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DoPAMINERGIC dysregulation remains an empirical cornerstone for
theories concerning the causation of schizophrenia. Evidence for
a dopamine system dysfunction in schizophrenia includes the psy-
chosis-inducing effects of dopaminergic agonists'> and the antipsy-
chotic potency of dopaminergic antagonists>*. Here we use
positron emission tomography (PET) to examine the regulatory
role of dopamine on cortical function in normal subjects and un-
medicated schizophrenic patients. Using a factorial experimental
design, we compared the effect of dopaminergic manipulation with
apomorphine on a neural response to a cognitive task. In the schi-
zophrenic patients, relative to controls, an impaired cognitive activ-
ation of the anterior cingulate cortex was significantly modulated
by a manipulation of dopaminergic neurotransmission. Thus, after
apomorphine, the schizophrenic subjects displayed a significantly
enhanced cognitive activation of the anterior cingulate cortex rela-
tive to the controls. These data provide in vivo evidence that an
impaired cognitive-task-induced activation of the anterior cingul-
ate cortex in schizophrenic patients can be significantly modulated
by a dopaminergic manipulation.

We measured brain activity, indexed by regional cerebral
blood flow (rCBF), in 12 normal male volunteer subjects and
12 unmedicated male schizophrenic patients under two condi-
tions. We scanned all subjects while they performed a paced
verbal fluency task and a baseline paced verbal repetition task
using an established protocol’. Under the same experimental
conditions, we scanned the subjects before (scans 1 and 2) and
after (scans 3-6) an injection of either the non-selective
dopaminergic agonist apomorphine or a placebo. Six separate
rCBF measurements, with an interscan interval of 10 minutes,
were thus recorded from each subject. The overall experimental
design is summarized in Fig. 1. This factorial design enabled us
to determine from the interaction term the effect of one treat-
ment (the administration of the dopaminergic agonist apomor-
phine) on the effect of the other (the neuronal response to a
cognitive activation). In this particular experiment, the effect
of interest is the differential effect across groups of dopamine
perturbation on the pattern of neuronal activation induced by
the cognitive activation.

The cognitive activation defined the neural system to be modu-
lated by apomorphine administration. In normal subjects the
cognitive activation, derived from the subtraction of the neu-
ronal response in the repetition condition from the fluency condi-
tion, showed the expected pattern of activation that included the
left dorsolateral prefrontal cortex, the thalamus and the anterior
cingulate cortex’. The same cognitive activation in schizophrenic
patients indicated a failure of activation that was localized to
the anterior cingulate cortex (P<0.05, corrected for multiple
comparisons) (Fig. 2a). After dopaminergic manipulation with
apomorphine, this relative failure of task-induced cingulate acti-
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vation in schizophrenic patients was reversed. In the post-apo-
morphine state, schizophrenic patients displayed a significant
augmentation of the neuronal response to cognitive activation
in the anterior cingulate cortex relative to control subjects
(P<0.0001, uncorrected) (Fig. 2b). This effect was specific for
verbal fluency-induced activation as no differential effect of apo-
morphine on patterns of activation was evident under the repeti-
tion condition alone (P>0.05 uncorrected). The changes in
rCBF at a selected pixel, pre- and post-apomorphine, during
cognitive activation for controls and schizophrenic patients are
shown in Fig. 3. A restriction of the analysis to the nine medicat-
ion-naive subjects provided findings identical to those of the
whole group.
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FIG. 1 Experimental design. Each square refers to a single measure-
ment of rCBF. The cognitive task consisted of a paced orthographic
verbal fluency (scans 1, 3 and 5) or a verbal word-repetition control
task (scans 2, 4 and 6). The tasks required a verbal response every
5 s, so equality of response rate was ensured across trials and groups.
The cognitive activation, defined by the subtraction of the repetition
control from the fluency conditions, activates a prefrontal network that
includes the dorsolateral prefrontal cortex and the anterior cingulate
cortex®. The drug manipulation consisted of apomorphine, given subcu-
taneously in a dosage of 10 ug kg™ *, or placebo administered before
scan 3. This dosage has a significant effect on neural activity in the
prefrontal and anterior cingulate cortex®. Control subjects and schi-
zophrenic patients were therefore studied under a condition of verbal
fluency and verbal repetition both before and after a subcutaneous
injection of either apomorphine or placebo. Thus 6 of the 12 controls
and 6 of the 12 schizophrenics received placebo, and the remaining
6 controls and 6 schizophrenics received apomorphine, before scan 3.
The cognitive activation within a group is specified by the contrast of
scans (1—2)+(3—4)+(5—6). The drug-induced augmentation of the
cognitive activation, within a group, is specified by the contrast
[(3—4)+(5—6)]/2—(1—2). A between-group comparison is the differ-
ence in the magnitude of this effect across groups. We studied
24 subjects, all of whom were right-handed as determined by the Edin-
burgh Handedness Inventory®®. These comprised 12 unmedicated
patients who met DSM III-R criteria for schizophrenia. The mean age of
the patients was 26 years (s.d., 7), and the mean duration of iliness
was 4.3 years (s.d. 6). Nine of the patients were neuroleptic and psycho-
tropic-medication-naive, while the remaining three were free of psycho-
tropic medication for a minimum of six months. The 12 control subjects,
with a mean age of 25 years (s.d., 4), were volunteers recruited through
advertisement. None of the controls had any past psychiatric or medical
iliness.
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These observations can be considered in the context of the
neuromodulatory functions of dopamine, which has a critical
regulatory role on prefrontal neurophysiology®’. A disorder of
this regulatory function is thought to account for a range of
human pathologies including the psychoses®. The effects of dopa-
mine on cortical function are complex, although the net effect
is inhibitory’. However, its critical effects are neuromodulatory,
as exemplified by observations that the electrophysiological
responses of populations of task-activated prefrontal neurons
are further enhanced by dopamine'®. We found a significant
neuromodulatory effect of dopamine manipulation on the neu-
ronal response to cognitive activation in the anterior cingulate
cortex of unmedicated schizophrenic patients. A significant effect
of apomorphine on glucose metabolism in the striatum in drug-
naive schizophrenics under non-activation conditions has previ-
ously been reported''. We found a modulatory effect of dopam-
ine which was activation-task specific, and was not seen under
the repetition condition. These findings suggest that dopamin-
ergic inputs, either direct or indirect, have a differential regula-
tory effect on anterior cingulate activity in schizophrenics
compared to controls.

FIG. 2 a, Brain regions showing a significantly greater neuronal
response to a cognitive activation (verbal fluency and repetition) in nor-
mal subjects compared to schizophrenic subjects in the placebo groups
alone. We present a statistical parametric map (SPM) thresholded at
P<0.001 (uncorrected). The region showing a significant difference
exceeds a P-value that has been corrected for the volume analysed
using standard results based upon the theory of gaussian fields®’. The
data show significantly greater activation of the anterior cingulate cortex
in control subjects (P <0.05, corrected). b, Comparison of brain regions
with a significantly greater neuronal response to the same cognitive
activation in schizophrenic subjects compared to normals following
injection of apomorphine. The SPM reflects the apomorphine-dependent
effects and shows only voxels that were significant using two orthogonal
or independent contrasts. The first contrast reflects the cognitive activa-
tion (in the scans without apomorphine) and the second tests for an
apomorphine enhancement (for voxels that were significant in the first
contrast) of the cognitive activation that was greater in the schizophren-
ics than normals. An uncorrected value of 0.01 was used for both these
contrasts. Because of this independence, the probability of the resulting
voxels surviving these joint criteria by chance is 0.0001 (uncorrected).
The data show that during cognitive activation patients with schi-
zophrenia have an enhanced neuronal response in the anterior cingul-
ate cortex after apomorphine injection. The coordinates of the site of
maximal interaction are x=+8, y=+18, z=+28. The images are SPMs
superimposed onto a normal magnetic resonance image (MRI) which
has been normalized into a standard stereotactic space®®. Views of the
brain are shown for orthogonal slices (transverse, coronal and sagittal)
at the pixel of maximal interaction. The study was approved by the local
hospital ethics committee and ARSAC(UK). Scans were obtained using
a CTl model 953B PET Scanner (CTl, Knoxville, USA) with collimating
septa retracted (FWHM 8 mm transaxial, 4 mm axial). Volunteers
received a 20 s intravenous bolus of H,™0 at a concentration of
55 MBq ml~* and a flow rate of 10 ml min~" through a forearm cannula.
The data were analysed with statistical parametric mapping (SPM 94
software from the Wellcome Department of Cognitive Neurology, Lon-
don) implemented in Matlab (Mathworks, Sherborn, MA). Statistical
parametric mapping combines the general linear model (to create the
statistical parametric map or SPM) and the theory of gaussian fields to
make statistical inferences about regional effect?’°. The scans from
each subject were realigned using the first as a reference. Following
realignment all images were spatially normalized, using nonlinear trans-
formation, into a standard space and smoothed?®. As a final prepro-
cessing step, the images were smoothed using an isotropic gaussian
kernel. The condition, subject and covariate effects (global blood flow)
were estimated according to the general linear model at each voxel*®.
To test hypotheses about regionally specific condition effects, the
estimates were compared using linear compounds or contrasts. The
resulting set of voxel values for each contrast constitute a statistical
parametric map of the t statistic, SPMt. The SPMt were transformed
to the unit normal distribution (SPMZ) and thresholded at 3.09 (or
P=0.001, uncorrected for multiple comparisons).
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One model of dopamine dysfunction in schizophrenia has sug-
gested diminished tonic dopamine release, upregulation of post-
synaptic dopamine receptors, and a resulting increase in
postsynaptic responsiveness to phasic dopamine activation'”. As
apomorphine at the dose administered has significant postsynap-
tic actions, the observed impairment of pre-drug task activation
and the augmented post-drug task activation are consistent with
this model. The apparent regional specificity of our finding is
also in accord with evidence from functional imaging'*'*> and
other investigative modalities which indicate cingulate pathology
in schizophrenia'®'’.

The anterior cingulate cortex has multiple functional specializ-
ations, including a role in attentional mechanisms, which are
core abnormalities in schizophrenia''®'*. The predominant
dopamine inputs to the cingulate are to layer II and III pyrami-
dal cells, which are the primary cortico-cortical output layers®.
A disorder of cortico-cortical integration in schizophrenia has
been suggested by PET findings of abnormal functional connec-
tivity between the frontal and temporal cortices>'*>. The anterior
cingulate may participate, directly or indirectly, in cortico-
cortical integration. A direct modulatory effect of cingulate
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FIG. 3 Relative changes in adjusted rCBF
response (adjusted to an arbitrary mean of
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evident. Post-drug, at times t, and t,, there is a significant augmentation
of cingulate activation (P<0.001) in the schizophrenic apomorphine-
treated group relative to both control groups and the non-apomorphine-
treated schizophrenic group. Error bars were computed on the basis of
+1 s.e. for the mean effect, and the comparisons are based upon the

activation on the temporal cortex has been demonstrated in
primates™. A similar effect in humans is implied by a finding
that cingulate activation is associated with modulation in a con-
current task-dependent cortical activation®. In the present study
we have again observed abnormal fronto-temporal interactions
that are modulated post-drug (data not shown). We suggest that
in schizophrenia there is a dysregulation in the dopaminergic
modulation of cingulate neuronal activity with a consequent
impairment in the functional integration of more remote, but
anatomically connected, cortical regions. The findings provide a
methodology for reconciling neurochemical theories with those
that suggest an abnormality in cortico-cortical interactions in
schizophrenia. O
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interaction term from the SPM. A time-related decrease in the magni-
tude of activation is evident in both control groups (for extended discus-
sion, see ref. 30). A comparison of the relative decreases post-drug and
post-placebo in controls was not statistically significant.
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SyNaPTIC plasticity dependent on N-methyl-pD-aspartate (NMDA)
receptors is thought to underlie certain types of learning and
memory' 3. In support of this, both hippocampal long-term
potentiation and spatial learning in a watermaze are impaired by
blocking NMDA receptors with a selective antagonist D(-)-2-
amino-5-phosphonovaleric acid (AP5)* or by a mutation in one of
the receptor subunits®. Here we report, however, that the APS-
induced learning deficit can be almost completely prevented if rats
are pretrained in a different watermaze before administration of
the drug. This is not because of stimulus generalization, and occurs
despite learning of the second task remaining hippocampus depend-
ent. An AP5-induced learning deficit is, however, still seen if the
animals are pretrained using a non-spatial task. Thus, despite its
procedural simplicity, the watermaze may involve multiple cogni-
tive processes with distinct pharmacological properties; although
required for some component of spatial learning, NMDA receptors
may not be required for encoding the spatial representation of a
specific environment.

After a brief habituation phase, male Lister rats were
implanted with minipumps for chronic intracerebroventricular
(i.c.v.) infusion of AP5 (30 mM, 0.5 ul h™") or artificial cerebro-
spinal fluid (aCSF) and trained in a watermaze to find a fixed,
hidden escape platform (experiment 1). Rats treated with APS
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