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This article reviews prefrontal cortical biology as it
relates to pathophysiology and genetic risk for schizophre-
nia. Studies of prefrontal neurocognition and functional
neuroimaging of prefrontal information processing con-
sistently reveal abnormalities in patients with schizophre-
nia. Abnormalities of prefrontal information processing
also are found in unaffected individuals who are geneti-
cally at risk for schizophrenia, suggesting that genetic
polymorphisms affecting prefrontal function may be sus-
ceptibility alleles for schizophrenia. One such candidate is
a functional polymorphism in the catechol-o-methyl trans-
ferase (COMT) gene that markedly affects enzyme activity
and that appears to uniquely impact prefrontal dopamine.
The COMT genotype predicts performance on prefrontal
executive cognition and working memory tasks. Func-
tional magnetic resonance imaging confirms that COMT
genotype affects prefrontal physiology during working
memory. Family-based association studies have revealed
excessive transmission to schizophrenic offspring of the
allele (val) related to poorer prefrontal function. These
various data provide convergent evidence that the COMT
val allele increases risk for schizophrenia by virtue of its
effect on dopamine-mediated prefrontal information pro-
cessing—the first plausible mechanism for a genetic effect
on normal human cognition and risk for mental illness.
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Introduction

Interest in the frontal lobe as a key to the origins of
schizophrenia dates back to early in the 20th century.

During the past two decades, studies of patients with
schizophrenia have provided extensive evidence of dis-
turbed function of prefrontal neuronal circuits, both local
and distributed. These studies also provided a context for
elucidating the first specific biological mechanism by

which a gene increases susceptibility for schizophrenia. At
the end of 2001, it can be argued that schizophrenia
represents the expression of physiologic abnormalities in
several prefrontocentric circuits, that prefrontal neurons
are effector cells of these distributed physiologic abnor-
malities, and that a gene that affects the efficiency and
tuning of the activity of these effector neurons is a
susceptibility gene for schizophrenia. Data supporting
these arguments will be reviewed in this article.

Cognitive Control and Prefrontal
Pathophysiology

The evidence that prefrontal cortex is a site of abnormal
brain function in schizophrenia is overwhelming. This
includes data from many studies of neuropsychological
and cognitive function (Barch and Carter, 1998; Gold et al
1997; Goldberg et al 1987, 1988; Goldberg and Wein-
berger, 1988; Keefe et al 1995; Mahurin et al 1998; Park
and Holzman 1992; Stone et al 1998; Weickert et al 2000;
Wexler et al 1998), neuroimaging (Andreasen et al 1996,
1997; Berman et al 1992; Callicott et al 1998a, 2000a;
Carter et al 1998b; Catafu et al 1994; Curtis et al 1998;
Ingvar and Franzen, 1974; Kawasaki et al 1993; Manoach
et al 1999, 2000; Stevens et al 1998; Volz et al 1997;
Weinberger et al 1986, 1988a, 1992), studies of eye
movements (Cegalis and Sweeney 1979; Holzman et al
1974; Jacobsen et al 1996; Lieberman et al 1992; Litman
et al 1997; Shagass et al 1974), and electrophysiologic
studies (Abrams and Taylor, 1979; Guenther et al 1988;
Hoffmann et al 1996; Karson et al 1987; Tauscher et al
1998). Results of this body of research have been summa-
rized in several recent reviews (Bunney and Bunney,
2000; Callicott and Weinberger, 1999; Goldman-Rakic,
1999). Abnormal prefrontal function, however, is not a
solitary finding or invariably found in every study, and
physiologic abnormalities also are found in other areas
that are anatomically connected to prefrontal cortex, espe-
cially in temporal and parietal cortices, cerebellum, stria-
tum, and thalamus (Andreasen et al 1997, 1998; Buchs-
baum et al 1996; Busatto et al 1994; Callicott et al 2000a;
Catafau et al 1994; Deicken et al 1995; Fletcher et al 1998;
Friston et al 1992; Gur et al 1995; Kawasaki et al 1997;
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Mellers et al 1998; Reite et al 1988). Although we can
shine the spotlight on any of these regions individually, it
has become increasingly popular to view the abnormal
findings in their totality, as expressions of malfunction of
distributed circuits (Andreasen et al 1997; Bunney and
Bunney, 2000; Bullmore et al 1997; Friston and Frith,
1995; Nestor et al 1998; Pearlson et al 1996; Weinberger
1991, 1993). This is consistent with the prevailing as-
sumption of cognitive neuroscience that even relatively
simple information is processed by distributed cortical
networks of interconnected neurons (Herrmann et al 1993;
McIntosh 1999; Mesulam 1990; Pastor et al 2000; van
Lier and Wagemans 1998).

The physiologic and molecular mystery of the prefron-
tal deficit in patients with schizophrenia is beginning to
unravel. Since the landmark report of Ingvar and Franzen
(1974), which documented reduced frontal lobe regional
cerebral blood flow (rCBF; “hypofrontality”), many stud-
ies of patients have reported reduced prefrontal physio-
logic activity (for review, see Callicott and Weinberger
1999). The results have been especially consistent when
patients are studied during performance of tasks that
normally are associated with prefrontal activation, partic-
ularly working memory tasks (Berman et al 1992; Carter
et al 1998b; Callicott et al 1998a; Catafu et al 1994;
Stevens et al 1998; Weinberger et al 1986, 1988a).
Underactivation of a distributed network of interconnected
cortical and subcortical sites, implicated in processing
working memory, also has often been described; however,
in most of these studies patients have tended to perform
less accurately than control subjects, leaving unanswered
the question of whether underactivation in the context of
underperformance is necessarily a manifestation of a
pathologic brain. If underactivation in the context of
impaired performance is pathologic, then it might be
predicted that normal subjects who are studied beyond
their working memory capacity and who underperform
would not appear hypofrontal. In fact, this assumption has
not held. Functional neuroimaging studies of normal
individuals who are required to process a working memory
load beyond their capacities and in whom performance
significantly deteriorates usually evince a reduction in
dorsolateral prefrontal activity (Callicott et al 1999; Gold-
berg et al 1998a). These results are consistent with
electrophysiologic studies of individual dorsolateral pre-
frontal neurons in nonhuman primates, which find de-
creased firing of working memory–specific neurons when
capacity is exceeded and errors are made (Funahashi et al
1989, 1991). Interestingly, reduced dorsolateral prefrontal
cortex (DLPFC) activation in normal subjects pushed
beyond their working memory capacity is not seen
throughout the working memory network; for example, in
cingulate cortex in which activation probably reflects

effort and error monitoring (Barch et al 1997; Carter et al
1998a; Pardo et al 1990), activation continues to increase
(Callicott et al 1999). Thus, the hypofrontal response of
patients with schizophrenia is at least partially consistent
with a normal response to excessive working memory
processing demands.

Despite these phenomenologic similarities, it is not
clear whether patients and normal subjects become hypo-
frontal for the same reasons, and hypofrontality is not an
inevitable correlate of poor working memory performance
(Goldberg et al 1990; Schapiro et al 1999; Weinberger
et al 1988b). Regardless of the mechanism of hypofron-
tality in schizophrenia, metaphorically speaking, patients
appear to be especially prone to fall off the prefrontal
information processing treadmill. In other words, as if
unable to keep up with the processing demands, they seem
to disengage working memory–related neuronal circuitry
and become hypofrontal. This does not explain, however,
why the capacity of patients with schizophrenia to stay on
the “treadmill” is diminished. Although it is conceivable
that the capacity limitations of patients are because of
cellular pathology in DLPFC, the finding of hypofrontality
does not, by itself, make this conclusion more or less
likely.

