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Abstract

Schizophrenia is characterized by a complex array of
symptoms that include hallucinations, delusions, abnor-
mal affect, and cognitive deficits. It is becoming increas-
ingly apparent that the symptoms of the disorder are
paralleled by equally complex functional and structural
abnormalities in brain regions such as the temporal
lobe, prefrontal cortex, and thalamus. In addition, the
delayed onset of symptoms in late adolescence/early
adulthood suggests that abnormal development of the
nervous system may ultimately contribute to the neuro-
biology of the disorder. The present review focuses on
clinical and basic research that, together, suggests
abnormal development of the dopamine (DA) innerva-
tion of prefrontal cortex plays a role in the cognitive
deficits of schizophrenia.
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Results of numerous studies support the view that a dys-
function of mesoprefrontal DA neurons may give rise to
some of the cognitive deficits associated with schizophre-
nia. Because the clinical symptoms of schizophrenia
appear during adolescence or early adulthood, develop-
mental processes are thought to contribute to the patho-
physiology of this disorder. The DA innervation of the
prefrontal cortex undergoes extensive change up until
adulthood, suggesting that abnormal development of this
system may contribute to the emergence of schizophrenia
as an individual matures. The present review begins by
summarizing clinical and basic research findings support-
ing the hypothesis that a decreased functional capacity of
mesoprefrontal DA neurons contributes to the cognitive
deficits associated with schizophrenia. This is followed by
a discussion of studies that are beginning to explore the
hypothesis that alterations in the functional capacity of
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mesoprefrontal DA neurons may be a result of abnormal
development of this system.

Dysfunction of Mesoprefrontal DA
Neurons in Schizophrenia: Evidence
From Clinical Research

A longstanding hypothesis in schizophrenia research is
that dysfunction of the prefrontal cortex plays a role in the
expression of cognitive deficits associated with this disor-
der (Weinberger 1988). This hypothesis remained viable
for many years, despite a lack of direct evidence of
impaired prefrontal cortex function in schizophrenia sub-
jects. With improved methods for in vivo and postmortem
analysis of human brain tissue, investigators have con-
firmed the existence of structural and functional abnor-
malities in the prefrontal cortex of schizophrenia subjects.
Specifically, structural neuroimaging studies have
revealed a decrease in frontal cortical volume in schizo-
phrenia subjects (Andreasen et al. 1986, 1994; Harvey et
al. 1993; Nopoulos et al. 1995). Additionally, results of
functional brain imaging studies indicate that schizophre-
nia subjects frequently exhibit decreased basal metabolic
activity and regional cerebral blood flow in the frontal
cortex (Ingvar and Franzen 1974; Franzen and Ingvar
1975; Buchsbaum et al. 1982; Farkas et al. 1984;
Morihisa and McAnulty 1985; Andreasen et al. 1992).
Perhaps the most consistent evidence of prefrontal dys-
function in schizophrenia has been obtained under condi-
tions of increased demand on this brain region. Whereas
performance of specific cognitive tasks increases meta-
bolic activity and regional cerebral blood flow in the
frontal cortex of normal subjects, schizophrenia subjects
fail to exhibit this effect. Furthermore, in schizophrenia
subjects a direct relationship exists between the magni-
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tude of cognitive deficits and failure to increase metabolic
and regional cerebral blood flow in the frontal cortex
(Berman et al. 1986, 1992; Weinberger et al. 1986, 1988;
Andreasen et al. 1992, 1996).

Decreased metabolic activity and blood flow in the
frontal cortex of schizophrenia subjects is likely a mani-
festation of abnormal neural activity within this region. At
present, considerable effort is being directed at identifying
the specific neural elements contributing to a dysfunction
of the frontal cortex in schizophrenia subjects. Research
findings in this area are consistent with the hypothesis that
schizophrenia is associated with complex alterations in
the structure and function of multiple neuronal popula-
tions in the frontal cortex (for recent reviews, see
Selemon and Goldman-Rakic 1999; Lewis 2000). The
present review focuses on in vivo neurochemical, in vivo
brain imaging, and postmortem anatomical research
implicating mesoprefrontal DA neurons in the pathophysi-
ology of schizophrenia.

