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Exploring the Functional Role of Monoaminergic Neurotransmission
A method for exploring neurotransmitter dysfunction in

psychiatric disorders

R. J. DOLAN and P. M. GRASBY

Theories of monoaminergic neurotransmitter dys
regulation continue to provide the principal framework
for the investigation of the pathophysiology of
depression and schizophrenia (Losonczy et al, 1987;
Willner et al, 1992). The availability of techniques
enabling quantitative pharmacological measurements,
such as receptor number, to be made in vivo has
heightened expectations for an understanding of the
mechanisms underlying these conditions. Dopamin
ergic receptor systems have been a particular target
for in-vivo studies. However, the conflicting results
from research based upon these approaches have
been a source of disappointment (Wong et al, 1986;
Farde et a!, 1990). As little is known concerning
the functional role of dopamine in higher brain
function in humans, findings based upon quantitative
pharmacological measurements are in themselves
unlikely to provide a sufficient theoretical basis for
a mechanistic understanding of psychiatric disease.
A fundamental knowledge of normal brain function
is almost certainly a prerequisite for the elaboration
of theories of psychiatric disease.

Higher brain functions are expressed primarily at
a systems level that depend upon an interaction of
large populations of neurons organised into complex,
often anatomically distributed, systems (Edelman &
Mountcastle, 1977). Dynamic interactions between
these systems are subject to modifications by a
multitude of factors that include neurotransmitter
inputs (Edelman, 1987). Therefore a theory of
psychiatric illness based upon a putative neuro
transmitter dysfunction must address the regulation
of neural processes subserving normal psychological
functioning. Furthermore, it should explain how
neurotransmitter dysregulation leads to the emergence

of the psychological symptoms and pathophysiological
dysfunctions that characterise psychiatric syndromes.
Few, if any, current neurotransmitter theories of
psychiatric illness meet these criteria.

Undoubtedly, the limiting factor in relation to the
monoaminergic-based theories is the paucity of
neuroscientific information regarding their regulatory
role on cortical function. Findings based upon work
in non-human primates have now begun to establish
the role of neurotransmitter systems in the regulation
of the neural systems subserving specific psychological

states (Goldman-Rakic, 1988). An important goal in

research on humans is to establish similar links.
Novel applications of functional imaging techniques
can provide the necessary links by specifying the
neuroanatoinical locus of interactions between neural
systems subserving specific psychological processes
and neurotransmitter inputs (Friston et a!, 199lb).
The theoretical basis of such research, with a
particular emphasis on dopamine neurotransmission,

and an account of preliminary findings from studies
in humans, using positron emission tomography
(PET), are the basis of this paper.

Monoaminergiccortical projectionsystems

Extrathalamic cortical projections include the
monoaminergic systems that are implicated in the
pathogenesis of major psychiatric illness. Mono
aminergic inputs to the cortex have, until recently,
been considered diffuse and non-specific. This view
is changing with the emergence of evidence that these
projection systems display an anatomical specificity
characterised by pronounced regional and laminar
specialisation (Brown eta!, 1979; Oades & Halliday,
1987;Gaspar eta!, 1989;Papadopoulos & Pamavelas,
1991). Within the monoamine systems, dopamine
and noradrenaline differ in the cytoarchitectonic
areas and cortical laminae that constitute their
principal terminal sites (Rakic eta!, 1988; Goldman
Rakic et a!, 1990). The high degree of organisation
within these systems is exemplified by a consideration

of cortical dopamine projections. Dopamine inputs
to the cortex have a bilaminar distribution, the
highest levels being seen in upper cortical layers Ito
III and lower layers V and VI, with the principal
cortical receptor being of the D1 type (Lidow et a!,
1991; Smiley eta!, 1992). Pyramidal neurons are the
principal target of dopamine afferents, which form
symmetric or triadic synapses, possibly with cortico
cortical glutaminergic inputs, onto the spines and
dendrites of pyramidal cells (Goldman-Rakic et a!,
1989). The findings of high degrees of anatomical
organisation in cortical monoaminergic inputs are
consistent with a role in the regulation of processes
that involve the cooperative interactions of widespread
neuronal networks, particularly those subserving
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higher cortical functions (Morrison & Foote, 1986;

Mantz et a!, 1991). The precise mechanisms by which
monoaminergic afferents regulate cortical processing

is now a subject of extensive investigation.

Physiological functions of cortical

monoaminergic systems

The characterisation of the functional properties of

monoaminergic systems is best exemplified by an
examination of their effects in relation to other

neural systems projecting to the same target neurons.
Within this framework, complex neurophysiological

responses have been described. These responses
comprise an alteration in the effectiveness of other
excitatory or inhibitory synaptic inputs, rather than
a direct effect of the neurotransmitter itself on

the firing of postsynaptic neurons. The term
â€˜¿�neuromodulation'has been used to describe a
situation whereby a neurotransmitter's actions,
among others, alter the responsivity of post

synaptic cells to the effects of other synaptic inputs
(Dismukes, 1979). Mesulam (1990) has highlighted

the distinction between â€œ¿�anatomicallyaddressed

channels for transferring information content and

chemically addressed pathways for modulating

behavioural toneâ€•.Catecholamines such as dopamine

or noradrenaline do not convey discrete sensory or

motor information but instead appear to have a

neuromodulatory role in certain cognitive functions

(Foote et a!, 1975; Brozoski et a!, 1979; Arnsten &

Goldman-Rakic, 1985). At the information processing

level, catecholamines enhance signal-to-noise detection

(Servan-Schreiber et a!, 1990). These effects are

exemplified by early experiments in which the effects

of noradrenaline applied iontophoretically to auditory

cortical cells of unanaesthetised squirrel monkeys

prior to, and following, acoustic activation by

species-specific vocalisations were studied. During

auditory activation the effect of applied noradrenaline

was to enhance the elicited activity of discrete neural

ensembles relative to background spontaneous

activity, an effect described as an enhancement of

signal-to-noise characteristics of auditory cortical

cells (Foote et a!, 1975).

Dopamine and the regulation of

prefrontal cortical function

The functional properties of prefrontal cortical

dopaminergic projection systems have been extensively
studied and have direct relevance to the theories

of dopaminergic dysfunction in neuropsychiatric

disorders. The dopaminergic innervation of the

cortex seems to be a primate specialisation (Berger

et a!, 1991). Among cortical regions, the prefrontal

cortex in particular receives a relatively dense

dopaminergic input. The effects of dopamine on

cortical neuronal resting potentials are complex,

though the principal effects in the prefrontal

cortex are inhibitory (Bunney & Chiodo, 1984).

However, the over-riding effects of dopamine on

cortical cells are seen in response to other afferent

influences. Stimulation of dopamine cells in the

ventral tegmentum blocks the excitatory effects

on cortical neurons of thalamic stimulation (Ferron

et a!, 1984). Furthermore, 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. The

application of dopamine causes a further increase

in the firing of a subpopulation of prefrontal cells,

whose firing rate has already increased during the

delay period. Activity in cells not engaged by the

delay task is unaltered or inhibited. These effects can

be conceived of as altering the state of a network

subserving a specific psychological function by
increasing the ratio of signal (task-specific firing)

to noise (background firing) in specific populations

of prefrontal cells (Sawaguchi et a!, l990a). The

effect of neuroleptics on such patterns of cellular

activation has highlighted the receptor-mediated

mechanisms that underlie such a differential

response. Haloperidol and fluphenazine (non

selective dopaminergic antagonists) antagonised

task-related dopamine-induced increases in firing,

but not the selective D2 antagonist sulpiride. These

findings imply that a D1 effect is responsible for the

task-related increased activity of prefrontal neurons

(Sawaguchi et a!, 1990b).

In terms of neurophysiological effects, it seems

that activation of dopamine D1 receptors, in

particular, may be related to the performance

of delayed response tasks where the underlying

processes involve the temporal organisation of

behaviour guided by short-term memory (Sawaguchi

et a!, 1990b). Local injections of selective D1

antagonists, such as SCH23390 and SCH39166,

into the prefrontal cortex of rhesus monkeys induce

errors and increased latencies on an oculomotor task

that requires memory-guided saccades (Sawaguchi

& Goldman-Rakic, 1991). The drugs had no effect

on performance in a task that required visually

guided saccades, indicating that sensory and

motor functions were unaltered. Thus D1 receptors

have a permissive role in the mnemonic or pre

dictive functions of the primate prefrontal cortex

(Sawaguchi & Goldman-Rakic, 1991). Finally,

loss of dopamine inputs into this region impairs
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these aspects of prefrontal function (Brozoski et
a!, 1979).

Monoaminergicneurotransmissionand
neuropsychological function in humans

The neurotransmitter regulation of higher cognitive
function in humans is largelyunknown. Links between
a specific neurotransmitter and a neuropsychological
function have been made by relating drug-induced
changes in neuropsychological performance to the
neurotransmitter system targeted by the drug, for
example clonidine-induced impairment of paired
associate learning and noradrenergic neurotrans
mission (Frith et a!, 1985). A less direct approach
has been to determine the neuropsychological
deficits associated with distinct neuropathology!
neurochemistry, for example verbal fluency and
Parkinson's disease (Gurd & Ward, 1989;Wolfe eta!,
1990).The limitations to these approaches include the
fact that drug-induced changes in neuropsychological
performance lack neuroanatomical specificity, whilst
neuropsychological deficits in patients with specific
diseases do not necessarily identify the neurotrans
mitter system involved.

The in vivo study of the functional
role of monoaminergic neurotransmlssion
in humans

Positron emission tomography (PET) has provided
a powerful tool for the mapping of the functional
anatomy of cognitive processes such as language,
attention, and willed action (Petersen et a!, 1988;
Posner et a!, 1988; Frith et a!, 1991; Friston et a!,
l99la; Wise et a!, 1991). Recent methodological
developments enable the neuromodulatory role
of monoaminergic neurotransmitters in such
higher functions to be investigated. With PET, the
measurement of a neuromodulatory effect requires
the conjoint stimulation of a large set of neurons (to
be modulated) with the simultaneous manipulation
of a neuromodulatory neurotransmitter system. In
functional imaging experiments, combined pharmaco
logical and neurocognitive challenges are used in
conjunction with simultaneous measurements of
regional cerebral blood flow (rCBF). Regional cerebral
blood flow in this context provides a sensitiveindex of
neuronal activity (Raichle, 1987).The pharmacological
challenge specifies the neurotransmitter system under
investigation while neurocognitive-induced patterns
of rCBF identify the anatomical substrate of the
psychological function under investigation (Friston
et a!, 199lb). The basic design of such experiments

is illustrated in Fig. 1.

Dn@

D+
M+
D+

Fig. 1 Experimental design for a combined psychopharmacological

activation study. Each box refers to a single PET measurement
of regional cerebral blood flow (rCBF). Active drug or placebo
was given after the second measurement. D â€”¿�refers to pre
drug, D + to post-drug scans. M - refers to subspan task,
M + refers to supraspan task. The main effects of drug,
supraspan-subspan task and interactions can be specified by the
appropriate contrasts. For example, the averaged main effect of
the memory task (supraspan-subspan) is given by the contrast
of scans [2â€”1J+[4â€”3J+[6â€”5J. The interaction effect of
drug-induced attenuations of supraspan-induced increases in rCBF

isgivenbythecontrast [2â€”1lâ€”l[4â€”3J+[6â€”511/2.

Using such an approach, the neuromodulatory
effects of manipulation of dopaminergic and
serotonergic (5-HT) neurotransmission on changes
in rCBF induced by memory tasks has been studied in
groups of normal subjects. Auditory-verbal memory
challenges, consisting of subspan and supraspan word
lists, provided the neuropsychologicalchallenge. The
choice of drug challenge was dictated by the fact that
dopaminergic and serotonergic neurotransmitters
both have neuromodulatory effects on cerebral
function, and are implicated in memory processes
(Foote eta!, 1975; Arnsten & Goldman-Rakic, 1985;
Altman & Normile, 1988; McEntee & Crook, 1990;
Sawaguchi eta!, 1990a; Coop & McNaughton, 1991).
The specific drugs used were apomorphine, a non
selective dopamine agonist, and buspirone, a 5-HT1A
partial agonist (Peroutka, 1985; Traber & Glaser,
1987). The experimental hypothesis was that these
compounds would have regionally distinct effects on
memory-task-induced alterations of rCBF. Given the
role of prefrontal dopamine function in mnemonic
tasks in monkeys, a specific prediction was that
apomorphine would modulate memory-induced
activations in the prefrontal cortex (Goidman-Rakic,
1987; Sawaguchi et a!, 1990a). In contrast, as
hippocampal neuronal activity is sensitive to 5-HTIA
partial agonists, and 5-HTIA receptors are in high
concentration in hippocampal structures, the
prediction was that buspirone would modulate
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Fig. 2 Memoryâ€”apomorphine interactions. The effect of two

dosesof apomorphine on memory-task-induced increasesof regional

cerebral blood flow (rCBF) in the left dorsolateral prefrontal cortex.

Data represent rCBF equivalents in a (weighted) spherical domain of

about 20 mm dianieter. In the left dorsolateral prefrontal cortex the

memory activation showsno time effect in the placebogroup (oâ€”o),

maintaining an average activation of 2 mI/min/dI (equivalents)

over the three memory activations (this activation has been set to

0 on the s' axis for comparison with active drugs). Conversely,

apomorphine (1; â€¢¿�. - @,5 @sg/kg;0- 0, 10pg/kg) attenuates

the mentory activation in the first post-drug condition. There is a

more normal activation in the second post-drug condition. The

attenuation of the activation in the first post-drug condition was

significant (P<0.05) for both doses of apomorphine.

memory-induced alterations of rCBF in medial

temporal structures, including the hippocampus

(Wree et a!, 1987; Pazos eta!, 1987; Kelly eta!, 1988;
Sprouse & Aghajanian, 1988; Grasby et a!, 1992a).

The findings of these experiments confirmed that

regional activations of rCBF during the performance

of a verbal memory task were selectively influenced

by drug manipulation of dopaminergic and seroton

ergic neurotransmission. Apomorphine attenuated

memory-induced increases of rCBF in the right

prefrontal cortex (BA, 10,46)and in the left prefrontal
region (BA 45/46). Unlike apomorphine, buspirone

attenuated memory-induced increases of rCBF

in the retrosplenial area (BA 30) and adjacent

parahippocampal gyrus (BA 27/29/30). In keeping

with the attenuation of these neurophysiological
responses, a decrease in memory performance was

seen under all active drug conditions (Friston et al,

1992b; Grasby et al, l992b). It would seem therefore

that the worsening of memory performance was a

direct effect of the modulation, in these studies, of

the neurophysiological response of a distributed

brain system subserving auditory verbal memory.

The different sites of attenuation of memory

induced activations with buspirone and apomorphine

suggest an anatomical dissociation in the effects of

Fig. 3 Site of apomorphine-induced attenuations of regional
cerebral blood flow increases with memory task. Volume images

of the brain viewed from the right (a), from the back (b) and from

the top (c). The brightest voxel along any line of view is displayed.

These statistical maps are of the 1-statistic computed for all voxels

assessingthe attenuation of rCBF memory increases on comparing

the pre-drug sub/supraspan pair with both post-drug pairs. Only

I values corresponding to P<0.05 are displayed. The site of

maximal attenuation is located in the left dorsolateral prefrontal

cortex -

manipulation of serotonergic and dopaminergic

neurotransmission during a memory task. Although

the exact pharmacological site of action of the drugs

used is difficult to specify, certainly the sites of

functional interaction between manipulation of

dopaminergic/serotonergic neurotransmission and a

cognitive function can be specified. Indeed, these sites

of functional interaction may well be â€˜¿�downstream'

of the drug's pharmacological site of action through

which the effects on function are mediated. Despite

these difficulties, the findings show that it is possible

to link neurotransmission to neuropsychological

functioning and to specify the neuroanatomical sites

of such interactions in vivo (Figs 2, 3).

Conclusions

Neuromodulatory neurotransmitters act, not by

directly affecting neuronal firing, but by modifying

neuronal excitability so that responses to other

neurotransmitters are altered (Kaczmarek & Levitan,

1987). These effects can be conceptualised as biasing

the intrinsic response properties of neuronal systems.

The selective interaction between dopamine and

memory function in the prefrontal cortex seen in vivo
in human experiments is consistent with such

neuromodulatory effects. These studies provide direct

evidence that monoaminergic projection systems have

a high degree of regional functional specificity in

humans and also constitute a framework for studying
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links between neurotransmitter systems and specific
psychological processes. Cortical functions are the
result of convergence of diverse afferent systems
upon intrinsic neuronal elements. How these diverse
synaptic inputs are integrated to produce a coherent
output is central for an understanding of neuronal
function (Friston et a!, 1992a). In view of their
relativelydiscrete architecture, monoaminergic cortical
afferent systems are likely to act at a level that
influences processes of cortical integration. A
dysfunction, due to either an increase or a decrease in
monoaminergic inputs, could have profound effects
on neuronal integration. In this respect the application
of methodologies, similar to those described, which
can examine these effects have a powerful theoretical
potential in the study of psychiatric disease. A
possible neuromodulatory role for dopamine in
prefrontal function in disease states has now been
demonstrated in schizophrenic patients (Daniel eta!,
1991). Linking neurotransmitter systems to the
neural correlates of psychological processes provides
a strong theoretical and mechanistic basis for the
study of pathophysiological mechanisms in the major
psychoses.

References

ALTMAN,H. J. & NORMILE,H. J. (1988) What is the nature of the

role of the serotonergic nervous system in learning and memory:
prospects for development of an effective treatment strategy for
seniledementia.Neurobiologyof Aging, 9, 627â€”638.

AasEThN, A. F. T. & GOLDMAN-RAJUC, P. S. (1985) Alpha2-adrenergic

mechanisms in the prefrontal cortex associated with cognitive
decline in aged nonhuman primates. Science, 230, 1273-1276.

BEROER, B., GASPAR, P. & VERNEY, C. (1991) