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Introduction

Schizophrenia is a multidimensional pathological
disorder whose central characteristics include an
early age of onset, a symptom profile that includes
delusions, hallucinations, disordered thinking,
impoverished action and, in many instances, a
chronic deteriorating course (1). While a variety of
neuropathological abnormalities have been
reported in association with the disorder, the core
pathophysiology remains elusive. The relapsing
and remitting course and a responsiveness to
pharmacological interventions all point to a dis-
order in which the critical disturbance involves a
disorganization of brain function rather than a fixed
pathology with an absence of function. In this
respect the clinical phenomena in schizophrenia
can be contrasted with the circumscribed and fixed
psychological deficits seen in classical neuropsy-
chological disorders that follow focal brain damage
(2).

The value of functional imaging as an experi-
mental tool for studying the pathophysiology of
schizophrenia is to a large extent constrained by
theoretical issues related to perspectives on brain
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A striking feature of schizophrenia is the diversity of the phenomenology
both within and between patients. This diversity can be contrasted with the
well-circumscribed and stable deficits scen in classic neuropsychological
syndromes. The argument will be advanced that the classic lesion model,
based on the notion of a segregated deficit, is inappropriate in schizophrenia.
Instead the idea will be devetoped that a more appropriate model is one
derived from concepts of neural integration across large-scale brain
networks. Empirical data derived from positron emission tomography (PET)
within our laboratory that provide support for this suggestion will be
presented. One critical observation from these data is a disruption of
prefrontal-temporal interactions, under a variety of cognitive activation
paradigms, in both chronic medicated and acute unmedicated schizophrenic
patients. Furthermore, these data indicate that both regional and inter-
regional neuronal function, including prefrontal-temporal interactions, can
be significantly modulated by a neurochemical perturbation of ascending
dopaminergic systems. The latter observations suggest that the deficit of
abnormal cortico-cortical interactions are to some extent modifiable by
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function in general. Two theoretical frameworks
inform current concepts of higher brain function.
The classical view emphasizes processing in dis-
crete modules, often anatomically circumscribed,
and referred to as functional segregation. Put
simply, this view assumes that localized regions of
the brain are specialized for mediating unique
psychological functions. Observations on the
effects of focal brain lesions on language processing
have provided the best-known support for theories
of anatomically segregated function in the human
brain (3, 4). The alternative perspective is the view
that higher brain function is a property of interac-
tions between functionally specialized, anatomi-
cally separate brain regions. The architectural
arrangement of the human brain characterized by
massive, and in most cases reciprocal, anatomical
interconnectivity, provides a necessary substrate
for cognitive processing that emphasizes integra-
tion across large-scale neural networks. The
specification of the dense anatomical interconnec-
tivity of the brain has coincided with the emergence
of connectionist theories, first espoused in the last



century, that higher brain function involves co-
operative interactions between anatomically sepa-
rate brain regions (5, 6). This view derives much of
its appeal from the likelihood that the function of
segregated brain regions must be integrated during
normal perception and action. A number of
mechanistic accounts of how this integration
might be realized have provided the focus for the
elaboration of a range of connectionist theories (7-
9). It is important to bear in mind that concepts of
functional segregation and integration arc not
necessarily antagonistic, a fact that is highlighted
by attempts to produce a unified framework for
understanding brain function that explicitly
acknowledges both perspectives (10).

How do concepts of brain function relate to
functional imaging studies of schizophrenia? Func-
tional imaging studies of schizophrenia are impli-
citly predicated on a perspective of functional
specialization. In most of the published literature
on schizophrenia the emphasis has becen on
identifying regional deficits in brain function
through categorical comparisons of patients with
appropriate control groups under conditions of
either rest or activation. Since the pioneering work
of Ingvar and Franzen it has been known that many
schizophrenics show abnormally low resting blood
flow in the frontal cortex (11). More recent studies
show that this pattern is characteristic of patients
with psychomotor poverty who show low blood
flow, specifically in the left dorsolateral prefrontal
cortex (DLPFC) (12). We would argue that a
perspective of functional segregation, as applied in
schizophrenia, is most usefully deployed in under-
standing the pathophysiology of discrete symptoms
or syndromes. This viewpoint is congruent with
observations that decreased DLPFC perfusion is
not unique to schizophrenia, but is also found in
depressed patients with psychomotor retardation
(13). Furthermore, a symptom that is characteristic
of the syndrome of psychomotor retardation,
namely poverty of speech, is strongly predictive
of decreased perfusion in this region, independent
of whether patients are diagnosed as depressed or
schizophrenic (14).

The focus of this chapter will be the development
of an argument, derived from our own empirical
investigations using functional neuroimaging, that a
powerful framework for understanding schizo-
phrenia is that derived from notions of functional
integration. Specifically, it will be argued that a
fundamental aspect of the pathophysiology of
schizophrenia is a disturbance in functional inte-
gration between anatomically diverse brain regions
that manifests most profoundly in the context of
cognitive activation.

Abnormal neural integration in schizophrenia

Measuring functional integration using functional imaging

In normal brain function the specialized processing
that occurs in anatomically diverse brain regions
during, for example, processing of object identity or
location, must be integrated to enable coherent
perception and action. Integration of function has
considerable theoretical importance in the study of
the psychoses, where abnormal neural interactions
is proposed as a fundamental pathophysiological
mechanism (5). The measurement of aspects of this
integration is a major challenge for functional
neuroimaging. Two generic approaches have been
described that provide a framework within which
questions concerning functional integration can be
addressed (15, 16). These approaches, based upon
the analysis of functional and effective connectiv-
ity, adopt perspectives akin to those used in
clectrophysiological studies based on coherence
analysis of multi-unit recordings of separable
neuronal spike trains (17, 18). The simplest
approach seeks to determine how brain activity
in different brain regions, evoked by a cognitive
task, covaries as a function of time. Distributed
responses of this kind can be captured by measures
of functional connectivity, which is defined as the
lemporal correlation between two or more regions
of task-related neural activity (15). This approach is
primarily descriptive, with the resulting eigen
images or spatial modes identifying brain regions
that represent different systems by virtue of their
functional interactions. The other approach is
referred to as effective connectivity, which — in
contrast to functional connectivity — is mechan-
istic. With measures of effective connectivity the
issue to be resolved is the effect on a brain region of
one or more extrinsic inputs to that region. This is
modelled in terms of the changes in a region as a
linear sum of changes at all other points in the
brain. The weighting of any target region to the one
in question is a measure of the strength of that
connection or its effective connectivity. Measures
of effective connectivity rely upon an explicit
theoretical model which may be linear or non-
linear (19). Effective connectivity has been used to
measure the mutual influence of V1 and V2 in
human subjects based upon data from fMRI (16).
The potential applications of effective connectivity
are extremely wide ranging, and include assessment
of changes in the interaction between brain regions
that may occur as a function of learning or
alteration in a modulatory neurotransmitter
inputs to a region. Measures of effective connec-
tivity are likely to assume increasing importance in
future studies of the psychoses. However, up to the
present time approaches to studying the pathophy-
siology of schizophrenia derived from a perspective
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of neural integration have relied solely on measures
related to functional connectivity.

Functional integration in chronic schizophrenia

The utility of approaches to exploring the patho-
physiology of schizophrenia based on functional
connectivity was first demonstrated in the context
of studies of chronic schizophrenia. Here we
studied an aspect of response generation, using a
paced word fluency task, in three separate groups
of patients with chronic schizophrenia. There are
two basic forms of these tasks that involve either
generating many words in a particular category
(e.g. words beginning with F) or generating one
word that is linked to a cue word (e.g. generating
verbs for nouns, cake — eat) (20, 21). Although the
tasks have different qualities, the pattern of brain
activity observed in normal subjects is virtually
identical, involving activation of the left DLPFC
and the anterior cingulate cortex and deactivation
of posterior brain regions including the superior
temporal cortices. The schizophrenic patients
studied with regard to this task were allocated to
separate groups on the basis of performance on the
verbal fluency task before the scan session. Group !
consisted of poor performers on the task in terms of
the number of items produced. Group 2 consisted
of patients who produced odd or inappropriate
responses to the task. Group 3 consisted of patients
who produced normal responses to the task. The
control group consisted of six age- and sex-matched
normal subjects. During the study, patients and
controls produced verbal responses every 5 s to a
target letter, or repeated a cue word in a simple
repetition control task. The paced form of the task
ensured that patients produced the same number of
words as controls during the scan, and avoided the
problem of performance differences between
groups, which can make interpretation of func-
tional imaging studies of abnormal groups proble-
matic. For example, if group comparisons are
associated with performance differences, then it is
difficult to assign abnormal neural activation to
some aspect of the pathophysiology of the disorder
or the abnormal task performance.