Another approach is to study patients whose working
memory performance is at or near normal. Five recent
functional magnetic resonance imaging (fMRI) studies of
patients who perform relatively well on tests of working
memory have appeared, and the results are surprisingly
consistent (Callicott et al 2000a; Curtis et al 1999; Mano-
ach et al 1999, 2000; Stevens et al 1998). Under these
circumstances, dorsolateral prefrontal cortical activity
(Brodman’s areas 9/46) is not reduced; rather it tends to be
increased for either slightly impaired or equivalent cogni-
tive output in comparison with control subjects. These
results suggest that at least under certain conditions when
patients are able to keep up with the processing demands,
they do so less efficiently for a given level of performance
accuracy. Metaphorically speaking, they have to run at a
much faster pace to keep up with the track. Again, studies
in normal subjects may provide perspective for under-
standing some aspects of this overactivation response.
Rypma and Esposito (1999) have shown that in normal
subjects performing a simple working memory task, reac-
tion time—a measure of cognitive difficulty and efficiency
of processing—varied directly with cortical activation of
DLPFC. That is, the more difficulty normal subjects had in
producing the correct response, the more they activated
prefrontal cortex. The mechanism for this exaggerated
response is unclear, in either normal subjects or in pa-
tients, and it is uncertain whether the mechanisms are the
same. At a phenomenologic level, it seems as though
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extraneous neural activity is recruited in subjects who do
not process the information efficiently. This is analogous
to the recruitment of extraneous neural activity that occurs
in the early phases of a variety of learning paradigms;
neural activation becomes more focused once a strategy
for processing information has become more automatic
and efficient (Andreasen et al 1995; Dinse et al 1997;
Karni et al 1998; Mattay et al 1996; Petersen et al 1998;
Shadmehr and Holcomb 1997; Van Horn et al 1998).

Regardless of the precise mechanisms, patients with
schizophrenia have thus been found to manifest two
abnormal phenomena related to the physiologic response
of DLPFC during the performance of working memory
tasks (Table 1): 1) their capacity to stay on task is reduced,
which probably relates to findings of hypofrontality; and
2) while on task, they process the information with less
efficiency and automaticity, which probably relates to the
finding of hyperfrontality. The degree to which a patient or
patient group will manifest either or both of these abnor-
malities will likely depend on the capacities of the patients
and the characteristics of the task paradigm.

The overactivation response is particularly intriguing in
several respects. It cannot be interpreted as a reflection of
disengagement, or lack of effort, or poor performance—
interpretations that have plagued the hypofrontality liter-
ature—because such explanations would not be associated
with excessive activity. It is difficult to dismiss the
conclusion that the overactivation response is a manifes-
tation of a defective and inefficient neural strategy em-
ployed by patients in processing the working memory task.
Thus, the physiologic response of the DLPFC to process-
ing working memory information is abnormal in schizo-
phrenia, but the physiologic texture of this abnormality
(i.e., underactive or overactive) varies, reflecting how
patients are managing the demands of the task. Moreover,
both of these abnormal responses can be modeled to some
degree in normal subjects by changing task demands. Still,
why do patients with schizophrenia have diminished
working memory capacity and efficiency?

Cellular Origins of Abnormal Prefrontal
Function

Evidence is accumulating that the cellular architecture of
DLPFC is abnormal in schizophrenia. Studies of postmor-
tem tissue have found that although there is no obvious
loss of neurons or other evidence of neurodegeneration,
there is reduced volume of neuronal soma and neuropil
and abnormalities of synaptic organization, probably in
widespread regions of cortex (for review, see Lewis 1997;
Selemon and Goldman-Rakic 1999). At the molecular
level, abnormal expression of genes and proteins related to
synaptic modifiability and maintenance (“plasticity”) have
been reported (Honer et al 1999; Karson et al 1999;
Mirnics et al 2000; Shannon-Weickert et al 2000). These
findings suggest that the organization of dorsolateral
prefrontal cortical circuitry (i.e., its synaptic architecture)
is anomalous. The postmortem data, however, do not
elucidate whether and how such changes relate to the
clinical and biological manifestations of schizophrenia or
whether changes in prefrontal cortex are more germane to
the clinical manifestations of the illness than similar
changes reported in other cortical regions (e.g., hippocam-
pus). Do the prefrontal cellular changes observed in the
schizophrenic brain postmortem relate to the clinically
manifest syndrome? This would be difficult, if not impos-
sible, to answer without cellular and clinical data within
the same subjects. Because cellular data in postmortem
tissue tend to be from elderly individuals, very few of
whom were participants in research, clinical data are often
incomplete and complicated by chronic illness and other
epiphenomena.

To a limited degree, it is possible to perform a direct
cellular assay in vivo with proton magnetic resonance
spectroscopy (MRS). This chemical assay technique pro-
vides the only clinically available method for direct
measurement of chemical moieties in the living brain.
Proton MRS can be used to interrogate specific neuronal
populations in living subjects because of its capacity to
assay N-acetyl aspartate (NAA), an intracellular neuronal
marker that is found almost exclusively in mature neurons
and their processes (Urenjak et al 1993), with highest
concentrations in pyramidal glutamate neurons (Moffett
and Namboodiri 1995). The exact implications of changes
in NAA signals are uncertain because its cellular function
is still unclear. N-acetyl aspartate is synthesized in mito-
chondria from glutamate and pyruvate or 3-hydroxybu-
tyrate via L-aspartate-N-amino transferase and also is a
byproduct of glutamate carboxypeptidase II catabolism of
N-acetyl aspartyl glutamate (NAAG), which occurs within
glia (Clark 1998). N-acetyl aspartate is a nonspecific,
although highly sensitive, marker of neuronal pathology.
Virtually all neurologic conditions involving neuronal

Table 1. Abnormalities of Prefrontal Function Associated with
Schizophrenia

1. Abnormal performance on executive cognition and working memory
tasks

2. Reduced physiologic activation of prefrontal cortex during certain
tasks; probably a reflection of diminished capacity to stay focused
on the task

3. Excessive physiologic activation of prefrontal cortex during certain
tasks; probably a reflection of diminished efficiency and
automaticity of information processing

4. Reduced N-acetyl aspartate measures
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pathology that have been studied show changes in NAA
signals. Moreover, NAA changes are sensitive measures
of dynamic neuropathologic processes; for example, cor-
relating over time with cognitive change in Alzheimer’s
disease (Doraiswamy et al 1998) and with the number of
trinucleotide repeat expansions in Huntington’s disease
(Jenkins et al 1998). Whereas early studies interpreted
NAA findings as indicative of cell loss, recent data have
established that NAA reductions reverse following recov-
ery from various forms of brain damage and correlate with
clinical improvement and treatment (Bertolino et al 2001;
De Stefano et al 1995; Hugg et al 1996; Moore et al 2000;
Vion-Dury et al 1995). This has led to speculation that
NAA reductions occur as a manifestation of changes in the
overall integrity of neurons and their processes, perhaps
reflecting reduced mitochondrial energy metabolism
(Clark 1998; Jenkins et al 2000). It is interesting to note
that in various conditions associated with tissue volume
loss and reduced NAA signals (e.g., epilepsy, Alzheimer’s
disease, schizophrenia), these two parameters are only
weakly correlated. Thus, NAA can serve as an indirect
measure of the health and integrity of neurons beyond
simply the question of neuronal loss.

Most studies of NAA concentrations in the brains of
patients with schizophrenia have found reductions in
hippocampal and dorsolateral prefrontal cortices (for re-
view, see Bertolino and Weinberger 1999; Keshavan et al
2000). All of the studies that have used spectroscopic
imaging, which affords higher resolution and more precise
anatomic sampling than traditional single voxel ap-
proaches, report reductions of NAA measures in DLPFC
and hippocampal formation (Bertolino et al 1996, 1998a,
1998b; Deicken et al 1997, 1998, 1999). These studies
have included chronic patients, relatively acute patients,
childhood-onset cases, as well as medication-free and
medication-naı̈ve patients, all of whom show similar
regional abnormalities with similar effect sizes. These data
are consistent with several findings in the postmortem
literature implicating abnormalities of neuronal wiring in
these cortical regions, including decreased neuronal soma
size and neuropil volume, decreased expression of synap-
tic markers, and decreased expression of glutamate car-
boxypeptidase II in prefrontal and hippocampal cortices
(Tsai et al 1995). Although NAA is present in highest
concentration in glutamate neurons, it is present in GABA
neurons as well, and NAA decreases might reflect abnor-
malities of this neuronal population, for which postmortem
evidence also exists (Benes et al 1991; Pierri et al 1999).

Because NAA concentrations are measured with 1H-
magnetic resonance spectroscopic imaging (1H-MSRI) in
living subjects, it is possible to ask whether cellular
abnormalities predict other clinical and biological phe-
nomena associated with manifest illness. A series of

studies aimed at this question have been performed.
Bertolino et al (2000a) measured NAA in various brain
regions in patients who had also undergone positron
emission tomographic rCBF studies of cortical activation
during two executive cognition paradigms. The capacity to
activate the distributed working memory cortical network
was predicted directly by NAA concentrations in DLPFC
(i.e., the lower DLPFC NAA, the less activation of
prefrontal, parietal, and cingulate cortices during tasks).
No other region of brain showed these relationships, and
they were not observed in normal control subjects. The
results suggest that pathologic neurons specifically in
DLPFC, presumably by virtue of their intracortical con-
nectivities, affect the capacity of a functional neuronal
network to stay active during executive cognition. The
data further suggest that diminished working memory
capacity, which is seen under some circumstances as
hypofrontality (viz supra), is an emergent phenomenon
related to cellular pathology of DLPFC. The results are
also consistent with a growing basic cognitive neuro-
science database showing that DLPFC neurons modulate
the response of distributed systems of cortical neurons
involved in various aspects of information processing and
memory (Chafee and Goldman-Rakic 2000; Fuster et al
1985; Tomita et al 1999).

As noted previously, depending on the experimental
circumstances, the response of the schizophrenic DLPFC
to working memory demands also can be abnormally
overactive (i.e., inefficient). Does this abnormal prefrontal
response have a distinct cellular origin, or is it another
functional manifestation of the same neuronal pathology
implicated in the hypofrontality response? Callicott et al
(2000b) measured NAA in patients who showed an abnor-
mal prefrontal overactivation response. Notably, NAA
concentrations in DLPFC predicted overactivation in pa-
tients, as well as their performance on the task (i.e., the
lower DLPFC NAA, the greater DLPFC activation). Once
again, such relationships were not observed in other brain
regions or in normal subjects, presumably because the
cellular pathology in DLPFC associated with schizophre-
nia drives the abnormal physiologic response. Together,
the data of Bertolino et al (2000) and Callicott et al (2000)
implicate a population of neurons in DLPFC as being
“effectors” of abnormal physiologic activity of the work-
ing memory cortical network in schizophrenia, both its
diminished capacity and efficiency. This represents the
first direct evidence of a cellular origin for these abnor-
malities and implicates a candidate neuronal population as
being effectors of these various phenomena.

Prefrontal cognitive deficits, especially involving work-
ing memory and executive functions, have been correlated
in patients with so-called negative symptoms (e.g., Ber-
man et al 1997), and it has been proposed that negative
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symptoms also reflect impairment of prefrontal neuronal
function (Weinberger 1987; Goldberg and Weinberger,
1988). Callicott et al (2000a) tested this hypothesis by
measuring NAA concentrations with 1H-MRSI and nega-
tive symptoms in the same sample of patients (n � 35).
N-acetyl aspartate in DLPFC, and again in no other brain
region, correlated inversely with negative symptoms (i.e.,
the lower NAA, the more negative symptoms). In fact,
NAA in DLPFC explained 25% of the variance in clini-
cally rated negative symptoms. Interestingly, in this study
NAA did not predict ratings of positive symptoms, per-
haps because the symptoms are biologically unrelated;
however, in contrast to negative symptoms and to NAA,
which remain relatively stable over time within a patient,
positive symptoms wax and wane, possibly making it
difficult to find predictable relationships between these
measures.

An alternative approach is to look for a relationship
with a surrogate biological measure of positive symptoms.
Although it is has been difficult to find robust biological
predictors of positive symptoms, it is clear that drugs that
block dopamine type-2 receptors reduce positive symp-
toms. Recently, three independent studies of patients with
schizophrenia have shown that the response of dopamine
terminals in the striatum to systemic amphetamine admin-
istration is excessive, and the magnitude of the response
predicts induced positive symptoms (Abi-Dargham et al
1998; Breier et al 1997; Laruelle et al 1996). These studies
have employed radionuclide imaging of striatal dopamine
receptors before and after amphetamine administration,
with the change in radioligand occupancy taken as a
reflection of presynaptic release of endogenous dopamine.

Bertolino et al (1999a, 2000b) measured NAA concen-
trations with 1H-MRSI in patients who also underwent
such radionuclide scanning experiments. Two findings
emerged from these studies, both of which suggest that
pathology of dorsolateral prefrontal projection neurons
affects the activity of dopamine neurons in the brain stem
and may explain why dopamine neurons respond abnor-
mally to certain stimuli (e.g., amphetamine) in patients
with schizophrenia. The first finding was that under
unstimulated, steady-state conditions, NAA concentra-
tions in DLPFC inversely predicted the availability of
dopamine receptors in the striatum (i.e., the lower NAA,
the greater availability of striatal DA receptors). This
relationship likely reflects that low NAA, a measure of
prefrontal neuronal integrity, predicts relatively less exci-
tation of midbrain dopamine neurons and, thus, less
terminal release of endogenous dopamine to occupy do-
pamine receptors. This finding is consistent with anatomic
data in animals showing both direct and indirect projec-
tions from prefrontal pyramidal neurons to dopamine cell
bodies in the mesencephalon (Carr and Sesack 2000;

Sesack and Pickel 1992) and with physiologic data show-
ing that the burst firing of these dopamine neurons (which
accounts for most of the terminal release of dopamine) is
regulated by this excitatory input from prefrontal cortex
(Murase et al 1993; Shim et al 1996; Svensson and Tung
1989).

The second finding was that the same NAA measure
also predicted excessive response of dopamine terminals
to amphetamine (Bertolino et al 2000b), that is, lower
DLPFC NAA predicted greater decrease in dopamine
receptor availability after amphetamine administration
(i.e., greater apparent amphetamine effect). These results
also are consistent with animal data showing that reduced
prefrontal glutamatergic output produces an excessive
dopamine response to amphetamine (Miller et al 1996;
Roffman et al 2000). Again, these relationships were not
seen with NAA measures in any other cortical region and
were not found in normal subjects (Bertolino et al 2000b).

Taken together, these various clinical studies of the
predictive relationships of NAA signals in DLPFC suggest
that a population of neurons in DLPFC represent cellular
effectors of several core phenomena associated with
schizophrenia, including negative symptoms, abnormali-
ties of cortical activation during working memory, and the
activity of dopamine neurons both at steady state and after
amphetamine challenge (Table 2). These relationships
suggest that such clinical and biological phenomena rep-
resent emergent properties of prefrontal cellular
pathology.

Modeling Prefrontal Cellular Abnormalities
in Animals

The notion that functional abnormalities of distributed
intracortical networks and dopamine neurons in the brain
stem may reflect emergent properties of the biology of
pathologic prefrontal neurons can be inferred from clinical
studies but is nevertheless difficult to establish. Abnormal-
ities of cortical physiology and of dopamine function
associated with schizophrenia have been studied for de-
cades as discrete entities unto themselves, not as poten-
tially emergent phenomena linked to a core cellular

Table 2. Various Phenomena Predicted in Patients with
Schizophrenia by an In Vivo Measure of Dorsolateral
Prefrontal Neuronal Pathology (N-acetyl Aspartate Measures)

1. Negative symptoms
2. Working memory deficits
3. Reduced physiologic capacity of distributed working memory

cortical network
4. Reduced physiologic efficiency of dorsolateral prefrontal cortex

during working memory
5. Exaggerated response of dopamine neurons to amphetamine
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neuropathology. In experimental animals, this possibility
can be tested further. Lipska and Weinberger (2000)
created a model of developmental pathology of prefrontal
cortex based on neonatal disconnection from ventral hip-
pocampus. An excitotoxic injury to the ventral hippocam-
pus of rat pups within the first week of life changes the
development of the prefrontal cortex, as well as other brain
regions, and many of the prefrontal cellular and behavioral
changes, including social impairments (Sams-Dodd et al
1997) and working memory deficits (Moghaddam et al
1999) mimic those found in patients with schizophrenia.
Analogous changes are not seen in animals with ventral
hippocampal damage rendered in adults, indicating that
the results in the neonatally lesioned animals do not reflect
a simple loss of inputs, but rather a change in the
developmental plasticity of prefrontal circuitry. Abnor-
malities of gene and protein expression in prefrontal
neurons (e.g., decreased GAD 67 mRNA expression;
Lipska and Weinberger 2000), decreased dendritic spine
density and length of dendrites on pyramidal neurons
(Lipska et al 2000), and decreased NAA concentrations
(Bertolino et al 1999b), all of which are phenomenologi-
cally similar to findings in the schizophrenic brain, are
also found, suggesting that the architecture of local pre-
frontal circuits is altered in these animals. The NAA
changes are particularly intriguing because they do not
emerge until early adulthood (Bertolino et al 1999b), again
implying that the neonatal hippocampal lesion alters the
plastic adaptations of intrinsic prefrontal neurons to devel-
opmental processes of early adult life.

Of greater interest to the question of emergent biolog-
ical properties of the prefrontal cellular changes is evi-
dence in these animals of altered regulation of dopamine
neurons in brain stem. When animals with the neonatal
lesion reach early adulthood (and not before), they are
hyperactive when stressed and after amphetamine admin-
istration (Lipska et al 1993). When prefrontal cortical
neurons are removed in the brains of these animals after
they reach adulthood, these behavioral hypersensitivities
are normalized (Lipska et al 1998). These results implicate
intrinsic prefrontal neurons as effectors of abnormal do-
paminergic-linked behaviors, analogous to the conclusions
drawn from the clinical studies in patients. The changes in
dopamine regulation and in dopamine-linked behaviors
are emergent phenomena related, at least in part, to
changes in prefrontal neuronal biology because the dopa-
mine system is not directly damaged in this model.

A clue to the mechanism of dopamine dysregulation in
these animals has come from a recent study by O’Donnell
et al (1999). The study showed that the physiologic
response of prefrontal pyramidal neurons to dopamine
following stimulation of dopaminergic neurons in the

brain stem is altered in the neonatally lesioned rats.
Normally, ventral tegmental area (VTA) stimulation leads
to partial depolarization and diminished spontaneous fir-
ing of action potentials of prefrontal pyramidal neurons.
This may mimic the effect of certain stresses or rewards on
priming prefrontal neurons to respond to critical inputs
from other neurons. It is consistent with evidence from
basic animal research that dopamine “tunes” prefrontal
neurons to respond more precisely to stimuli with a
particular contextual valence or saliency (Suri and Schulz
1999). This tuning or filtering function presumably re-
flects an integration of the effects of dopamine signaling at
both glutamatergic and GABA-ergic neurons (see discus-
sion below). Recent studies in the rat have shown that
prefrontal dopamine activity is especially critical for
gating hippocampal inputs during executive cognition and
working memory (Gurden et al 1999; Seamans et al 1998).
In the neonatally lesioned animals, VTA stimulation leads
to normal partial depolarization of prefrontal pyramidal
neurons, but instead of remaining quiet or “tuned,” the
prefrontal neurons begin to fire indiscriminately. Thus, the
tuning function of dopaminergic input is disrupted on the
background of putatively abnormal prefrontal circuitry.
Interestingly, the abnormal physiologic activity of prefron-
tal neurons in the neonatal hippocampal lesion model
appears to be specific for dopamine-related synaptic ar-
chitecture. Stimulation of thalamic inputs to prefrontal
cortex leads to the same changes in neuronal excitability in
both neonatally lesioned and control animals (O’Donnell
et al 1999).

Neurophysiologic data in rats suggest that with stress
paradigms that increase dopaminergic stimulation of pre-
frontal cortex, abnormal firing of prefrontal pyramidal
neurons could translate into abnormal recruitment of brain
stem dopamine activity, perhaps leading to a vicious cycle
of prefrontal malfunction and misregulated dopamine
activity. This complex functional abnormality is related to
the cellular biology of abnormal prefrontal neurons be-
cause excessive firing of pyramidal neurons following
VTA stimulation is not seen in normal animals (O’Donnell
et al 1999).

The relationship of prefrontal neuronal pathology and
brain stem dopamine activity was further explored in a
monkey model of dorsolateral prefrontal developmental
pathology, induced by neonatal removal of mesial tem-
porolimbic cortex (including hippocampus). Animals with
neonatal removals were compared with normal animals
and animals that had had similar surgical removals per-
formed as adults (age 5 years). All animals were around 8
years of age when examined. The same pattern of NAA
reductions as found in patients with schizophrenia are
shown by 1H-MRSI. Specifically, NAA was reduced in
DLPFC and not in other brain regions (although because
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of the relatively small size of the monkey brain, fewer
regions could be sampled; Bertolino et al 1997). The fact
that NAA reductions were not found in adult lesioned
animals indicates that the changes are not simply because
of a loss of temporolimbic connections but, analogous to
the data in the rat model, reflect more subtle plastic
adaptations made in local circuitry as a result of its
abnormal developmental history.

This study also explored whether the same measure of
intrinsic neuronal pathology (i.e., NAA signals) that pre-
dicted availability of striatal dopamine receptors in pa-
tients might predict dopamine terminal activity in mon-
keys; however, instead of inferring dopamine terminal
activity indirectly by measuring the availability of dopa-
mine receptors, as was done using radioligand neuroim-
aging in patients, striatal dopamine release was sampled
directly with in vivo cerebral microdialysis. Remarkable
similarities between the relationships in the patients and in
the monkeys were found. N-acetyl aspartate signals in
DLPFC, and only in DLPFC, predicted both the steady-
state and stimulus-induced release of dopamine in the
striatum, and as in the patients, the directions of the
relationships were inverted (i.e., under steady-state condi-
tions lower NAA in DLPFC predicted less dopamine
release, whereas after prefrontal stimulation with amphet-
amine, lower NAA predicted greater striatal dopamine
release; Bertolino et al 1999). It should be noted, however,
that amphetamine experiments in humans and monkeys
may not be directly comparable. Although both measured
the relationship between DLPFC NAA and a stimulus-
induced response of dopamine terminals, in human sub-
jects, amphetamine was administered systemically to
awake individuals; in monkeys, it was administered under
general anesthesia directly into the DLPFC. However, the
results in monkeys are consistent with the electrophysi-
ologic results in rats. When amphetamine was infused into
DLPFC (i.e., a pharmacologic model of stress and VTA
stimulation in that both lead to local increases in dopa-
mine) of normal monkeys and monkeys with temporolim-
bic lesions produced in adulthood, dopamine release in
striatum was downregulated (Saunders et al 1998). This is
consistent with the data of O’Donnell et al (1999) in
normal rats in that after dopamine stimulation of prefrontal
cortex, pyramidal cell firing is reduced and excitatory
drive from DLPFC on brain stem dopamine neurons
should be diminished. In contrast, however, in the neona-
tally lesioned monkeys, dopamine release was increased in
striatum under these conditions (Saunders et al 1998).
Thus, analogous to the rat data, the effect of dopamine in
DLPFC of monkeys with developmental cellular pathol-
ogy of intrinsic prefrontal circuitry is dramatically altered
and physiologically anomalous (Table 3).

Results in experimental animals may model how, in the

context of a specific developmental brain abnormality,
stress can induce unexpected and anomalous responses in
prefrontal function and related behavior. In prefrontal
cortex that has developed normally, dopaminergic activa-
tion (e.g., during certain stresses) leads to focusing of
prefrontal activity and downregulation of midbrain dopa-
mine activity, perhaps helping to marshal cognitive re-
sources toward an action strategy and accounting for the
transient motor freezing of animals in certain stress para-
digms, respectively. In contrast, dopaminergic activation
of prefrontal cortex in our developmentally abnormal
animals disorganizes prefrontal activity and leads to a
paradoxical upregulation of midbrain dopamine function.
Abnormal responses might translate into a loss of cogni-
tive control and into symptoms related to excessive sub-
cortical dopaminergic drive, both of which may character-
ize the acute psychotic state.

The animal data summarized here also indicate that
many of the complex abnormalities of distributed neuronal
functional systems implicated in schizophrenia can be
modeled by developmental pathology of prefrontal corti-
cal neurons. The pathology is subtle, as the prefrontal
cortex is not targeted directly by the lesion. Clearly,
however, the lesion changes the developmental history of
prefrontal neuronal connectivity and biases these neurons
to make abnormal molecular adaptations to the develop-
mentally changing environment. The result is a set of
complex emergent events that mimic biological phenom-
ena associated with schizophrenia; however, simply be-
cause these phenomena can be modeled in animals does
not mean that they reflect the same mechanisms in
patients. There also are inconsistencies in the animal
model that have yet to be explained. For example, whereas
actively psychotic patients show excessive terminal re-
lease of dopamine following systemic amphetamine ad-
ministration (e.g., Abi-Dargham et al 1998), developmen-
tally lesioned rats do not (Lillrank et al 1999). These
inconsistencies may reflect differences between the exper-
imental contexts and between the impact of acute stimuli
and chronic stress states (discussed in further detail in
Lipska and Weinberger 2000), or perhaps limitations of
the animal model. Nevertheless, various observations in
animals at least lend credence to the possibility that similar

Table 3. Evidence of Anomalous Prefrontal Circuitry in
Animals with Neonatal Hippocampal Damage: Potential
Parallels with Schizophrenia

1. Working memory cognitive deficits
2. Reduced prefrontal N-acetyl aspartate concentrations
3. Abnormal excitability and decreased signal-to-noise responses of

pyramidal neurons to a physiological model of stress (VTA
stimulation)

4. Abnormal prefrontal regulation of striatal dopamine activity
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emergent events occur in schizophrenia. The validity of the
comparisons stops there, however. Evidence that analogous
developmental processes underlie the cellular biology of
prefrontal neurons in schizophrenia is lacking, although there
has been considerable speculation that such is the case.

Prefrontal Function and the Biology of
Genetic Susceptibility

As a result of archival family, twin, and adoption studies
of schizophrenia performed in the past century, it is
accepted as fact that genes account for the lion’s share of
variation in liability for schizophrenia. In general, whereas
neurobiological studies of schizophrenia have searched for
evidence of how the brain has changed to account for
symptoms, genetic studies have searched for relationships
between genetic loci and clinical diagnosis in families
(“genetic linkage”) or between specific alleles and diag-
nosis in populations (“genetic association”). These com-
plementary approaches to unraveling the mysteries of
schizophrenia may dovetail in the prefrontal cortex.

The results of family-based linkage studies with non-
coding markers spanning the genome have identified a few
significant chromosomal loci that have been difficult to
replicate (Gottesman and Moldin 1997; Pulver 2000).
However, even if valid, these loci (and the genes that will
likely emerge from some of them) probably do not account
for the majority of genetic liability and do not segregate in
many affected individuals (Brzustowicz et al 2000; Ken-
dler et al 1996; Pulver et al 1994; Straub et al 1995).
Considering that complex disorders such as schizophrenia
probably involve locus and allelic heterogeneity, epistasis
(i.e., nonadditive gene interactions), pleiotropy (i.e., di-
verse effects of an individual gene), and environmental
modification, there is likely to be a weak relationship
between clinical diagnosis and underlying genotype. This
is why linkage analysis for polygenic, complex disorders,
even with several thousand affected sib pairs, may be
underpowered to find genes (Risch and Merikangas 1996).
The weak predictive relationships between phenotype and
genotype are probably further compounded by the likeli-
hood that genes for mental disorders, as defined, are not
specific for the diagnostic characteristics. Genes do not
encode hallucinations, delusions, or thought disorganiza-
tion; genes affect the basic biology of cells, and the
relationship of such cellular effects to complex mental
phenomena is not likely to be straightforward. As noted
above, the path from cellular pathology to abnormalities of
distributed physiologic phenomena associated with
schizophrenia is a path that would not be obvious at the
level of the putative emergent phenomena. Gottesman and
Shields (1982) argued that qualitatively different genetic
factors underlie different clinical subtypes or dimensions

of schizophrenia and that the genetics of subtypes may be
simpler than the genetics of the complex phenotype.
Kendler et al (1997) proposed that evidence for familial
heterogeneity in the schizophrenic syndrome is of poten-
tial significance in the search for susceptibility loci be-
cause it may allow a division of the sample before linkage
analysis into etiologically distinct subgroups and thus
increase power. Both of these approaches, however, seek
to reduce genetic complexity by defining more clinically
homogeneous subgroups based on arbitrary manifest phe-
nomena that may not reflect discrete genetic effects.

The goal of reducing the genetic complexity of schizo-
phrenia and of increasing the predictive relationship be-
tween phenotype and genotype also has encouraged spec-
ulation that the syndrome can be decomposed into
heritable biological elements, each having a simpler ge-
netic architecture. If the biological effects of genetic
variations related to schizophrenia can be targeted, the
apparent effect of a given gene might be greater at the
level of such a biological phenotype. The conceptual basis
of this approach is outlined in Figure 1. It is assumed that
schizophrenia is a syndrome of overlapping constellations
of symptoms or “syndromes.” These symptoms are related
ultimately to various susceptibility alleles, which can
variably combine with each other and with environmental
modifiers to produce variance in the syndromal picture.
Modifying alleles (e.g., gender or temperament related)
not related to susceptibility for schizophrenia also affect
variability in the phenotype by modulating potentially
interacting traits. Modifying alleles also may have protec-
tive effects. Susceptibility alleles are biased toward the
expression of intermediate traits, which represent more
direct gene effects, but which are not, in and of them-
selves, sufficient to account for the diagnosis. Some
analogies include insulin receptor resistance as an inter-
mediate phenotype related to risk for diabetes or colon

Figure 1. A complex genetic disorder: Simplified.
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polyps as an intermediate phenotype related to genetic risk
for colon cancer. Because the intermediate traits (i.e., endo
or intermediate phenotypes) are more directly related to
the biological effect of genes, they should have greater
power as targets for identifying susceptibility genes in
families. The work described in the earlier sections would
support the hypothesis that the symptoms of schizophrenia
are emergent properties of underlying abnormalities in
brain information processing and that these may be the
result of dissociable biological (and probably heritable)
components, analogous to heart attack and stroke being the
results of various discrete vascular and metabolic factors
(Kremen et al 1994; Leboyer et al 1998; Tsuang 1993).
The feasibility of this approach to schizophrenia has received
preliminary support from a study of the P50 electroencepha-
lographic (EEG) response (Freedman et al 1997) and from a
study of eye-tracking dysfunction (Arolt et al 1996).

Selection of putative intermediate traits involves first
identifying biological abnormalities in patients with
schizophrenia that are quantifiable and enduring (i.e.,
“traitlike”) and that preferably have a clear pathophysio-
logic basis. The next step is to demonstrate that such
biological “traits” are segregating with increased fre-
quency in genetically at risk, but not schizophrenic, family
members. Because first-degree family members share on
average 50% of their alleles, they will share 50% of the
susceptibility alleles, and to the extent that such alleles
produce intermediate phenotypes, they will share some of
these phenotypes.

Several neurobiological abnormalities have been impli-
cated in family and high-risk studies as promising inter-
mediate phenotypes. Family studies have consistently
observed attenuation in sustained attention, perceptual-
motor speed, and concept formation in first-degree rela-
tives of patients with schizophrenia (Cornblatt and Keilp
1994). Physiologic studies have also revealed deficits in
family members in smooth pursuit eye movements (e.g.,
Holzman et al 1974) and in various EEG-evoked poten-
tials (Freedman et al 1997; Siegel et al 1984). Cerebral
ventricles have been found to be larger in siblings of
patients with schizophrenia than in normal subjects (Wein-
berger et al 1981), and more recent studies have implicated
structural changes in several cortical regions, as well (e.g.,
Seidman et al 1999; Sharma et al 1999). Considerable
evidence also points to abnormal function of prefrontal
cortex as a potential intermediate phenotype. In studies of
monozygotic twins discordant for schizophrenia, Goldberg
et al (1993, 1995) found deficits in unaffected twins in
executive cognition/working memory and speed of pro-
cessing, suggesting that such cognitive abnormalities may
represent the phenotypic expression of genes related to
risk for schizophrenia. In a recent study of monozygotic
and dizygotic twins discordant for schizophrenia, Cannon

et al (2000) extended these observations by showing that
risk for working memory deficits was greater in monozy-
gotic than dizygotic twins, supporting the conclusion that
working memory deficits are related to genetic risk for
schizophrenia. In a large sample of healthy siblings of
patients with schizophrenia (n � 183), Egan et al (2001a)
found that working memory and executive function defi-
cits reflected in performance on the Wisconsin Card
Sorting Test (WCST) were present up to 4 times more
frequently in the siblings compared with the general
population. Similar results also have been reported by
other groups in smaller sibling samples (Cannon et al
1994; Faraone et al 1999; Yurgelun-Todd and Kinney
1993). Finally, using the N-back fMRI paradigm that has
revealed evidence of inefficient prefrontal function in
patients with schizophrenia (discussed above), it was
recently shown that such physiologic deficits also are
found in healthy siblings of patients with schizophrenia
even if their accuracy and reaction time on the working
memory task are indistinguishable from normal control
subjects (Callicott et al 1998a). These various findings
indicate that deficits in prefrontal cortical information
processing are associated not only with schizophrenia, but
also with increased genetic risk for schizophrenia and,
thus, may be a reflection of the biological effects of
susceptibility alleles. Therefore, a deficit in prefrontal
information processing is an especially attractive interme-
diate phenotype for further genetic studies.

It should be noted that although studies have identified
traits in patients that run in their families and may be
inherited, it does not necessarily follow that the genes for
these traits are susceptibility genes for schizophrenia. For
example, cigarette smoking runs in families, has genetic
determinants, and also is associated with risk for lung
cancer; however, the susceptibility genes for nicotine depen-
dence are probably not susceptibility genes for cancerous
transformation of pulmonary epithelium; however, this argu-
ment is not compelling in the case of frontal lobe-related
phenotypes and schizophrenia for several reasons: 1) frontal
lobe cognitive deficits predict outcome and disability in ill
individuals, possibly more so than diagnostic symptoms
(Goldberg et al 1995; Green, 1996); and 2) the neurobiolog-
ical basis of working memory and executive cognition-
related traits involve neuronal populations and circuits that
are implicated from many other research directions in the
basic neuropathology of the disease.

A Gene for Frontal Cortical Information
Processing and Susceptibility for
Schizophrenia

A biological deficit in prefrontal information processing is
an attractive intermediate phenotype related to genetic risk
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for schizophrenia. The molecular biology of neuronal
processing during working memory has been increasingly
explicated in the experimental animal, making it possible
to select potential candidate proteins that may explain
variation in prefrontal function during executive cognition.
Testing of candidate genes based on an understanding of
the biological effect of a functional variant of the gene and
on the relevance of such an effect to the biology of the
illness is likely to be crucial for finding causative genes for
common, polygenic diseases (Altshuler et al 2000; Weiss
and Terwilliger 2000).

Although there are many cellular proteins involved in
prefrontal neuronal function during working memory, a
great deal of basic research has focused on the role of
dopamine. As described earlier, dopamine modulates pre-
frontal activity by affecting the excitability of pyramidal
(glutamatergic) and local circuit (GABA) neurons. Dopa-
mine afferents to pyramidal neurons synapse on dendritic
spines in close proximity to glutamate inputs from other
cortical neurons, particularly inputs from hippocampal
formation (Carr and Sesack 1996). Dopamine inputs to the
dendritic shafts of local circuit (GABA) neurons also
appear to be in close proximity to glutamate terminals
(Sesack et al 1995). These anatomic observations suggest
that dopamine gates the excitatory impact of associative
cortical information mediated by intracortically projecting
glutamate neurons and by locally recurrent collaterals of
pyramidal neurons. Consistent with the anatomic data,
physiologic experiments in behaving rats and monkeys
have demonstrated that dopamine neurons tune the firing
responses of pyramidal neurons in a variety of behavioral
contexts, including stress, reward, working memory, and
various learning paradigms (Gurden et al 1999; Schultz et
al 1993; Schultz and Dickinson 2000; Williams and
Goldman-Rakic 1995). These effects are mediated primar-
ily at dopamine-1 receptors (Gurden et al 1999; Williams
and Goldman-Rakic 1995), which potentiate NMDA-
induced excitation postsynaptically (Seamans et al 2001)
while reducing non-NMDA-induced excitation via a pre-
synaptic mechanism (Seamans et al 2001; Gao et al 2001).
These opposing effects on glutamate signals (i.e., enhanc-
ing NMDA currents, which are associated with sustained
activation, while reducing non-NMDA currents, which are
associated with transient activity) appear to provide a
mechanistic account of the tuning function of dopamine
during working memory, in that signals related to sustain-
ing information are enhanced, whereas distracting noise is
suppressed. Imaging studies in humans also have shown
that pharmacologic manipulation of dopamine activity
improves prefrontal physiologic signal to noise during
executive cognition and working memory tasks (Daniel et
al 1991; Mattay et al 1996, 2000). Overall, these experi-
mental results are consistent with suggestions that dopa-

mine inputs to the primate prefrontal cortex are critical for
learning of goal-directed behaviors based on the attribu-
tion of meaning to environmental stimuli (Schultz et al
1993; Schultz and Dickinson 2000; Miller 2000).

If dopamine modulation of prefrontal cortical neuronal
activity is an important factor in prefrontal information
processing, it is reasonable to hypothesize that a genetic
polymorphism that would impact the efficacy of dopamine
in prefrontal cortex would affect prefrontal physiology and
prefrontally mediated behavior. This hypothesis was tested
in terms of the gene that encodes catechol-o-methyl
transferase (COMT), the postsynaptic enzyme that methy-
lates released dopamine as part of its catabolic cascade to
homovanillic acid. Recent evidence suggests that COMT
is an especially attractive genetic candidate to impact on
prefrontal dopamine function. The COMT gene contains a
highly functional and common variation in its coding
sequence, a single nucleotide polymorphism at position
472 (guanine-to-adenine substitution), which translates
into a valine-to-methionine change in the peptide sequence
(Lachman et al 1996; Lotta et al 1995). This single amino
acid substitution dramatically affects the temperature la-
bility of the enzyme, such that at 37°C (i.e., body temper-
ature) the met allele has one fourth the enzyme activity of
the val allele (Lachman et al 1996; Lotta et al 1995). In
peripheral blood and in the liver, most of the variance in
COMT activity in human populations is explained by this
genotype, and the alleles are codominant (Weinshilboum
et al 1999). In the brain, individuals with the val/val
genotype would presumably have more rapid inactivation
of released dopamine relative to individuals with the
met/met genotype, and heterozygous individuals should be
intermediate. This putative genotype effect, however, is
not likely to be biologically meaningful in terms of
prefrontal function unless COMT is important in prefron-
tal synaptic dopamine inactivation. In the striatum, the
synaptic action of dopamine is terminated primarily by
transporter reuptake into presynaptic terminals (Giros et al
1996), and COMT does not appear to critically affect DA
cycling in striatal synapses (Gainetdinov et al 1998; Jones
et al 1998). Surprisingly, in the prefrontal cortex, the
situation appears to be quite different. Pharmacologic
studies in rats, which have explored directly the impact of
COMT on catabolism of released dopamine (Karoum et al
1994), and studies of dopamine turnover in monkeys
(Elsworth et al 1987) have implicated COMT in regulating
extracellular dopamine concentrations in prefrontal cortex.
COMT inhibitors have been shown to improve working
memory in rats (Liljequist et al 1997) and in humans
(Gasparini et al 1997). Moreover, COMT knockout mice
show increases in dopamine tissue concentrations in pre-
frontal cortex and not in striatum (without changes in
norepinephine), and heterozygote mice are intermediate
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between homozygote knockouts and wild-type animals
(Gogos et al 1998). Remarkably, COMT knockout mice
also show superior performance on a memory task and
under stress (Kneavel et al 2000) compared with wild-type
mice. These various observations, implicating a unique
role of COMT in prefrontal cortical dopamine inactiva-
tion, may be explained by recent evidence in monkeys and
in rats that dopamine transporters are expressed in low
density in prefrontal cortex and primarily not within
synapses (Lewis et al 2001; Sesack et al 1998). Thus,
although transporters on prefrontal dopamine (and also
norepinephrine) afferents may play a role in removing
dopamine that has diffused outside of the synapse, perhaps
indirectly affecting synaptic activity by modifying extra-
synaptic dopamine concentration gradients, COMT has a
unique and direct impact on synaptic DA function in
prefrontal cortex. To reiterate, the apparently selective
effect of COMT on dopamine signaling in prefrontal
cortex is not because of the distribution of COMT, which
is expressed widely in brain in nondopaminergic neurons
and glia, but because of the relative low abundance of
synaptic DA transporters in prefrontal cortex (Table 4).

Based on these considerations, it was hypothesized that
the COMT val allele, because it should result in relatively
increased dopamine inactivation, would be associated with
relatively compromised prefrontal function. Egan et al
(2001b) found that COMT genotype predicted perfor-
mance on a test of executive cognition, the WCST, in a
sample 449 human subjects, with the val allele being
associated, as predicted, with relatively poorer perfor-
mance (i.e., more perseverative errors). Interestingly, the
effect of genotype on WCST performance was found to be
of similar effect size in normal subjects and patients with
schizophrenia, indicating that the effect of this genetic
variation on prefrontal executive cognition was not nec-
essarily a schizophrenia-related phenomenon, but rather a
generalizable human characteristic. Evidence for an allele
load effect also was seen; heterozygote individuals tended
to perform midway between homozygote val/val individ-
uals, whose WCST performance was the poorest, and
met/met individuals, whose performance was the best.
Overall, the COMT genotype predicted 4% of the variance
in WCST performance. Although this may seem like a

small effect by itself, it is conceivable that in the context
of other factors that affect prefrontal function (e.g., injury
or aging), this 4% could have a substantial predictive
impact on residual function. Interestingly, COMT geno-
type was not associated with IQ or with nonfrontal-type
cognitive tasks. The relationship of COMT genotype to
prefrontal executive function also may have evolutionary
implications. The met allele appears to be a unique human
mutation because it has not been found in great apes
(Palmatier et al 1999), suggesting that it may be a factor in
evolution of the human prefrontal cortex. Since the initial
oral reports of these findings (Weinberger 2000a, 2000b),
two independent groups have replicated the effect of
COMT genotype on WCST performance (Malhotra et al in
press; B.K. Lipska, personal communication). Moreover,
T.E. Goldberg (unpublished data, 2001) recently reported
similar genotype effects on the N-back working memory
task.

It may be reasoned that if COMT genotype predicts
performance on a test of executive cognition, presumably
because of its underlying biological effect on prefrontal
neuronal activity, it might also predict the physiologic
activity of prefrontal cortex during the performance of a
working memory task, even if task performance is held
constant. To test this possibility, three cohorts of subjects,
one group of patients with schizophrenia and two groups
of unaffected siblings, were studied with the N-back
working memory fMRI paradigm that revealed reduced
efficiency of information processing in the patients and
their unaffected siblings (Egan et al 2001b). The subjects
in the unaffected sibling groups were chosen by matching
for task performance so that the fMRI response could be
compared based on genotype and not confounded by
performance differences. Although earlier studies sug-
gested that prefrontal dopamine activity modulated the
physiologic response during the WCST (Daniel et al 1991;
Mattay et al 1996), the impact of variations in dopamine
on the working memory fMRI paradigm was uncertain.
Mattay et al (in press), therefore, explored this question in
a sample of patients with Parkinson’s disease following 12
hours of L-dopa withdrawal and after L-dopa administra-
tion. Relative dopamine deficiency resulted in an exagger-
ation of the prefrontal cortical fMRI response during the
working memory task (i.e., “inefficiency”), even though
response accuracy was unchanged. Thus, in the study of
Egan et al (2001b), it was hypothesized that COMT
genotype would predict the efficiency of the cortical
response and that the val allele, because it would be
associated with relatively greater DA inactivation (i.e.,
relative dopamine “deficiency”), would be associated with
lesser physiologic efficiency (analogous to the findings in
the untreated patients with Parkinson’s disease). The
results were remarkably reproducible in each of the three

Table 4. Evidence of a Unique Role of the Catechol-O-Methyl
Transferase (COMT) Gene on Prefrontal Function

1. Pharmacologic studies in animals reveal preferential dopamine
metabolism by COMT pathway in prefrontal cortex

2. COMT inhibitors improve working memory in rodents and humans
3. COMT knockout mice have increased prefrontal cortical dopamine

(and no change in norepinephrine)
4. COMT knockout mice have enhanced memory and response to

stress
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cohorts; similar locales primarily within the prefrontal and
cingulate cortices showed precisely these predicted effects
of COMT genotype. Moreover, as in the WCST data, an
allele load effect was seen in that val/val individuals were
less efficient than val/met individuals, who were less
efficient than met/met individuals.

Because COMT genotype has an impact on the effec-
tiveness and efficiency of information processing in pre-
frontal cortex, and because abnormal prefrontal cortical
function is associated with schizophrenia and with genetic
risk for schizophrenia, it follows that COMT genotype
may be a factor contributing risk to manifest schizophre-
nia. Earlier studies testing for an association between the
diagnosis of schizophrenia and COMT genotype have
been inconclusive. Case-control association studies, which
compare allele frequencies between ill and well popula-
tions, have produced some positive (de Chaldee et al 1999)
but mostly negative results (Palmatier et al 1999). These
studies, however, which have generally involved under-
powered samples, are prone to artifacts related to popula-
tion admixture or stratification. Palmatier et al (1999)
reported that COMT allele frequencies vary across certain
ethnic populations, suggesting that population stratifica-
tion artifacts are potentially important confounders in
case-control studies of this gene. To avoid this artifact, the
proportion of alleles transmitted from heterozygote par-
ents to ill offspring can be measured within families using
the Transmission Disequilibrium Test (TDT; Spielman et
al 1993). Although this test has reduced power compared
with the case-control approach, it is immune to population
stratification effects because the frequencies of transmitted
alleles are determined within families. There are three
earlier TDT reports of COMT alleles in schizophrenia in
the literature, two involving completely independent sam-
ples, and all have been positive for the val allele (Kunugi
et al 1997; Li et al 1996, 2000). These earlier reports have
generally been regarded as inconclusive because of the
negative case-control studies and because of uncertainty
about how the val allele would increase biological suscep-
tibility. Egan et al (2001b) studied 104 parent–offspring
trios and also found that the val allele was transmitted
significantly more frequently to the schizophrenic off-
spring than would be predicted by random assortment
(60% transmission of val, p � .04), consistent in terms of
allele frequencies and effect size with the earlier TDT
reports. Moreover, excessive transmission to the healthy
sibling was not greater than predicted by chance
assortment.

Although our TDT results by themselves provide weak
statistical evidence for the COMT val allele increasing risk
for schizophrenia, the data are consistent with earlier TDT
studies, which to date, have been uniformly positive for
the val allele; however, in the case of polygenic disorders

such as schizophrenia, even strong statistical evidence of
association is not likely to be sufficient to validate that a
causative gene has been found (Altshuler et al 2000; Weiss
and Terwilliger 2000). Moreover, association data cannot
rule out that another mutation in the same or a nearby gene
is the causative allele and is in linkage dysequilibrium
with the associated marker allele. As recently argued with
respect to the weak effect of a susceptibility gene for Type
II diabetes (Horikawa et al 2000), the endgame in identi-
fying causative genes for complex, polygenic disorders
will depend on clarification of the biology of the allele and
how it relates to the biology of the illness. The following
convergent evidence argues strongly that the val allele of
the COMT gene is the causative mutation in a suscepti-
bility gene for schizophrenia: 1) a defect in prefrontal
information processing is a core biological feature of
schizophrenia, 2) a defect in prefrontal function is associ-
ated with genetic risk for schizophrenia, 3) the COMT
val/met polymorphism has an effect on protein structure
and enzyme activity, 4) the val/met polymorphism has a
predicted effect on prefrontal function, and 4) COMT
inhibitor drugs and COMT gene knockouts change pre-
frontal function (Table 5).

In many respects, the effect of the COMT val allele on
risk for schizophrenia is analogous to the apolipoprotein
(APO) E4 allele increasing risk for Alzheimer’s disease,
although the APO E4 effect is greater (Roses 1998). The
APO E4 allele is not found in the majority of patients with
Alzheimer’s disease, nor is it a risk factor only for
Alzheimer’s disease. It is thought to increase risk for
Alzheimer’s disease by virtue of its biological effects on
lipid trafficking in tissue, an effect that also increases risk
for other medical conditions. The COMT val allele is
certainly not a necessary, or sufficient, causative factor for
schizophrenia, nor is it likely to increase risk only for
schizophrenia; however, its biological effect on prefrontal
function and the relevance of prefrontal function for
schizophrenia implicate a mechanism by which it in-
creases liability for this disorder. Metaphorically speaking,
one might imagine the threshold of a cliff as representing
a threshold of failure of critical prefrontal function. Pa-
tients with schizophrenia have fallen off the cliff. Healthy
individuals are positioned far from the threshold, although

Table 5. Evidence that Catechol-O-Methyl Transferase
(COMT) val158 Is a Susceptibility Gene for Schizophrenia

1. 22q11 locus near “suggestive” positive linkage signal from genome
scan studies

2. Functional polymorphism markedly affects the activity of an
enzyme involved in prefrontal dopamine function

3. Predicted adverse effects on executive cognition and prefrontal
cortical physiology relate to core biologic aspects of schizophrenia

4. Four positive transmission disequilibrium test studies
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a variety of factors, genetic and environmental, will
determine any individual’s proximity to the precipice.
Unaffected siblings of patients with schizophrenia, per-
haps because of other shared alleles and environmental
factors that also affect prefrontal function, tend to be
closer to the edge than individuals without schizophrenia
risk factors. The COMT val allele moves everyone a little
closer to the precipice, including healthy subjects, unaf-
fected siblings, and individuals destined to evince schizo-
phrenia. Because some individuals might be teetering on
the edge for reasons having nothing to do with COMT
(e.g., other genes or developmental compromise, such as
that modeled in the experimental animals with hippocam-
pal disconnection or other putative brain defects associ-
ated with schizophrenia that may impact indirectly on
prefrontal function, such as in hippocampus or thalamus),
inheritance of the val allele will cause a few of them to
lose their grip and fall off. This metaphor illustrates how
there can be a population-attributable risk to the val allele,
in that notwithstanding this allele, these few individuals
would not have developed schizophrenia. In fact, the
degree to which the val allele contributes to the overall
schizophrenia prevalence in a population (i.e., its popula-
tion attributable risk) can be estimated using a standard
statistical genetic calculation from knowledge of the allele
frequencies (see below), population frequency of schizo-
phrenia (approximately 1%), and the odds ratio (see
below) as detailed in Khoury et al (1993). Based on this
calculation, in the United States, more than 100,000 cases
of schizophrenia would not manifest the syndrome except
for inheritance of the val allele.

Afterword

The data summarized in this review converge on the
conclusions that 1) abnormalities of intrinsic prefrontal
neuronal circuitry and information processing are core
biological aspects of schizophrenia, 2) many of the clinical
and biological features associated with schizophrenia are
emergent phenomena related to this core biology, and 3) a
genetic polymorphism that affects prefrontal information
processing is a risk gene for schizophrenia because it
interacts with this core biology. There are a number of
caveats that should be kept in mind in considering these
conclusions. First, schizophrenic deficits in information
processing, in neuronal circuitry, and in physiologic ac-
tivity are not unique to prefrontal cortex. Similar abnor-
malities have been described in other areas of brain in
patients with schizophrenia, especially in the hippocampal
formation (reviewed in Weinberger 1999). It is conceiv-
able that independent environmental risk factors and genes
contribute to abnormalities associated with other brain
systems. It is also likely that risk factors other than COMT

genotype contribute to prefrontal deficits; however, if the
COMT effect interacts multiplicatively or even additively
with these other factors, the COMT val allele in the
context of these other factors (e.g., a defective “hippocam-
pal” gene, a prenatal cortical injury) will have an exag-
gerated effect. Second, all patients with schizophrenia are
not likely to have the same risk genes or be exposed to the
same environmental factors. Thus, the COMT genotype
may contribute risk differently across populations, perhaps
because of protective or modifying alleles at other loci.
Again, similar results have been reported for APO E4,
which does not appear to consistently increase risk for
Alzheimer’s disease in individuals of recent African an-
cestry (Tang et al 1998). Third, the contribution of the
COMT val/val genotype to risk is small; it increases the
odds ratio of manifesting the illness only 1.5-fold. This
may seem exceedingly weak, and perhaps even inconse-
quential, although the population attributable risk is not
trivial; however, it is debatable whether a greater effect
can be expected of any mental illness susceptibility gene
in general populations. It is frequently stated in the
literature that the genetic contributions to mental illness in
unselected population samples are likely to involve com-
mon alleles, which will only account for small risk effects
(Gershon 2000; Pulver 2000); COMT would seem to be
one such gene. In our clinical sample (more than 300
patients and 600 control subjects) of Caucasian European
ancestry, the val allele has a frequency in patients of
approximately 60% and in control subjects of approxi-
mately 52% (significantly different at the .01 level). Thus,
most healthy individuals have a val allele and many
patients with schizophrenia do not; however, assumptions
about the risk effects of a particular susceptibility gene
pertain to risk for groups—an average effect of a common
functional polymorphism across many individuals. The
clinical impact of COMT genotype within any particular
individual could be large or small, depending on a variety
of other genetic and environmental background factors.

Efforts to put the magnitude of the COMT effect in
perspective may be aided by considering again a suscep-
tibility gene recently identified for adult-onset diabetes.
Calpain-10 has been heralded as a gene that increases risk
for this common form of diabetes (Alschuler et al 2000;
Horikawa et al 2000). Yet the risk allele, which is found in
80% of diabetic patients, also is found in 75% of the
healthy human population. Clearly, in general populations,
this is a weak association and a small genetic effect,
although the effect appears to be greater in selected
subpopulations (Horikawa et al 2000). The population
attributable risk of Type II diabetes for the high-risk
Calpain-10 haplotype in Europeans is comparable with our
calculations for the COMT val allele and schizophrenia;
however, in contrast to the evidence for COMT and
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schizophrenia, in the case of the putative diabetes gene,
the biological effect of the mutation is unknown, as is how
it contributes risk for diabetes. In the case of COMT and
schizophrenia, the weight of the data provides convergent
validity for the conclusion that this gene increases risk
because of its biology (i.e., its effect on dopamine-
mediated prefrontal information processing) and the im-
portance of this biology for the pathophysiology of schizo-
phrenia. This represents the first evidence of a plausible
biological mechanism by which a specific allele affects
variation in normal human cognition and risk for mental
illness.

Aspects of this work were presented at the conference, “New Perspec-
tives on the Neurobiology of Schizophrenia and the Role of Atypical
Antipsychotics,” held November 10–12, 2000, in Key West, Florida. The
conference was sponsored by the Society of Biological Psychiatry
through an unrestricted educational grant provided by AstraZeneca.
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