data and
theories suggest that striatal DA is critically involved in these aspects of con-
tention scheduling of goals.

While the physiological and behavioral consequences of striatal DA have
been extensively documented (see Chap. 11, Vol. I; Chap. 19, this volume), they
have been seldomly related specifically to the mode of DA release. However,
it has been increasingly recognized that the two modes of DA transmission
may play distinct roles in the modulation of corticostriatal synaptic transmis-
sion and plasticity, as well as in behavioral and cognitive processes (GRACE
1991, 1993, 2000; ScuuLrz 1998; MoORE et al. 1999; Chap. 19, this volume).

a) Tonic and Phasic DA Release

DA cells exhibit two spontaneously occurring electrophysiological states:
single spiking, in which the majority of cells are found, and burst firing
(BUNNEY et al. 1991; WHITE 1991; KaLvAas 1993; Jounson et al. 1994; GRACE
1995; TeppER et al. 1995). DA levels at the terminal fields depend on the firing
mode of DA cells as well as on other factors acting directly on DA terminals.
Specifically, there are two modes of DA release, phasic and tonic. The former
refers to the release of DA during an action potential, which is rapidly inacti-
vated via reuptake into presynaptic terminals and diffusion. The level of phasic
release depends primarily on the mode of DA cell activity and is markedly
enhanced when cells fire in bursts (GRace and BunnEy 1984; GononN 1988;
MURASE et al. 1992; N1ssBRANDT et al.1994; GARrRris et al. 1997). Tonic DA trans-
mission represents the steady state DA level in the extracellular space. It is
relatively constant and tightly regulated (GracE 1991, 1993). Tonic DA release
may be driven by the presynaptic actions of glutamatergic cortical inputs
onto DA terminals in the striatum, and is also affected by “spillover”
from synaptic release (phasic) as well as by DA released from non-synaptic
sites along the axons. As such, tonic DA would be secondarily affected by DA
cell activity and directly affected by how much DA escapes from sites of
release (e.g., via changes in release or reuptake; for a detailed description of
phasic and tonic DA transmission, see GRACE 1991, 1993, 2000; MooRE et al.
1998).

Electrophysiological studies in behaving animals (ScHurrz 1986, 1998;
KiayTkiN 1988; ScHurrz and Romo 1990; MiLLER et al. 1991; ScHULTZ et al.
1992) have shown that DA cells switch to burst firing following the occurrence
of salient, novel, or reinforcing (unconditioned and conditioned) stimuli.
A critical feature of DA response is its dependence on event unpredictability:
DA neurons respond to stimuli which have an innate or acquired (via learn-
ing) significance as long as they are unpredictable, but stop responding when
they become predictable; during learning, DA responses transfer from primary
rewards to reward-predicting stimuli. The responsiveness of striatal DA to
significant stimuli has been supported also by in vivo microdialysis studies
(SaLAaMONE et al. 1997; see Chap. 19, this volume).
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Based on the above and the evidence for dopamine-dependent long-term
changes in corticostriatal synaptic efficacy (CALABRESI et al. 1992, 1996; PEN-
NARTZ et al. 1993; WICKENS et al. 1996; CHARPIER and DENIAU 1997, see Chap.
11, Vol. 1), it has been suggested that DA governs associative learning in the
striatum by providing a “teaching” or an “error” signal which modulates cor-
ticostriatal synaptic transmission (WIcKeNs 1990; MiLLER and WicKENS 1991;
GRAYBIEL et al. 1994; PENNARTZ et al. 1994; Groves et al. 1995; Houk 1995;
Houk et al. 1995; Kimura 1995; PENNARTZ 1995; ScHurrz et al. 1995a,b;
Wickens and KoTTer 1995; GrAYBIEL 1998). The dependence of DA response
on event unpredictability is also consistent with the theoretical positions and
behavioral data that learning takes place only as long as the to-be-associated
events are unpredictable (REscorLA and WAGNER 1972; PEARCE and HaLrL
1980).

While phasic DA plays a significant role in the processing of significant
and unpredicted events, this cannot account for the wide range of behavioral
deficits following injury to the DA system by means of lesions or pharmaco-
logical treatments (ScHurrz 1998). Overall, DA depletion or DA blockade
result in a greatly impoverished behavioral repertoire and a disorganization
of motivated, adaptive goal-directed interaction with the environment, ranging
from locomotor activity, through species-specific behaviors like food hoarding
and maternal nursing, to a wide variety of positively and negatively reinforced
instrumental responding (RoBBINS and EVERITT 1982; BENINGER 1983; LEMoAL
and SimoN 1991; BLAckBURN et al. 1992; SALaAMONE 1994; LE MoaL 1995;
BENINGER and MILLER 1998; D1 CHiarA 1998; ScHurrz 1998; IkEmotro and
PanksePP 1999). Importantly, many of the lost functions are still present but
not expressed without DA, since they can be reinstated by DA agonists or
strong environmental stimulation (LyNcH and CAREY 1987; KEEFE et al. 1989;
LEMoaL and Stmon 1991; Scaurrz 1998). These data have been interpreted as
demonstrating that DA has a general enabling, activating, energizing, or invig-
orating function, attributed primarily to mesolimbic DA (TayLor and ROBBINS
1984, 1986; CoLE and RoBBINs 1987; LE MoaL and SimoN 1991; RoBBINs and
EveriTT 1992, 1996; SALAMONE 1994; SALAMONE et al. 1997; BERRIDGE and
RogBinsoN 1998; D1 CHiarA 1998; ScHuLrz 1998; IkEmoTo and PANKSEPP 1999;
Chap. 19, this volume). Although gross manipulations of the DA system affect
both phasic and tonic DA transmission, the observations that (1) DA alter-
ations affect a wide range of behaviors, many of which do not trigger burst
activity in DA cells; (2) DA agonists can reverse the effects of DA loss,
although they do not restore DA phasic transmission (LEMoAL and SimoN
1991; Scuurrz 1998), and (3) artificial increases in DA level (e.g., by amphet-
amine) invigorate a wide range of behaviors (LyoNn and RoBaiNs 1975;
EvENDEN and RoBBINS 1983; TAyLorR and RoBBINS 1984, 1986; LyUNGBERG and
Enquist 1987), suggest that the enabling/energizing function of DA depends
on tonic DA levels rather than on phasic DA release (ScHurrz 1998).

In view of the above, it has been suggested that the two modes of DA neu-
rotransmission subserve different functions. Thus, ScHuLTZ (1998) concluded
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that phasic DA subserves the signaling of significant alerting stimuli, and tonic
DA subserves the enabling of a wide range of behaviors without temporal
coding. Similarly, Moore et al. (1999) suggested that tonic DA provides
sufficient level of DA receptor stimulation necessary for the initiation and
execution of well-learned behavior, while phasic transmission is necessary for
novelty-induced behaviors and learning. These authors (Grace 1991, 1993,
2000; ScauLTrZ 1998; MOORE et al. 1999) have also described the modulation
of corticostriatal synaptic transmission and plasticity by phasic and tonic DA
which may mediate the functional role of DA in the striatum. Below we
describe the role of striatal DA in contention scheduling with a focus on the
contention scheduling of goals. DA is assumed to play the same role in the
contention scheduling of motor programs and motor acts.

b) The Establishment of Goals in the Limbic Striatum

In the present model, the phasic increase in striatal DA following the unpre-
dicted occurrence of conditioned and unconditioned reinforcers acts as a
reinforcement signal which serves to strengthen synapses between active
corticostriatal terminals and active striatal neurons. The strengthening of cor-
ticostriatal synapses on active direct pathway neurons will result in a greater
likelihood that the encoded goal, which has led to favorable outcomes to the
organism, is selected again in the same or a similar context. Similarly, the
strengthening of corticostriatal synapses on active indirect pathway neurons
will result in a greater likelihood that inappropriate goals are suppressed in
the same or a similar context.

It should be noted that conditioned and unconditioned stimuli may act
not only as reinforcers of the goal-directed behavior which precedes them, but
also as stimuli guiding behavior. During learning, these stimuli acquire the
capacity to activate direct pathway neurons encoding the next sub-goal as well
as indirect pathway neurons encoding the previous sub-goal. Consequently,
they will be able to trigger the termination of the previous sub-goal and the
initiation of the next sub-goal, thus enabling a smooth transition between the
different components of a routine goal-directed behavior. Thus, although these
stimuli lose their ability to increase DA cell firing as they become predicted
and therefore lose their ability to support further learning, they do not lose
their ability to direct behavior.

¢) Goal Selection

Striatal DA also serves to modulate the selection process (ScaHurrz 1998;
Moore et al. 1999). It has been suggested that by inhibiting striatal neurons
or attenuating their responses to excitatory and inhibitory inputs (via activa-
tion of D, receptors; UcHIMURA et al. 1986; O’DoNNEL and GRACE 1994;
CePEDA et al. 1995; YaN et al. 1997, see Chap. 11, Vol. I), DA may restrict stri-
atal output to the most strongly activated neurons (YANG and MOGENSON 1984;
MoGENSON et al. 1993; PENNARTZ et al. 1994; SchuLrz et al. 1995; O’DoNNEL
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and Gract 1998; DepUE and CoLLINs 1999; MoOORE et al. 1999). Furthermore,
based on findings that activation of D, receptors enhances the response to
excitatory glutamatergic input of striatal neurons in the up state but reduces
the response of neurons in the down state (KawagucHr et al. 1989; CEPEDA
et al. 1993, 1998; HERNANDEZ-LoOPEZ et al. 1997; Scuurrz 1998; Chap. 11,
Vol. 1), it has been suggested that DA increases the contrast gradient between
weak and strong cortical inputs (O’DoNNEL and GRACE 1998; Scaurrz 1998).

Since D, and D, receptors are expressed preferentially on striatal neurons
of the direct and indirect pathways, respectively (ALBIN et al. 1989; GERFEN
et al. 1990; REINER and ANDERSON 1990; DELoNG and WicHMANN 1993; GERFEN
and WiLsoN 1996), DA may simultaneously act (1) to suppress the activity of
indirect pathway neurons, except for the most active ones, thus enabling the
initiation (by direct pathway neurons) of a wide variety of goals while con-
comitantly preventing the selection of goals inappropriate to the current
context, and (2) to enhance the contrast between neurons transferred to the
up state by the cortical context and those which were not, thus ensuring that
only context-appropriate goals will compete for behavioral expression. Since
the selection process is modulated by the level of striatal DA, it is affected by
both tonic and phasic DA release (see also section B.IL.4.e below).

d) Goal Maintenance and Energizing

Once a goal is selected, tonic DA serves to maintain it at a sufficient level of
activation and protect it from interference as well as to determine the effort
which will be invested in attaining it. These functions are suggested to be sub-
served by the differential effects of activation of D, receptors on striatal
neurons, depending on their membrane potential. Thus, tonic DA maintains
the selected goal by facilitating firing of neurons already in the up state, and
simultaneously provides protection from interference by suppressing firing or
transition to the up state of neurons in the down state. Since most (about 80%)
of D; receptors are in the low-affinity state (RICHFIELD et al. 1989), these
actions may be achieved either by activating the high-affinity D, receptors, or
by local increases in DA level at the region of the active striatal cells which
will suffice for activating low-affinity receptors. Such an increase may be
achieved either via the stimulating effects of glutamate released from the
active corticostriatal terminals on DA release (GRACE 1991; MooRE et al. 1999)
or through the indirect facilitatory effects exerted by striatal neurons on DA
cells (see below; see Karivas et al. 1993 for a related view). The higher the
levels of tonic DA, the higher the response of striatal cells to a given cortical
input, and thus the higher is striatal facilitation of the selected output. In this
way, the level of tonic DA determines the energy level of the selected goal.

An additional effect of the local increase in DA may be to activate D,
autoreceptors. This activation may lead to reduced phasic DA release in
response to DA cell firing. The consequences of such a decrease are detailed
below.
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e) Switching Between Goals

Based on lesion and drug studies showing that DA loss produces inflexible and
perseverative behavior whereas increase in DA promotes behavioral switch-
ing, DA has been attributed a central role in switching (Lyons and RoBBINS
1975; RoBBINs and EVeritTT 1982; OADEs 1985; TagHzouTr et al. 1985;
SwerpLOW and Koo 1987; VAN DEN Bos and CooLs 1989; WEINER 1990;
Gray et al. 1991; LE MoaL and SimoN 1991; VAN DEN Bos et al. 1991;
PENNARTZ et al. 1994). While the relationship between switching and
tonic/phasic DA has not received attention, switching may be subserved by
both modes of release depending on the conditions which elicit switching
(REDGRAVE et al. 1999).