In the group of 18 chronic schizophrenic patients
as a whole we found no differences in the
magnitude of the activations in DLPFC or anterior
cingulate cortex with respect to controls (22).
However, using an eigen image analysis which
captures the main profiles of correlated activity
expressed during task performance, striking differ-
ences in the overall response profiles were observed
between the patients and the control subjects. In
normal subjects the task-dependent profile, which
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accounted for most of the variance in the data,
showed left dorsolateral prefrontal and anterior
cingulate activation and bitemporal, medial pre-
frontal and posterior cingulate deactivation. In the
three schizophrenic groups this pattern of task-
dependent correlated activation was absent, and
instead the main profile consisted of both dorso-
lateral prefrontal and also temporal activation (as
opposed to deactivation). In other words, there was
a striking failure to demonstrate the normal pattern
of reduced activity seen during verbal fluency tasks
in the left superior temporal cortex (23). An
important aspect of the data was the fact that this
abnormal pattern was expressed in the three
schizophrenic groups who differed on verbal
fluency task performance outside the scan, and
who also showed profound differences in symptom
expression of their illness. In other words, the
abnormal pattern related to the fact of having the
illness itself, rather than to a particular form of its
expression.

Functional integration in schizophrenic patients with memory
impairment

The importance of this finding of abnormal
functional integration necessitates an attempt to
replicate the basic finding in a further sample of
patients. In a subsequent study we employed a
study design which examined abnormal fronto-
temporal interactions using a different cognitive
task. This study involved two groups of schizo-
phrenic subjects, with and without significant
memory impairment, and a reference control
group. The designation of memory impairment
was ascertained outside the context of the study,
and was based on subjects’ performance on the
Rivermead Behavioural Memory Test (RBMT)
(24).

For the cognitive activation we used an episodic
memory task that involved listening to, and
immediately recalling, auditorially presented
word-lists. Memory load, defined on the basis of
list length, was systematically varied across scans.
This parametric design ensured that even in the
most impaired schizophrenic subjects performance
comparability would be present across the two
groups of schizophrenic and control subjects for at
least some of the scans. This parametric variation
also enabled an analysis of the ways in which
activity in different brain regions altered with
changing memory demands of the task (25). In the
context of the study, words were presented
auditorially at a rate of 1 every 2 s, and retrieval
was placed by the experimenter counting at the
same rate. Learning and retrieval of the same list



went on throughout the scan. Across the 12 scans,
lists varied in length from 1 to 12 items inclusive,
and the order was pseudo-randomized across
subjects. Thus, for example, during the first scan,
a subject might repeatedly hear and retrieve a 7-
item word-list, during the sccond scan a 3-item list,
during the third scan a 12-item list, and so on.
Performance for each list presentation was
recorded, and the same number of words in total
was presented across each scan condition.

To limit the relevant comparisons to regions that
are important with regard to memory function, we
confined the analysis of group differences to
regions which had shown memory-related activa-
tions when the three groups were analysed in
combination. Similarly, the analysis of differences
mm deactivations was confined to those regions
which had shown memory-related deactivations
when the three groups were analysed in combina-
tion. Essentially, this ‘masking’ of comparisons
constitutes a statistically more rigorous approach
since, by confining analysis to a subset of voxels
(defined by an orthogonal comparison), the like-
lthood of falsc positives is reduced.

The pattern of memory-load-related activations
encompassed areas that would be predicted on the
basis of our previous work on memory, and
included the bilateral prefrontal cortex and poster-
1or parietal cortex. Task-related deactivations were
seen in temporo-parietal regions bilaterally, Com-
parisons of memory-related activations in the
control group with those in the unimpaired
schizophrenic subjects showed no significant differ-
ences. However, there were significant failures of
memory-related deactivations in the region of the
post-central gyrus/superior temporal gyrus bilater-
ally. For the comparisons between the control
group and the impaired group, a significantly
greater activation was seen in the schizophrenic
group centred on the left inferior parietal lobe.
Failure of deactivation was seen in the post-central
gyrus/superior temporal gyrus bilaterally and in the
medial prefrontal cortex. The direct comparison of
the two schizophrenic subjects showed a relative
failure of deactivation in the post-central gyrus/
superior temporal gyrus bilaterally and in the
medial prefrontal cortex in the memory-impaired
group.

This study provides a striking replication of the
core observation described in our original study of
abnormal prefrontal interactions with posterior
brain regions during cognitive activation in
schizophrenic patients. The replication of the
finding is important in a number of respects.
First, the abnormal pattern of prefrontal and
temporal interactions is expressed in this study
under different task conditions {memory-related
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activation as compared to verbal fluency in our
original observation), which provides evidence
that the finding is not cognitive domain or task
specific. Secondly, the patient groups selected on
different clinical criteria from those in our original
study again expressed this same pattern of
abnormality. The two studies combined indicate
that a common pattern of pathophysiological
abnormality in schizophrenia relates to a distur-
bance of patterns of integration between prefron-
tal and posterior brain regions during cognitive
activation. Furthermore, there is the suggestion in
the comparison of memory-impaired with non-
memory-impaired patients that the more severe
the clinical expression of the disorder, the greater
the disturbance in the functional interactions
between brain regions. A cautionary caveat in
relation to these findings is that both studies are
based on observations in chronic patients with
end-stage disease. Furthermore, all of the patient
groups studied were on chronic neuroleptic
medication. One possible explanation for these
findings is that they represent either the effects of
the evolutionary stage of the disorder or the effect
of chronic neuroleptic use. The former interpreta-
tion can be addressed by studying patients in the
acute phase of illness, while the latter issue can be
addressed by studying drug-free patients.

Neuromodulatory effects of dopamine neurotransmission on
cognition

In the context of observations of abnormal cortico-
cortical integration in patients with dopamine
blockade, it is also important to consider the
general issue of the cffect of dopamine neuro-
transmission on cortical function. Modulatory
effects of dopamine on glutaminergic inputs to
pyramidal cells in the prefrontal cortex can be
demonstrated in animals (26-28). These effects on
prefrontal cortical function would appear to be
mediated via the D, receptor (29). Overall, the net
effects of dopamine on the firing of pyramidal cells
are inhibitory (30, 31). However, it is the effect of
dopamine perturbations on task-related neuronal
activity, rather than the spontaneous or baseline
firing rates of target neurones, that provides the
most meaningful framework for understanding the
role of dopamine in cortical processing. The term
neuromodulation is used to specify situations
whereby the main effects of a neurotransmitter
involve modifying the impact of other synaptic or
non-synaptic inputs on common postsynaptic target
cells (32). Thus the most important postsynaptic
effects of dopamine are evident through alterations
of the effectiveness of other excitatory or inhibitory
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synaptic inputs to target brain systems that mediate
specific cognitive operations (33-35).

Single-cell recordings from the prefrontal cortex
of monkeys, studied while performing delayed
response tasks, have shown a differential cellular
response to the micro-iontophoretic application of
dopamine. A subpopulation of prefrontal cells,
which increase their firing rate during a delay
period, are further enhanced by dopamine manip-
ulation, while the activity in cells that are not
engaged by the task either remains unaltered or is
inhibited (36). These effects can be conceived of as
altering the state of a network subserving a specific
psychological function by increasing task-specific
firing, relative to background firing, in specific
populations of prefrontal cells. The effects of
neuroleptics on patterns of cellular activation
have highlighted the receptor-mediated mechan-
isms that underlic such a differential response.
Haloperidol and fluphenazine both anatagonized
task-related dopamine augmentation of cell firing,
but not the selective D, antagonist sulpiride. These
observations suggest that a D, effect is responsible
for dopamine-mediated altered task-related neu-
ronal activity in prefrontal neurones (37). A recent
ex-situ study on human cortex has demonstrated a
dopamine facilitation of NMDA (N-methyl-D-
aspartate) excitatory amino-acid receptor action,
an effect that seems to be mediated by the D,
receptor (38, 39).

In terms of neurophysiological effects it seems
that activation of dopamine D, receptors, in
particular, may be related to the performance of
delayed response tasks where the underlying
processes involve the temporal organization of
behaviours guided by short-term memory (37).
Local injections of selective D, antagonists, such as
SCH23390 and SCH39166, directly into the pre-
frontal cortex of rhesus monkeys induce errors and
increased latencies on an oculomotor task that
requires memory-guided saccades. The drugs had
no effect on performance in a task that required
visually guided saccades, indicating that sensory
and motor functions were unaltered. Thus D,
receptors have a permissive role in the mnemonic
or predictive functions of the primate prefrontal
cortex (40). Recent non-human primate experi-
ments that combine iontophoretic analysis of
dopamine receptors with single-cell recording
during behaviour have produced a refined analysis
of dopaminergic effects on prefrontal cortical
neurones (41). In an oculomotor delayed-response
(ODR) paradigm that requires the animal to
remember the spatial position of a stimulus, the
iontophoretic application of a low dosage of the
selective dopamine antagonist SCH 39166
enhanced activity in neurones that showed maximal
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firing during the delay period between the cue and
the motor response. This enhancement of the
neuronal response could be reversed by the
iontophoretic application of the D, partial agonist
SKF 38393. These effects were specific to task-
dependent units, and no effects were observed on
the general excitability of the cells studied. At
higher dosages the same D, antagonist inhibited
prefrontal unit firing in a non-specific fashion, as
did the D, antagonist raclopride, with an effect that
was evident not only in the memory field cells but
also in non-memory-task neurones (41). The
specificity of the D;-mediated effects implies that
blockade disinhibits specific excitatory inputs to
the same cell. The overall findings can be inter-
preted as being consistent with a proposal that
there is an optimal level of D, receptor-mediated
activity for memory-related neuronal function. A
lack of dopamine inputs or an excess of dopamine
can therefore have similar functional effects on
task-related cell firing.

Dopamine neuromodulation in acute unmedicated schizophrenic
patients

In view of strong neurobiological evidence that
dopamine has a regulatory role in cortical function,
we chose to study patterns of neuronal activation
engendered by a cognitive task, in normal and
schizophrenic subjects, under two conditions invol-
ving the presence or absence of a dopamine
challenge (42, 43). The decision to study dopamine
was based on the previously discussed considera-
tions and by the suggestion of a dopaminergic
abnormality as an important mediating mechanism
in the disorder (44). For example, there is evidence
for psychosis-inducing effects of dopamine agonists
(45) and antipsychotic effects of dopamine antago-
nists which remain the principal therapeutic
mechanism of all antipsychotic drugs (46-48).
Direct evidence for an abnormality in dopamine
function has been lacking, and in-vivo, quantitative
PET studies of dopamine receptor numbers have
been inconclusive (49-51). However, functional
imaging provides evidence of increased dopamine
function in schizophrenic patients (51, 52), coupled
with complementary evidence of increased central
dopa decarboxylase activity (9, 52).

The type of experimental design that we adopted
constituted an example of a psychopharmacologi-
cal activation paradigm in which we have pre-
viously demonstrated prefrontal neuromodulatory
effects of dopamine perturbations (53, 54). As we
are primarily interested in the neuromodulatory
effects of dopamine, we first engender a cognitive
activation and then examine the effects of altering
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Fig. 1. Statistical parametric maps (SPMs) rendered on to spatially transformed magnetic resonance image scans. The SPMs are
derived from comparisons between groups of acute unmedicated schizophrenic subjects and healthy controls performing verbal
fluency tasks. The upper panel shows medial and lateral views of the right and left hemispheres, respectively. It indicates a relative
failure in the schizophrenic group of anterior cingulate cortex activation (top left) and overactivation of the superior temporal cortex
(i.e. failure of deactivation) (top right) during verbal fluency. The lower panel shows the same comparisons after administration of
apomorphine (as described in the text), and now demonstrates a relatively greater activation of anterior cingulate cortex in the
schizophrenic subjects compared to controls, with a normalization of the superior temporal pattern of activity.

dopamine neurotransmission on the pattern of
activation that ensues. This type of paradigm also
dictated that the patients we studied should not be
receiving concurrent neuroleptic medication. Con-
sequently, we recruited 12 right-handed subjects
who fulfilled DSM-III-R criteria for schizophrenia
from hospitals, out-patient departments and gen-
eral practitioners in London. The mean age of these
patients was 26 years (SD 7 years), and they had a
mean duration of illness (as estimated from
personal interview, interviews with relatives and
medical records) of 4.3 years (SD 6 years). All of
the patients had been free of neuroleptic medica-
tion for at least 6 months and, of the 12 subjects,
nine were neuroleptic-naive. As controls we
recruited 12 healthy, age-matched male subjects
who did not have a past history of psychiatric or

neurological illness. For the cognitive challenge we
again used a paced orthographic verbal fluency task
in which a chosen letter was repeated orally by the
experimenter at a rate of once every 5 s. Subjects
were required to produce verbally a word begin-
ning with that letter for each repetition. If a subject
was no longer able to produce a response for a
given letter, he was instructed to say ‘pass’ and the
experimenter switched to a different letter. The
control condition, also performed three times and
alternating with the experimental condition, was a
paced word repetition task that involved the same
number and frequency of cues and responses as the
verbal fluency task. As this was a psychopharma-
cological study, 6 subjects from each of the two
groups (the schizophrenic and control groups) were
given apomorphine (10 mcg kg™ subcutaneously)
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after the second scan. After a further 10 min,
scanning was resumed and the last four scans were
obtained under the condition of this dopamine
challenge. As a control, the other 6 subjects in the
schizophrenic and control groups were given a
subcutaneous placebo injection (water) after their
second scan.

We initially examined activations associated with
the verbal fluency task (42, 43). The relevant
analysis was confined to the non-apomorphine
scans, since a cognitive task-associated activation
in the presence of apomorphine incorporates an
interaction with the drug. In the control subjects,
the verbal fluency task was associated with activa-
tion of the following areas: the prefrontal cortex
bilaterally, the anterior cingulate cortex and the
thalamic/sub-thalamic regions. In the schizophrenic
subjects there was also task-associated activation in
the prefrontal cortex bilaterally and the anterior
cingulate gyrus. In addition, activations were seen
in the left inferior parietal lobe, the left superior
temporal gyrus and the posterior cingulate gyrus. In
terms of task-related deactivations in the control
subjects, there were relative decreases in rCBF in
the fluency compared to the control condition
centred on the superior temporal gyri bilaterally
and the posterior cingulate gyrus. Group differ-
ences in cognitive task-related activations and
deactivations were determined by an analysis of
all of the non-apomorphine scans. This group
comparison revealed two critical differences, con-
sisting of a relative failure of activation in
schizophrenia in the anterior cingulate cortex and
a relative failure of deactivation in the left superior
temporal gyrus and the left inferior parietal lobe.

Having demonstrated striking group differences
in the pattern of elicited activation and deactiva-
tion, we next explored the functional effects of
apomorphine on these overall patterns of activa-
tion. These analyses are most appropriately framed
in the context of whether there were group-specific
task-induced effects which were modulated (either
attenuated or augmented) by apomorphine. This
can be determined by comparing patterns of pre-
drug activations and deactivations with those that
occur post drug both within and between groups.
Pre- and post-placebo scans were included in the
analysis, as described above, to remove order
effects (i.e. we looked for a three-way interaction
relative to placebo). This between-group compar-
ison of the apomorphine-related modulations of
cognitive-task-related activity was limited to a
subset of voxels identified by the differential
verbal fluency activations between the two
groups. This preselection represents a test of two
independent hypotheses, namely that the area is
differentially activated in schizophrenia and that
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this differential activation is modulated by apo-
morphine. This comparison showed that there was
a significant augmentation of the task-related
anterior cingulate activation in schizophrenic sub-
jects, and an attenuation of task-related activity in
the left superior/middle temporal gyrus. The
findings from this study are illustrated in Fig. 1.

This study of acute unmedicated patients indi-
cated the presence of both a segregated abnorm-
ality in the anterior cingulate cortex and a failure of
task-related deactivation in the superior temporal
cortex. Strikingly, both abnormalities were modu-
lated by apomorphine such that, following its
administration, there was enhanced -cingulate
activation and a relative normalization of superior
temporal deactivation. The findings can be inter-
preted as indicating that, in schizophrenia, the
pathophysiology reflects processes characteristic of
disorders of segregation and integration. The
regional specificity of the finding of abnormal
activation and modulation is consistent with
evidence from other sources for a cingulate
abnormality in schizophrenia. Core cingulate
pathology has been described in neuropathological
studies that report neuronal deficits, loss of
interneurones and a decrease in GABA, receptors
indicative of loss of GABA-ergic inhibitory cells
(55-58).

The anterior cingulate cortex has been ascribed a
number of different specialized functions, including
arole in attention. Although attention is ill defined,
one key aspect is captured by the notion of
allocation of resources to activities that are
currently most salient. At the neural level this
allocation might be achieved through a modulatory
influence on processing systems that are competing
for limited processing resources. Activation of the
anterior cingulate is a common finding in PET
studies where the common cognitive component
involves engaging selective attention on a stimulus
or task and the inhibition of inappropriate,
competing responses (20, 59, 60). Lesions to this
region are also associated with a wide range of
neuropsychological disorders, including aberrant
social behaviour, akinetic mutism, diminished self-
awareness and depression (61). Its widespread
connections and functional heterogeneity (61)
suggest a role in the regulation or co-ordination
of activity within interconnected brain areas.

Can the findings be interpreted in terms of a
single unifying framework? One possibility is that
the anterior cingulate cortex has a role in
modulating neuronal interactions between diverse
brain regions in the context of cognition. In the case
of acute schizophrenia, there is a breakdown in this
modulatory function which manifests as both a
regional deficit (a failure of task-elicited cingulate



activation) and abnormal prefrontal temporal
interactions (inferred from the failure of superior
temporal deactivation). In other words, the per-
spectives of abnormalities with respect to segrega-
tion and integration both apply. That this
disruption of the modulatory influences of the
anterior cingulate cortex might be a plausible
mechanism in schizophrenia can be inferred from
two hines of evidence. First, there is the phenom-
enon of re-afference copy, which has been invoked
as an cxplanation for the coherent necural integra-
tion that maintains a stable representation of the
world when, for example, we move our eyes (62). In
this situation the retinal image is changing, yet we
experience a stable world. Robinson and Wurtz
(1976) have proposed that the source of modulation
in this situation is the frontal eye fields (FEF),
which results in a differential response in cells in
the superior colliculus to moving stimuli but not to
the eye moving across a stationary target (63).
Other examples of this type of context-specific
modulation include the differential response of
units within the superior temporal cortex to
external as opposed to self-generated vocalizations.

Empirical data that capture this putative mod-
ulatory influence of the cingulate come from our
own studies of episodic memory encoding under
dual-task conditions. When subjects were required
to listen and remember a list of word pairs while
simultaneously performing either a difficult or an
easy motor distracting task, we noted an attenua-
tion of left prefrontal activation under the condi-
tion of simultaneous performance of the difficult
distracting task. This attenuation in left DLPFC
activity was associated with a significant augmenta-
tion in the response of the anterior cingulate cortex.
These data are consistent with the role of this
structure in mediating attention to action, and
suggest that this role is mediated by its modulatory
effects on regions that are competing for limited
attentional resources.

How can these issues be related to our finding of
dopaminergic modulation of anterior cingulate
function in schizophrenia? One critical question
related to this is whether there is evidence that
apomorphine influences the phenomenology of the
condition. The most relevant finding in this context
is the observation that apomorphine, at a similar
dosage to that used in our studies, can produce an
acute amelioration of schizophrenic symptoms
(64). Attentional deficits are also core abnormal-
ities in schizophrenia (65, 66). One interpretation
of the behavioural and neuromodulatory effects of
apomorphine is that schizophrenia does indeed
involve a hyperdopaminergic state which exerts a
net inhibitory effect on task-related activations in
the cingulate. As apomorphine, at the low dose
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used in the present study, has a predominantly
presynaptic effect, this would result in a functional
decrease in dopamine neurotransmission (33). The
end result would be a release from the tonic
inhibitory effects of dopamine, which would be
consistent with our observation of an associated
post-drug increase in task-related neural activity. In
our previous studies of chronic schizophrenic
subjects receiving dopamine antagonists we found
normal anterior cingulate activation in the context
of an identical verbal fluency task (22), and this is
consistent with the suggestion that dopamine
blockade can normalize cingulate function.

Conclusions

The idea that the core pathology in schizophrenia
relates to a disturbance in the integration of neural
activity across brain regions during cognition has
been developed using empirical data from func-
tional neuroimaging. Strikingly, we have replicated
a finding of abnormal prefrontal and superior
temporal interactions in six separate groups of
acute and chronic schizophrenic patients. The
underlying basis for this abnormal connectivity is
not known, but we note that it is consistent with a
number of well-articulated theories of schizo-
phrenia that involve genetic, neurodevelopmental
and neurochemical mechanisms or combinations
thereof. Although our studies have highlighted a
disturbance in neural interactions in schizophrenia,
we have also indicated an important role for
dopamine in the regulation of cingulate activity.
We suggest that the functional role of dopamine in
the cingulate may be to facilitate integration of
information-processing through an attentional
modulation of cortico-cortical integration. Thus a
disturbance in dopamine modulation of cingulate
function could impair the regulation of cortical
neural networks and provide a framework for
reconciling theories of neurochemical abnormal-
ities with those that suggest abnormal cortico-
cortical interactions in schizophrenia.
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