In Vivo Neurochemical Studies. Neurochemical analy-
ses of DA and its metabolites in cerebrospinal fluid pro-
vided some of the first in vivo evidence that mesopre-
frontal DA neurons play a role in frontal cortex
dysfunction in schizophrenia. Although controversial,
some studies indicate that DA turnover is decreased in
schizophrenia subjects and that the extent of this decrease
is directly related to the severity of cognitive deficits (van
Kammen et al. 1986; Weinberger et al. 1988; Heritch
1990; Kahn et al. 1994; Rao and Moller 1994; Ribeyre et
al. 1994). DA and its metabolites in cerebrospinal fluid
derive from the combined activity of all central dopami-
nergic neurons; however, studies performed in nonhuman
primates suggest this measure provides a somewhat selec-
tive indication of neurotransmitter metabolism in meso-
prefrontal DA neurons (Ellsworth et al. 1987).

In Vivo Brain Imaging Studies. DA agonists improve
cognitive performance and cognitive activation of cere-
bral blood flow in the frontal cortex of schizophrenia sub-
jects, supporting the view that hypofunction of mesopre-
frontal DA neurons contributes to the illness (Geraud et
al. 1987; Daniel et al. 1989; Daniel et al. 1991; Dolan et
al. 1995; Fletcher et al. 1996). In addition, an in vivo
imaging study reported that drug-naive schizophrenia sub-
jects exhibited a decreased density of D,-like receptors in
the prefrontal cortex. This decrease is directly associated
with poor performance on a cognitive task dependent on
prefrontal cortex function (Okubo et al. 1997).

In vivo brain imaging methods have also recently
been applied to the study of extracellular neurotransmitter
concentrations in schizophrenia (Volkow et al. 1995;
Soares and Innis 1999). This method is based on the
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assumption that radioligands for a specific receptor and
endogenous neurotransmitter for that receptor compete for
occupancy of a binding site. As a result, there should be
an inverse relationship between ligand binding and extra-
cellular neurotransmitter concentrations. Using this
method, investigators demonstrated that amphetamine-
evoked increases in striatal extracellular DA concentra-
tions are augmented in schizophrenia subjects and that
this effect is associated with the emergence or worsening
of psychotic symptoms (Laruelle et al. 1996). The latter
finding is consistent with the view that hyperactivity of
subcortical DA neurons plays a role in the positive symp-
toms of schizophrenia; however, it is becoming increas-
ingly apparent that the relationship between radioligand
binding and extracellular neurotransmitter concentrations
may be quite complex. To interpret results obtained using
this method, it is important to further understand (1)
whether endogenous neurotransmitter and radioligands
have equal access to receptor proteins, (2) whether recep-
tor proteins are internalized to the same degree following
occupancy by transmitters and radioligands, and (3) the
extent to which transmitters and radioligands are internal-
ized along with the receptor. In addition, this method can-
not currently be applied to the study of DA in the pre-
frontal cortex due to a low density of DA-containing
nerve terminals and DA receptors in this brain region.
Nonetheless, neurochemical brain imaging methods con-
tinue to evolve as valuable tools for monitoring extracel-
lular neurotransmitter concentrations in the living human
brain.

Postmortem Anatomical Studies. Using postmortem
histological analyses of human brain tissue, investigators
are beginning to identify subtle structural abnormalities in
the prefrontal cortex of schizophrenia subjects; many of
these abnormalities may contribute to cognitive deficits
observed in this illness. Relevant to the present review are
reported abnormalities in the structure of mesoprefrontal
DA neurons in schizophrenia subjects. An early morpho-
metric study provided the first suggestion that the struc-
tural integrity of mesoprefrontal DA neurons may be
abnormal in schizophrenia subjects (Bogerts et al. 1983).
In the latter study, investigators observed a decreased size
and number of neuromelanin-containing cell bodies in the
ventral tegmental area of schizophrenia subjects.
Although suggestive, additional studies are required to
determine to what extent this effect is due to a specific
decrease in the size and number of cortically projecting
DA-containing neurons. Recent studies of DA neuron
structure have focused on the integrity of DA nerve termi-
nals within the prefrontal cortex. Immunocytochemical
analyses of postmortem tissue revealed a decreased den-
sity of fibers immunoreactive for tyrosine hydroxylase
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and DA transporter protein in the prefrontal cortex of
schizophrenia subjects (Akil et al. 1999). In contrast, the
density of fibers immunoreactive for the serotonin trans-
porter is unaffected, suggesting that the loss of proteins
associated with DA terminals may be one specific corre-
late of the disorder (Gurevich and Joyce 1997; Akil et al.
1999).

It is not clear whether a reduction in tyrosine hydrox-
ylase and DA transporter levels in the prefrontal cortex of
schizophrenia subjects is due to altered protein levels in
DA nerve terminals or to altered number/length of DA ter-
minals. However, the hypothesis that DA nerve terminal
density may actually be decreased is consistent with
emerging data that structural abnormalities in the pre-
frontal cortex of schizophrenia subjects involve a reduc-
tion in neuropil volume (Lewis et al. 1999; Selemon and
Goldman-Rakic 1999; Lewis and Gonzalez-Burgos 2000).
Specifically, recent studies indicate that there is an
increase in neuronal density in the prefrontal cortex of
schizophrenia subjects with no change in the total number
of neurons (Pakkenberg 1993; Akbarian et al. 1995;
Daviss and Lewis 1995; Rajkowska 1997; Rajkowska et
al. 1998; Selemon et al. 1998). One interpretation of the
latter findings is that the increased neuronal density is a
consequence of loss of surrounding neuropil.

Structural abnormalities other than those involving
DA terminals are also thought to contribute to reduced
neuropil and impaired functional capacity of the pre-
frontal cortex in schizophrenia subjects. For example,
results of postmortem studies indicate that pyramidal cells
in the prefrontal cortex of schizophrenia subjects exhibit a
decreased somal size and a decreased density of dendritic
spines (Garey et al. 1998; Rajkowska et al. 1998; Glantz
and Lewis 2000; Pierri et al. 2001). Several markers of -
aminobutyric acid—containing (GABA-containing)
interneurons also are affected in schizophrenia, in the
absence of detectable changes in cell number (Akbarian et
al. 1995; Woo et al. 1998; Pierri et al. 1999; Volk et al.
2000). The decrease in density of GABA membrane trans-
porter-immunoreactive axon cartridges, on the axon initial
segment of pyramidal cells, in the prefrontal cortex of
schizophrenia subjects (Woo et al. 1998) suggests that
alterations in the structure of interneurons also contribute
to a reduction in the neuropil.

Dysfunction of Mesoprefrontal DA
Neurons in Schizophrenia: Evidence
From Experimental Research

Early experimental research examining the impact of
local manipulations of the mesoprefrontal DA system in
animals was performed without quantitative estimates of
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structural or functional abnormalities in this system in
schizophrenia subjects. Nonetheless, results of these stud-
ies converged with clinical research findings to support
the hypothesis that hypofunction of mesoprefrontal DA
neurons contributes to cognitive abnormalities observed
in schizophrenia subjects. As new information emerges
regarding the exact nature of structural abnormalities in
the prefrontal cortex, experimental research can be used
to address specific hypotheses regarding the potential role
of mesoprefrontal DA neurons in schizophrenia. For
example, recent postmortem analyses revealed a 50 per-
cent decrease in tyrosine-hydroxylase-immunoreactive
fibers in the prefrontal cortex of schizophrenia subjects
(Akil et al. 1999), suggesting that a moderate reduction in
the local DA innervation is sufficient to impair the func-
tion of this brain region. As described below, my labora-
tory has been examining whether loss of tyrosine-hydrox-
ylase-immunoreactive terminals in the prefrontal cortex of
rodents, to an extent similar to that observed in schizo-
phrenia subjects, affects the functional capacity of the
remaining DA nerve terminals.

Behavioral Studies. Experimental research provides
support for the hypothesis that dysfunction of mesopre-
frontal DA neurons plays a role in cognitive abnormalities
associated with schizophrenia. Several investigators
reported that lesions of the mesoprefrontal DA neurons or
application of DA D, receptor antagonists into the pre-
frontal cortex of experimental animals produces cognitive
deficits analogous to those exhibited by schizophrenia
subjects (Brozoski et al. 1979; Sawaguchi and Goldman-
Rakic 1991; Amsten et al. 1994; Bubser and Koch 1994;
Koch and Bubser 1994; Broersen et al. 1996; Ellenbroek
et al. 1996). Recent studies suggest that there may be an
optimal level of activity of DA at D, receptors in the pre-
frontal cortex such that either hypo- or hyperfunction
results in impaired cognitive function in experimental ani-
mals (Murphy et al. 1996; Zahrt et al. 1997; Granon et al.
2000). It remains to be determined whether such an
inverted U-shaped curve also describes the relationship
between the activity of the mesoprefrontal DA system and
cognitive abnormalities in schizophrenia subjects.

In Vivo Neurochemical Studies. In a recent study, Akil
and collaborators (1999) observed that axons immunore-
active for tyrosine hydroxylase are decreased by approxi-
mately 50 percent in the deep layers of the prefrontal cor-
tex in schizophrenia subjects. This finding suggests that a
moderate reduction in the local DA innervation is suffi-
cient to impair the function of the prefrontal cortex.
Consistent with this suggestion, we observed that a 63
percent loss of tyrosine-hydroxylase-immunoreactive
structures in the rat prefrontal cortex decreases baseline
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and stress-evoked extracellular DA concentrations
(Venator et al. 1999). If a comparable loss of DA axons is
present in schizophrenia subjects, decreased extracellular
DA in the prefrontal cortex may contribute to the expres-
sion of symptoms. The impaired functional capacity of
mesoprefrontal DA neurons following partial injury is in
contrast to the nigrostriatal DA system where a near-total
loss of neostriatal DA content is required to produce
behavioral deficits (Bernheimer et al. 1973; Zigmond and
Stricker 1989) and decreased DA synthesis and release in
this brain region (Robinson and Whishaw 1988; Zhang et
al. 1988; Abercrombie et al. 1990; Snyder et al. 1990).
Studies suggest that, relative to nigrostriatal DA neurons,
mesoprefrontal DA neurons exhibit several unique prop-
erties that limit the potential for increased activity of neu-
rons remaining after a partial lesion of the mesoprefrontal
DA projection. For example, mesoprefrontal DA neurons
exhibit a higher firing rate, an increased incidence of
burst firing, and a higher rate of DA turnover (Bannon et
al. 1981, 1983; White and Wang 1983; Chiodo et al.
1984). In contrast to nigrostriatal DA neurons, mesopre-
frontal DA neurons also may not be well suited for main-
taining homeostasis because of the absence or low sensi-
tivity of synthesis- and impulse-regulating autoreceptors
(Deutch and Roth 1990). Furthermore, nigrostriatal DA
neurons are subject to extensive feedback inhibition.
Electrical stimulation of the prefrontal cortex has been
shown to alter the electrophysiological activity of mid-
brain DA neurons (Gariano and Groves 1988; Murase et
al. 1993). However, anatomical evidence suggests that
there may be a limited feedback projection from the
medial prefrontal cortex to the cell bodies of cortically
projecting DA neurons in the ventral tegmental area
(Sesack and Pickel 1991; Carr and Sesack 2000).
Furthermore, it is unclear whether feedback regulation of
mesocortical DA neurons is predominantly inhibitory or
excitatory. Thus, a high level of baseline activity and lack
of autoregulatory influences inherent to mesoprefrontal
DA neurons may limit the capacity of these neurons to
respond to partial injury.

Differences in clearance of extracellular DA in the
prefrontal cortex relative to subcortical sites are also of
potential relevance to understanding the neurobiology and
treatment of cognitive abnormalities associated with
schizophrenia. Specifically, results of numerous experi-
mental studies indicate that norepinephrine (NE) trans-
porters located on noradrenergic axons contribute to the
clearance of extracellular DA in the prefrontal cortex
(Rosetti et al. 1989; Carboni et al. 1990; Gresch et al.
1995; Yamamoto and Novotney 1998) (figure 1). In addi-
tion, anatomical studies indicate that there are DA axons
in the prefrontal cortex of rodents and nonhuman pri-
mates that lack or have a very low density of DA trans-
porter (Ciliax et al. 1995; Sesack et al. 1998; Lewis et al.
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2001). Together, these findings suggest that a component
of the mesoprefrontal DA system may release DA and yet
have limited or no capacity for reuptake. Instead, a por-
tion of the released DA may be transported into NE-con-
taining nerve terminals and used in the synthesis of NE.
Given that the NE transporter would play a role in clear-
ing extracellular DA only in brain regions where these
two types of terminals coexist, this interaction may pro-
vide a novel mechanism for altering extracellular DA
concentrations in the prefrontal cortex while leaving other
DA-rich but NE-poor brain regions relatively unaffected.
Consistent with this hypothesis, studies performed in
rodents indicate that working memory impairments
induced by partial loss of DA in the prefrontal cortex are
attenuated by a drug that inhibits NE transport (Finlay
and Sucharski 2001). Furthermore, neurochemical studies
suggest that the improved performance may be mediated
by an indirect effect of the drug on extracellular DA
(Bliss and Finlay 2001).

Figure 1. A schematic representation of
dopamine (DA) release and uptake in the pre-
frontal cortex. Two populations of DA-releasing
nerve terminals appear to be present in the pre-
frontal cortex: those expressing a high-affinity DA
transporter (DAT) and those expressing little or
no DAT protein (top and bottom DA terminal,
respectively). DA released into the extracellular
fluid may be cleared by high-affinity DA trans-
porters located on the DA nerve terminal itself (a)
or by high-affinity norepinephrine (NE) trans-
porters located on neighboring NE nerve termi-
nals (b and c¢). DA taken up by NE-containing
neurons can be utilized in the synthesis of NE (d).
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Schizophrenia as a Neurodevelopmental
Disorder: Role of Mesoprefrontal DA
Neurons

Typically, the symptoms of schizophrenia appear during
late adolescence or young adulthood (Carpenter and
Buchanan 1994; Heaton et al. 1994). In recent years,
attempts to account for the age of onset of the illness have
focused on the hypothesis that schizophrenia is a neu-
rodevelopmental disorder (Waddington 1993). Some
investigators have proposed that a primary pathological
event occurs during pre- or perinatal development in indi-
viduals destined to develop schizophrenia (Benes 1991;
Murray et al. 1992; Pilowsky et al. 1993). The functional
consequences of such developmental disturbances are
then expressed when the affected neural networks become
fully mature, accounting for the appearance of clinical
symptoms of schizophrenia in late adolescence or early
adulthood. In contrast, other investigators have proposed
that schizophrenia is the result of a disturbance in late
developmental processes that occur during adolescence
(Feinberg 1982; Hoffman and Dobscha 1989).

Although the exact nature of the primary develop-
mental disturbance(s) is not known, it has been proposed
that mesoprefrontal DA neurons may play a role. As sum-
marized below, this proposal is supported largely by the
observation that mesoprefrontal DA neurons continue to
develop until early adulthood in primates. Unfortunately,
experimental research in this area has been limited, in part
because of difficulties associated with working in devel-
oping organisms. As the evidence for involvement of
mesoprefrontal DA neurons in cognitive abnormalities
associated with schizophrenia continues to accumulate,
the need for further experimental studies in this area is
becoming increasingly apparent.

Development of Mesoprefrontal DA Neurons in
Primates. The DA innervation of the primate prefrontal
cortex undergoes extensive refinement from early embry-
onic development until adulthood (Berger et al. 1991;
Verney 1999). The majority of midbrain neurons express-
ing tyrosine hydroxylase are generated during weeks 5-7
of gestation. Tyrosine-hydroxylase-immunoreactive fibers
then penetrate the cortical anlage at weeks 8 and 10 of
gestation in humans and monkeys, respectively. During
postnatal development, the innervation of the prefrontal
cortex by tyrosine-hydroxylase-immunoreactive fibers
continues to undergo a protracted pattern of change that
continues through adolescence and into early adulthood
(Lewis and Harris 1991; Rosenberg and Lewis 1995).
Similarly, tissue DA concentrations and DA synthesis
rates in the primate prefrontal cortex continue to increase
through adolescence (Goldman-Rakic and Brown 1982).
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It has been suggested that mesoprefrontal DA neurons
may be particularly vulnerable to developmental insults,
in part simply because of the extended time required for
complete maturation of the system.

Schizophrenia as a Neurodevelopmental
Disorder: Emerging Evidence From
Experimental Research

An experimental research approach has been applied
extensively to studies examining the role that hippocam-
pal formation development plays in the pathophysiology
of schizophrenia (for review, see Lipska and Weinberger
2000). However, this approach has not yet been used
extensively to address the hypothesis that selective devel-
opmental insults to mesoprefrontal DA neurons produce
alterations in the function of this system that emerge as
the organism matures and that may contribute to the
pathophysiology of schizophrenia. In view of recent evi-
dence supporting the view that the DA innervation of the
prefrontal cortex is reduced in schizophrenia subjects,
experimental research approaches should be developed to
address whether this particular structural abnormality rep-
resents an early developmental insult to the system. As
summarized below, mesoprefrontal DA neurons in
rodents exhibit a protracted phase of development similar
to that observed in primates, making this a useful model
system. In addition, a review of the few studies examin-
ing the impact of early damage to rat mesoprefrontal DA
neurons suggests that such insults may produce lasting
alterations in the structure and function of the prefrontal
cortex.

Development of Mesoprefrontal DA Neurons in the
Rat. Midbrain DA neurons are generated during the sec-
ond half of gestation in the rat, from embryonic days
11-15 (Hanaway et al. 1971; Lauder and Bloom 1974;
Altman and Bayer 1981; Marchand and Poirier 1983).
These cells begin to express markers of DA-containing
neurons on embryonic days 13-14, achieving adult
anatomical organization in the first or second week of
postnatal development (Specht et al. 19814, 1981b; Voorn
et al. 1988; Fujita et al. 1993; Tison et al. 1994; Coulter et
al. 1996). Subsequent development of the mesoprefrontal
DA innervation extends from the second half of gestation
until adulthood. The pre- and postnatal development of
the prefrontal cortical DA innervation in the rat has been
examined extensively using antibodies directed at tyro-
sine hydroxylase and DA (Specht et al. 1981a, 1981b;
Verney et al. 1982; Berger et al. 1985; Kalsbeek et al.
1988; Benes et al. 2000). In general, results of these stud-
ies indicate that DA fibers destined to innervate deep and
superficial cortical layers reach the developing prefrontal