Goals are changed either in the course of routine chains of behaviors,
namely, in response to predicted events, or when the situation unexpectedly
changes, namely, in response to unpredicted events. Therefore, we suggest that
the former depends on tonic DA whereas the latter depends on phasic changes
in DA level. During routine behavior, the attainment of each sub-goal of a
routine motor program is predicted, and thus not accompanied by phasic
changes in striatal DA. Rather, switching between goals during the perfor-
mance of routine goal-directed behaviors is subserved by the mechanisms
detailed above for goal selection, namely, the attainment of a sub-goal triggers
both its termination and the initiation of the subsequent sub-goal by activat-
ing neurons of the indirect and direct pathways, respectively. In this way, tonic
DA enables smooth transition between successive sub-goals.

The phasic increase in striatal DA accompanying the unexpected occur-
rence of significant events depresses the activity of indirect pathway neurons,
retarding the suppression of all goals, except for the inappropriate ones (see
section B.IL.4.c), thus reducing constraints on the concomitant goal selection
by direct pathway neurons. The DA effects on direct pathway neurons are
more selective. Specifically, via its differential action on neurons that are in the
up vs down state, DA facilitates the selection of a context-appropriate goal.
Moreover, it biases the selection away from the goal that had been active just
before the unexpected occurrence of a significant event. This is achieved by
the attenuation of the phasic DA increase in the region of striatal neurons that
have just been active, as a result of activation of DA autoreceptors in this
region (see section B.IL.4.d). Such attenuation may serve to favor the selec-
tion of new sets of neurons, i.e., of new goals, as well as to prevent switching
back to the set which has just been active, thereby preventing dithering
between goals (REDGRAVE et al. 1999).

It should be pointed out that phasic increase in striatal DA is hypothe-
sized to mediate both switching and learning. Thus, increased DA input to the
striatum following unexpected significant stimuli, both facilitates a switch in
the set of active striatal neurons from the set which has just been active to a
new set, thus favoring a change in behavior, and strengthens active corticos-
triatal synapses of neurons which have just been active, thus raising the like-
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lihood that these neurons will be activated again by this cortical context, and
thus that the behavior will occur again in the same or a similar situation.

Finally, phasic changes in striatal DA may also contribute to the termina-
tion of a goal-directed behavior which has proved to be ineffective. DA
neurons were found to decrease their firing rate in response to the omission
of an expected stimulus (ScHULTZ et al. 1993, 1995b). This may lead to a tran-
sient decrease in tonic DA levels, which will affect particularly high affinity D,
receptors (ScHULTZ 1998). The decreased activation of these receptors may
lead to increased activity of neurons of the indirect pathway, including
those which encode the termination of the current goal, thus leading to a
behavioral arrest which enables a reevaluation of the situation and a reselec-
tion of a goal.

5. The Translation of Goals to Behavior

In the present scheme, the limbic split circuit selects goals, without specifying
the specific motor program by means of which these goals are to be achieved.
The latter is suggested to be the function of the associative split circuit acting
together with the motor split circuit. However, via its connections with these
circuits, the limbic split circuit directs the selection and execution of motor
programs towards achieving the selected goal.

Specifically, information regarding the most appropriate goal in the
current context:

1. Is channeled from the limbic striatum via the open limbic route to SNR,
where it acts to bias nigral output according to the current goal of the
organism. In this way selection of goals in the limbic striatum can affect the
transfer of information in the striato-nigro-thalamo-cortical pathway to
the associative prefrontal cortex, which is involved in the selection and exe-
cution of motor programs. It can also affect the nigral output to the supe-
rior colliculus and in this way contribute to the reallocation of attention
when the goal is changed or when a novel or surprising stimulus appears.

2. Modulates the dopaminergic input to the limbic striatum as well as to the
motor and associative striatum, via the closed and open loops originating
from the limbic striatum. We have recently suggested that via each of the
loops, closed or open, the striatum exerts a direct inhibitory effect on DA
cells as well as an indirect disinhibitory effect, i.e., facilitation of burst firing
in DA cells (JoEL and WEINER 2000). Thus, the activation of a set of limbic
striatal neurons encoding a specific goal is expected to directly inhibit
dopaminergic neurons. This inhibition can counteract the excitatory input
to the dopaminergic cells when the goal is attained and thus prevent the
firing of dopaminergic neurons to predicted rewards (ScHuLrz et al. 1993,
1995b; Wickens and KoTTEr 1995; BRowN et al. 1999). In this way, the limbic
striatum can prevent switching following the attainment of sub-goals in the
course of performing a routine goal-directed behavior, as well as restrict
learning in all striatal subregions in well-learned situations. The indirect
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facilitatory effect of the limbic striatum on DA cells stems from the pro-
jections of striatal neurons onto GABAergic neurons in SNR and VTA and
their subsequent projections onto DA cells as well as onto the GABAer-
gic neurons of the limbic pallidum, which also project onto DA cells. These
disinhibitory effects may provide a mechanism whereby the limbic striatum
can adjust DA levels in the different striatal subregions according to the
motivational state of the organism, and thus modulate the degree of effort
invested in the execution of the encoded goal-directed behavior (JoEL and
WEINER 2000; for a related view see KALIVAS et al. 1993).

3. Is continuously channeled to the limbic prefrontal cortex where it acts to
bias the activity patterns of cortical neurons towards the selection of this
goal and contributes to sustained activity of limbic prefrontal cortex
neurons, which maintain active goals and intentions in the absence of the
external and internal stimuli that arouse them. From the limbic prefrontal
cortex the information can be channeled to the associative split circuit via
corticocortical connections between the limbic prefrontal cortex and the
associative prefrontal cortex. The projections from the limbic prefrontal
cortex to the associative prefrontal cortex may directly bias the selection
of motor programs by the associative prefrontal cortex according to the
current goal, encoded in the limbic prefrontal cortex. As both prefrontal
regions subserve a supervisory mechanism, this link may be particularly
important for the effortful and deliberate process of goal selection. This is
in contrast with the transfer of information via the different open pathways
that subserve an automatic, effortless process by which goals can affect
different aspects of behavior.

6. Schizophrenia

A failure to exert control over thoughts and actions has been often consid-
ered to be central to schizophrenia (KRAEPELIN 1919; ANscomBE 1987; FriTH
1987, 1992; StrRAUSS 1987; COHEN and SERVAN-SCHREIBER 1992; HEMSLEY 1994,
LiobpLE 1995; ZEc 1995; CoHEN et al. 1996, 1999; FrisToN 1998; JAHANSHANI and
FritH 1998; BRAVER et al. 1999). Given that a core characteristic of coherent
and flexible behavior is that it is goal-directed or purposeful, the failure of
control in schizophrenia has been attributed to a disruption of a system
which allows the generation of efficient goal-directed behaviors. Influenced by
KRAEPELIN’s (1919) view that schizophrenia is a disorder of volition, SHALLICE
and NorMAN’s (1986) supervisory attentional system and Frita’s (1987, 1992)
powerful exposition of schizophrenia as a disorder caused by a breakdown in
the monitoring of willed intentions, there has been an increasing trend to argue
that schizophrenic symptomatology may reflect a failure of high-level cogni-
tive control system or of a central executive mechanism which guides and
coordinates behavior in a flexible fashion, particularly in novel and complex
situations. Such control has been typically envisaged as a top—down process,
with the level of control being “higher” to lower level selection (REDGRAVE
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et al. 1999), and most typically residing in the prefrontal cortex (KRAEPELIN
1919; FritH 1987, 1992; StrRAUSS 1987; WEINBERGER et al. 1988; RoBBINs 1990,
1991; CoHEN and SERVAN-SCHREIBER 1992; LIDDLE 1995; WEINBERGER and
Lirska 1995; Zec 1995; CoHEN et al. 1996, 1999; CRIDER 1997; JAHANSHANT and
FritH 1998; BRAVER et al. 1999).

We would like to forward a different view: Most of human behavior,
whether internally or externally driven, is routine, and most of the time people
do not face novel and complex situations. Indeed, what makes the normal adult
behavior smooth, flexible, and adaptive is that most of the time people trans-
act with fairly familiar internal and external environments, which elicit routine
goal states that give rise to routine behavioral programs. Moreover, when the
“executive” comes into play, its role in most cases is to stop the ongoing in-
appropriate routine behavior and aid in choosing an alternative behavior from
the existing repertoire; it is only in very unfamiliar and unexpected situations
that a dramatic re-appraisal and re-learning are needed. Finally, when normal
persons face unfamiliar and unexpected situations for which they do not have
a routine behavioral program or one that is easily adaptable to the situation,
they do not fair out very well either.

While we accept the position that schizophrenia involves a disturbance in
executive functions, the pervasiveness of the schizophrenic deficits in almost all
aspects of functioning points in our opinion to a profound disturbance also in
the routine aspects of behavior. Indeed, in these patients “problems may be
noted in any form of goal-directed behavior leading to difficulties in perform-
ing activities of daily living such as organizing meals or maintaining hygiene”
(DSM-1V, p 276). We propose that precisely such a disturbance of routine goal-
directed behavior results from a disruption of the contention scheduling of goals
in the limbic striatum due to cortical dysfunction and a dysregulation of phasic
and tonic DA, and the resultant dysfunction of the limbic, associative,and motor
split circuits. On this view, schizophrenic symptomatology, rather than reflecting
a failure of top-down control, reflects an impaired interplay between top-down
and bottom-up control processes within each circuit, as well as impaired
“medial-to-lateral” control processes between the circuits.

We want to note that our account of DA dysfunction is limited to the
striatal portion of the circuits and does not include the well-documented DA
role in the frontal component of the circuit, e.g., in working memory and many
other executive functions (Chap. 19, this volume). Likewise, while our model
retains the notion of an “impaired executive” or deficient supervisory
processes in schizophrenia, it is silent with regard to the direct contribution of
prefrontal and temporal dysfunction to schizophrenic symptomatology, which
has been described in detail by others (e.g., WEINBERGER 1987, 1988; CoHEN
and SERVAN-SCHREIBER 1992; CoHEN et al. 1996, 1999; GoLpmAN-RAKIC 1999;
Chap. 19, this volume). This is because the dysfunction of these regions is
considered to disrupt supervisory processes which are important in novel or
non-routine situations, whereas our model focuses on routine behavior and
therefore on the basal ganglia.
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Finally, we adhere to the notion that schizophrenia is a neurodevelop-
mental disorder (e.g., MURRAY and LEwrs 1987; BoGeErTs 1991, 1993; MEDNICK
et al. 1991; MURRAY et al. 1991; HAarrISON 1995, 1999; KNABLE and WEINBERGER
1995; WEINBERGER and LipskAa 1995; TurNEr et al. 1997, WEICKERT and
WEINBERGER 1998; KEsHAVAN 1999; KEsHAVAN and HoGARTy 1999), in which an
early damage (occurring in utero or in early neonatal period) to prefrontal
and/or temporolimbic cortices interacts with the development of the brain to
lead via as yet unknown (but widely speculated; e.g. KNABLE and WEINBERGER
1995; WEINBERGER and Lirska 1995; FristoN 1998; KEsHAVAN 1999; KESHAVAN
and HoGArTY 1999) mechanisms to the late appearance of symptoms.

a) Fronto-temporo-limbic Cortical Dysfunction and Dysregulation of Tonic
and Phasic DA Transmission in Schizophrenia

As noted in the introduction, based on extensive evidence of morphometric
abnormalities in frontal and temporal cortices, and on neuroimaging studies
of brain function in patients with schizophrenia pointing to an abnormal
pattern of fronto-temporal activation/interaction, it has been increasingly
accepted that schizophrenia involves an abnormality in prefrontal-temporal
neuronal and/or functional connectivity (LipDLE 1987, 1995; FrisToN et al.
1992; WEINBERGER et al. 1992; FristoN and FritH 1995; FriTH et al. 1995; GAREY
et al. 1995; GLaNTZ and LEwis 1995; KNABLE and WEINBERGER 1995; SPENCE
etal. 1997;SELEMON et al. 1995,1998; FLETCHER et al. 1996; DoLAN and FLETCHER
1997; JanANsHANI and FritH 1998; Rajkowska et al. 1998; GoLbMAN RAKIC
1999), and that this abnormality leads to a dysregulation of mesolimbic DA.

GRrACE (1991, 2000; O’DonNNEL and GRACE 1998; Moore et al. 1999) has
advanced a refined hypothesis of mesolimbic DA dysfunction based on the
dual control of DA release in the NAC. In this model, tonic DA levels
regulate phasic DA release via activation of DA synthesis- and release-
modulating autoreceptors, so that the amount of phasically released DA is an
inverse function of the basal level of tonic DA present in the extrasynaptic
space. A pathological decrease in the activity of cortical inputs to the NAC
leads to a reduction in tonic DA release, leading to a decrease in the basal
extracellular levels of DA in the NAC. The resultant decrease of DA terminal
autoreceptor stimulation leads to abnormal enhancement of spike-dependent
DA release. Consequently, cell firing, and in particular, bursting of DA cells
would lead to a release of abnormally large amounts of DA, and produce
pathologically high degrees of postsynaptic receptor stimulation (for a
detailed description see GRACE 1991, 1993, 2000; O’DonNNEL and GRACE 1998;
MooRreE et al. 1999).

b) The Consequences of Fronto-temporo-limbic Cortical Dysfunction:
Disrupted Establishment of Goals

The abnormal functioning of fronto-temporo-limbic cortical regions and the
resulting disorganized fronto-temporo-limbic input to the limbic striatum is
expected to lead to an abnormal establishment of goals in the limbic striatum.
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As a consequence of disrupted functioning of and information flow
between fronto-temporo-limbic cortical regions, the effortful goal selection
process in non-routine situations that takes place in the limbic prefrontal
cortex in concert with temporo-limbic regions will be abnormal. Goal selec-
tion will be less determined by information in temporo-limbic regions, e.g.,
about one’s own emotions and those of others, the significance of stimuli and
events, and memories/knowledge related to the current situation, so that many
of the selected goals will be unrelated or inappropriate to the context. Since
reinforcement of most behaviors is context dependent, i.e., the same behavior
is reinforced in some situations but not in others, many of the individual’s
behaviors will be inconsistently reinforced or punished.

Since the establishment of goals in the limbic striatum progresses con-
currently with goal selection in the limbic prefrontal cortex, and depends on
repeated reinforcement of the selected goal, it will also be abnormal. Specifi-
cally, the striatum will learn to select only those goals which are reinforced or
at least not punished under most situations familiar to the individual, leading
to the establishment of a limited repertoire of goals, mostly avoidant in nature.
Moreover, goals established in the striatum will be less context-dependent
than normal, i.e. their activation will be more dependent on specific informa-
tion derived mostly from the limbic prefrontal cortex, and less dependent on
the cortical context derived from temporo-limbic regions.

It is, therefore, hypothesized that many of the persisting deficit symptoms
in schizophrenia result from the individual’s inability to acquire through life
experiences a rich repertoire of goals which can be automatically selected in
a context-appropriate fashion and lead to behaviors which are appropriate and
thus reinforced. This will lead in general to poverty of behavior as well as to
inappropriate behavior and withdrawal. In addition, since interpersonal inter-
action and communication are probably the most context-sensitive human
behaviors, often requiring complex processes of inferring the right context (see
SpERBER and WiLsoN 1987), they are likely to be most adversely affected by
a dysfunction in the mechanism responsible for the selection of context-
appropriate goals. This may account for the pervasive impairment of schizo-
phrenic individuals in the social domain, characterized by poor social relations
and social skills, lack of interpersonal competence, and lack of the ability to
engage in socially appropriate behaviors (DwWoRKIN 1992).

The dysfunctional process described above presumably takes place
throughout the life of an individual destined to become schizophrenic,
consistent with the observation that some dysfunction may appear already
in the prodromal stage. Such dysfunction is mainly characterized by negative
symptoms, such as social withdrawal and isolation, although they are much
milder than they are after the schizophrenic illness begins (Davis et al. 1991;
FaustmMaN and Horr 1995). The variability of presenting symptoms in the
prodromal stage is likely to reflect differences in the severity of cortical
abnormalities and in the life experiences of each individual. This is in line
with the observation that individuals with more evidence of structural
brain abnormalities have a poorer premorbid adjustment, more prominent
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negative signs, symptoms, and cognitive impairments, and a poorer outcome
(DSM-1V).

It should also be pointed out that the above account does not incorporate
a DA dysfunction, since it is not clear whether such a dysfunction is ex-
pressed prior to the first psychotic episode. However, in some cases it may be
present already at the prodromal stage, as evidenced by the presence of mild
positive-like symptoms (e.g., odd beliefs but not of delusional proportion;
DSM-1V).

¢) The Consequences of Dysregulation of the DA Input to the
Limbic Striatum

o) Reduced Tonic DA: Goal Selection, Activation and Maintenance

In familiar, routine situations, tonic DA provides a sufficient level of DA recep-
tor activation, permitting the selection and maintenance of goals. A reduction
of tonic DA release and of tonic DA levels in the limbic striatum of schizo-
phrenic patients will thus lead to deficits in goal selection, maintenance, and
energizing. Specifically, a reduced DA level will lead to insufficient activation
of neurons of the direct pathway, and thus to difficulties in the initiation of
goals. This will be compounded by an insufficient inhibition of neurons of the
indirect pathway and thus an overinhibition of all goals, which will further
impair the initiation (by direct pathway neurons) of the most appropriate goal.
In addition to difficulties in the selection of an appropriate goal, the loss of
DA -energizing effect will result in a weak activation of the selected goal. Low
motivation, apathy, loss of interest or pleasure (anhedonia), restriction of the
range and intensity of emotional expression and reactivity (flat or blunted
affect) will follow.

Sufficient DA levels are needed not only for “energizing” the selected
goal, but also for preventing the activation of competing goals. Therefore, weak
activation of the selected goal may lead to difficulties in maintaining the
selected goal in the face of relatively minor changes in the situation, i.e., to
increased sensitivity to interference. It should be noted that since such minor
changes are by definition not accompanied by a rise in DA level, the newly
selected (interfering) goal is also of low energy. Therefore, the patient is
expected to switch repeatedly between different low-energy goals. Reduced
goal activation may also result in a gradual decay of goal representation,
which may eventually result in the cessation of goal representation in the
limbic striatum.

Weak activity of striatal neurons of the direct pathway will result in a weak
biasing effect on the activity of the limbic prefrontal cortex. This will disrupt
the automatic selection and maintenance of goals in the limbic prefrontal
cortex in routine situations, thus requiring a supervisory mechanism for the
selection of goals, as normally happens in ill-learned situations. Moreover,
since the supervisory process depends on interactions of the limbic prefrontal
cortex with other association and limbic cortical regions, and these inter-
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actions are dysfunctional in schizophrenia, the goal selection process will not
only cease to be automatic and effortless but will also be impaired (as
described in the previous section).

The dysfunction of the limbic striatum as a consequence of reduced tonic
DA will not only affect the functioning of the closed limbic circuit, as described
above, but also its modulation of the functioning of the motor and associative
circuits, enacted via the open limbic route and the open loops. Thus, reduced
goal activation in the limbic striatum may lead, via reduced activity of the open
loops, to a reduction in the facilitating, i.e., disinhibiting, effects of the active
limbic striatal neurons encoding a goal on tonic DA levels in the associative
and motor split circuits. As a consequence, the degree of effort invested in per-
forming the relevant goal-directed behavior, which depends on tonic DA
levels in the motor and associative split circuits, will be lowered. Reduced DA
input to these circuits will also lead to difficulties in initiating goal-directed
activities (avolition), manifested in decreased behavioral output and reduction
in the production of thought and speech (alogia).

Reduced goal activation will also lead to a reduction in the inhibitory
effect of the active limbic striatal neurons encoding a goal on the phasic
response of DA neurons to the occurrence of this goal, and thus to an abnor-
mally high phasic response of DA neurons. The consequences of the resultant
abnormal phasic DA release in the three striatal regions are detailed in the
next section. In addition, such an abnormal phasic response of DA cells may
disrupt the functioning of the closed associative circuit by interfering with the
throughput of associative striatal information via SNR. We (JoEL and WEINER
2000) have recently suggested that striatal input to SNR leads to local
increases in dendritically released DA in the regions of SNR neurons that were
inhibited by the striatal input. This local DA increase acts to increase signal to
noise ratio in striatonigral transmission because it (1) increases (via D, presy-
naptic receptors) GABA release from the active striatal terminals in the
regions of inhibited SNR cells but not in other SNR regions innervated by the
active striatal neurons, and (2) excites (via D, postsynaptic receptors) SNR
neurons in the vicinity of the inhibited SNR cells, thus increasing the contrast
between the inhibited SNR cells which transmit striatal information and other
SNR cells. Since one of the factors increasing dendritic release is the switch of
DA cells from the single spiking mode to the bursting mode, loss of the regu-
lation of DA neurons burst firing by the limbic striatum will lead to an unreg-
ulated dendritic release and thus loss of the spatially restricted increase in
dendritic release. Consequently, the sharpening of striatal neurotransmission
will be lost, disrupting associative striatal throughput via SNR to the associa-
tive prefrontal cortex and the superior colliculus, thus impairing the selection
and execution of motor plans as well as the allocation of attention.

Loss of an active goal representation in the limbic striatum may also
lead, via reduced activity of the open limbic route, to a disintegration of the
modulating effect of the limbic striatum on the selection and execution of
motor programs in the associative split circuit. As a consequence, behavior
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will be triggered by any event which can activate motor programs in the asso-
ciative striatum, including stimuli or thoughts that have established strong
stimulus-response associations in the associative striatum as well as motor or
cognitive components of well-learned motor programs. Behavior will be either
stimulus-bound or disorganized, as each of the executed elements may lead to
the next element in the same motor program or to elements of other motor
programs. These would be reflected in a wide range of stereotypic behaviors,
ranging from simple motor acts such as pacing and rocking, to more complex
ritualistic behaviors documented in schizophrenic patients; disorganized
speech or loosening of associations, i.e., slipping off the track from one topic
to another; as well as disorganization of any form of goal-directed behavior.
It should be pointed out that at the behavioral level, it would be difficult
to distinguish between abnormal behavior which results from repeated switch-
ing between low-energy goals and that resulting from reduced modulation of
behavior by goals, because both would be reflected in a failure to persist in
goal-directed behaviors. We presume, however, that the two deficits would be
accompanied by different subjective experience. Thus, premature switching of
goals should still allow subjective perception that behavior is related to one’s
goals, whereas a dissociation between goals and behavior may lead to feelings
of loss of control, and even to a feeling of alienation towards one’s behavior.

B) Abnormal Phasic DA Release: Learning and Switching

Normally, phasic DA, occurring following the encounter of unexpected signif-
icant events (external or internal), facilitates the acquisition of new goals as
well as switching between already established goals. The dysregulation of
phasic DA will lead to exaggerated phasic DA release in response to stimuli
which normally lead to phasic DA release, such as novel or unexpected rein-
forcing stimuli (exaggerated phasic release), as well as to phasic DA release
in response to stimuli which normally would not lead to such release, such as
weak novel stimuli, repeatedly presented stimuli, and predictable reinforcing
stimuli (inappropriate phasic release).

Since phasic increase of striatal DA facilitates switching between goals,
increased phasic DA release will lead to switching following the occurrence
of events which are not relevant to the current goal and which normally would
not have led to phasic DA release, as well as following the expected occur-
rence of goal-related events (i.e., achieving a sub-goal), which although
expected will lead to phasic DA release. Both will lead to repeated premature
abortion of current goals and re-selection of different goals, leading to high
distractibility. Importantly, the patient may be distracted not only by task-
irrelevant stimuli, as is widely documented, but also following the completion
of each step of the goal-directed behavioral sequence. This should lead to pro-
found difficulties in persisting in any goal-directed behavior. Moreover, since
DA inhibits neurons of the indirect pathway, increased phasic DA release may
lead to abnormal suppression of indirect pathway neurons, including those
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encoding the suppression of inappropriate goals. Thus, the patient will not only
be highly distractible, but will also be more likely to switch to inappropriate
goals, leading to inappropriate or bizarre behaviors.

In addition to disrupting goal-directed behavior, increased phasic DA
release may charge events with a particular intensity and give rise to spurious
sense of significance (ANscoMBE 1987) at the experiential level; moreover,
phasic DA release in response to task-irrelevant and task-relevant events will
give rise to different subjective interpretations/experience. The former will
lead to the attribution of heightened significance to insignificant stimuli, result-
ing in the widely documented attraction of schizophrenics to irrelevant stimuli
(KRAEPELIN 1919; ZEc 1995), whereas the latter will lead to attribution of
heightened significance to one’s own actions. Thus, whereas normally the
attainment of an expected goal as a result of performing the routine goal-
directed behavior is not accompanied by changes in striatal DA levels and thus
remains “unnoticed,” abnormal phasic DA increase following the attainment
of a goal after performing the relevant goal-directed behavior, may lead to
inappropriate feelings of achievement, excitement or surprise, or an excessive
sense of personal agency in schizophrenic patients. This may contribute to
grandiosity delusions. A similar misattribution of significance/achievement to
other people’s routine actions may contribute to suspiciousness, hostility,
and paranoid delusions.

The difficulties in performing goal-directed behaviors resulting from inap-
propriate switching between goals in the limbic striatum may be compounded
by the consequences of exaggerated and inappropriate phasic DA release in
the associative and motor striatum, namely, over-switching between motor
programs and between components of motor programs. The over-responsive-
ness of the DA system may also lead to excessive triggering of motor programs
by current stimuli and thoughts so that motor programs will be under less
control by goals selected in the limbic striatum (normally exerted via the open
limbic route). This may lead to a gross disorganization in the performance of
activities of daily living such as organizing meals or maintaining hygiene as
well as disorganized speech or loosening of associations. At the experiential
level, dissociation between goals and behavior will lead to feelings of loss of
control and alienation towards one’s behavior. In the extreme case, delusions
of alien control, i.e., attribution of one’s actions to an external agent, may
appear.

During psychotic episodes, increased phasic DA release is likely to lead
to periods of increased tonic DA (MoogE et al. 1999). Under these conditions
selected goals will be over-activated, leading to a disproportional effort in
attaining them. In addition, since DA has a focusing effect, increased tonic DA
will lead to a reduction in the number of alternative goals which are activated
enough to be selected, leading to reduced variability of behavioral output
(Lyon and RoBaiNs 1975), so that the patient will alternate between relatively
few behaviors, each executed with great effort. Since the degree of activation
depends on the degree a specific goal has been learned in the current context,
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only well-learned goals will be activated enough to be selected. Moreover,
since DA acting on D, receptors facilitates the activity of already active
neurons, and since the normal mechanism by which already active goals have
less chances of being reselected, is likely to be overwhelmed by the high DA
level, the current goal will be not only highly activated but also hard to replace.
These may be further exaggerated by DA inhibitory effects on neurons of
the indirect pathway that are responsible for suppressing or terminating
the current goal as well as for suppressing inappropriate goals. Therefore,
prolonged periods of increased phasic DA may lead to highly motivated,
inappropriate, stereotypic, and perseverative behavior.

Increased tonic DA levels may result in an additional problem. Since
striatal neurons of the direct pathway are highly active, their biasing effect on
the limbic prefrontal cortex is expected to be abnormally high. Under such
conditions, the biasing effect exerted on the limbic prefrontal cortex by other
cortical regions might not be sufficient to counteract the strong striatal biasing
effect, resulting in great difficulties in resisting the performance of routine
goal-directed behavior. This may be reflected in a high rate of “capture errors,”
i.e., performing the routine behavior instead of a behavior one intended to,
and may be experienced as being forcefully driven to perform specific behav-
iors in spite of intentions to behave differently. At the extreme the patient may
feel as if he has no free will, or as if his free will has been overtaken by some
strong and alien force.

In addition to facilitating switching, phasic increase in striatal DA levels
governs striatal learning. Therefore, increased phasic DA release will lead to
a rapid learning of new goals, motor programs, and motor acts, as well as to
over-learning of routine goals, motor programs, and motor acts in the limbic,
associative, and motor circuits, respectively. Moreover, the inappropriate
phasic DA release to incidental/insignificant stimuli and to predicted rein-
forcers will lead to inappropriate learning, i.e., to the establishment of goals
with odd or bizarre content, and to the acquisition of superstitious behaviors
that are performed as a part of a goal-directed sequence, although they are
not necessary for attaining the goal. During a psychotic episode, this will be
reflected in the development of highly energized bizarre behaviors that grad-
ually replace previous behaviors. At the experiential level, abnormally rapid
and redundant associations, seeing relationships where they do not exist, and
excessive perception of a correspondence between one’s goals and chance
occurrences of external events, may lead to magical thinking, ideas of
references, exaggerated inferential thinking (delusions), and the breaking of
boundaries between the inner and the outer worlds.

Even more critically, the faulty learning occurring during each psychotic
episode will increasingly broaden the patient’s repertoire of inadequate and
bizarre goals and behaviors. This may account for the findings that consider-
able proportion of patients experience some progression of their illness, with
recurrent psychotic episodes resulting in lower levels of recovery and higher
levels of residual symptoms, and that the longer the period of psychosis expe-
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rienced prior to receiving APD treatment, the poorer the treatment response
and the outcome (HUBER et al. 1980; May et al. 1981; Wyart 1991; LoEBEL
et al. 1992; McGLAsHAN and FENTON 1993; LIEBERMAN et al. 1996, 1997,
McGLaAsHAN 1999). Likewise, cumulative defective learning experience is con-
sistent with findings that assertive rehabilitation efforts appear to improve
long-term outcome (DavipsoN and McGrLAsHAN 1997).

d) Summary: Phasic and Tonic DA Dysregulation and
Schizophrenia Symptoms

As may be evident from the discussion thus far, both abnormally low tonic
DA and high phasic DA are hypothesized to lead to similar deficits, including
excessive and immature switching, perseveration, disorganization, and a dis-
sociation between goals and behavior. The two states are suggested to differ
in what may be termed the “energy level” accompanying the observed deficit:
low energy with low tonic DA and high energy with increased phasic DA. It
is precisely such a difference in energy level that seems to distinguish pro-
ductive from deficit symptoms, and indeed may be discerned in the symptom
description of DSM-IV. Thus, positive symptoms are said to include “grossly
disorganized behavior: problems may be noted in any form of goal-directed
behavior leading to difficulties in performing activities of daily living such as
organizing meals or maintaining hygiene,” whereas under negative symptoms,
the description appears as “Avolition: is characterized by inability to initiate
and persist in goal-directed activities. The person may sit for long periods of
time and show little interest in participating in work or social activities.” Like-
wise, positive symptoms include “Catatonic motor behaviors . . . which range
from extreme degree of catatonic stupor to purposeless and unstimulated
excessive motor activity,” while negative symptoms include “Abnormal psy-
chomotor activity, e.g., pacing, rocking or apathetic immobility, odd manner-
isms, posturing, ritualistic or stereotyped behavior”; and positive symptoms
include “loosening of associations, disorganized speech,” while negative symp-
toms include “problems with focusing attention, distractibility.” In general,
boundary problems in classification and diagnosis of schizophrenia symptoms
are widely acknowledged (STrAUSS et al. 1974; FriTH 1987; ANDREASEN 1982;
BILDER et al. 1985; CorRNBLATT et al. 1985; FritH 1987; CARPENTER et al. 1988;
CARPENTER and BUCHANAN 1989; Kay 1990; Lyon 1991; RoBBins 1991; TANDON
and GREDEN 1991; ANDREASEN et al. 1995; TaNDoN 1995; CRIDER 1997). As
pointed out by Lyon (1991), one of the reasons for such problems may
stem from an excessive focus on the “content” of the aberrant behaviors rather
than on its “structure”; Indeed, our account resonates with that of Lyon (1991)
who suggested that schizophrenia symptoms may be grouped under four
major types of behavioral change: switching, focusing, fragmentation, and
stereotypy.

Differences in “energy level” will be reflected in the accompanying
subjective (and therefore communicated) experience. In the low energy state,
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the patient will primarily feel unenergetic, unable to carry out his intentions
and plans, passive, apathetic, withdrawn, and displaced. In the high energy
state, the patient may feel highly energetic, overwhelmed with a sense of per-
sonal significance, meaning and control, or controlled by great powers, culmi-
nating in delusions. As summarized by AnscoMmBE (1987), “some patients
describe an animated world full of significance while others describe experi-
ence that is empty and null” (p. 242).

Energy level may also be reflected in the severity of the symptoms. In
particular, in low energy the processes involved are relatively slow and weak,
enabling the supervisory systems to correct at least some of the deviance;
in high energy, the supervisory systems, which are by themselves malfunctional,
collapse, which will be reflected in a more extreme behavioral disorganization.

The most devastating consequence of either abnormally low or abnor-
mally high DA in the limbic striatum is the splitting between goals and behav-
ior. In both cases, the patients become disconnected from the motivational and
intentional origins of their behavior, cannot give coherence to their behavior,
loose sense of control, and increasingly become observers of their behavior
rather than its initiators. Moreover, it is the “routineness” of one’s goals and
actions, i.e., the rapid and efficient choice of well-known courses of action in
different situations, and the correspondence between purpose and outcomes
which render one’s behavior coherent to oneself and to others and link the
person’s inner world with the objective outer world. One can say that I know
myself because I am familiar with the actions I take in different situations.
In addition, since most adult individuals belonging to the same class, culture,
etc., share many routine goals and actions, this ensures social coherence and
approval. Repeated activation of goals and actions that lack routineness and
coherence and are situation-inadequate may lead to a loss of sense of self,
depersonalization, disturbances of ego and identity, perception of the outside
world as alien and uncontrollable/incomprehensible, as well as to social alien-
ation. These should lead to attempts to explain such an incoherent world, and
a delusional framework might be just such an attempt (e.g., JASPERs et al. 1959;
Bowers 1974; MAHER 1974; MILLER 1984; ANscoMBE 1987; SHANER 1999).

Finally, a note is in order with regard to the most prominent symptom of
psychosis, hallucinations (BReIEr and BERG 1999; EpsTEIN et al. 1999), which
are apparently associated with DA hyperfunction since they are most effi-
ciently treated by D, antagonists (BREIER and BErRG 1999). While the present
model can accommodate the development of delusions, it does not relate at
all to hallucinations. However, as pointed out by EpsTEIN et al. (1999), in schiz-
ophrenia hallucinations are related to concurrent delusions, and both were
shown by these authors to be associated with altered blood flow in the ventral
striatum, medial temporal, and frontal regions, i.e., in the limbic circuit. Indeed,
EpstEIN et al. suggested that hallucinations and delusions result from disrupted
balance between frontal and temporal inputs to the ventral striatum, which is
normally used for maintaining a coherent stream of goal-directed behavior,
and that this imbalance leads to aberrant representations of the external
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world. Thus, it is possible that the disruption of routine goal-directed behav-
ior stemming from distorted processing in the limbic split circuit as described
here could lead also to hallucinations.

In sum, we have suggested that dysregulation of mesolimbic DA in
schizophrenia culminates in a dissociation between the activity of the limbic,
associative, and motor basal ganglia—thalamocortical split circuits. This disso-
ciation may provide the neurophysiological basis for the “splitting of mental
faculties” which is conveyed in BLEULER’s (1911) name schizophrenia, and
has retained a central position in leading recent formulations of the psy-
chopathology of this disorder (e.g., FRiTH 1992; ZEC 1995; ANDREASEN et al.
1996, 1999; GrRAYBIEL 1997; FrisTon 1998). In addition, the present proposition,
that schizophrenia symptomatology results from the effects of DA dysregula-
tion on both the direct and indirect pathways, implies that the full under-
standing of the action of APDs, as well as the development of new drugs,
should take into account their effects on both pathways. An ideal antipsychotic
treatment should normalize the functioning of both pathways.
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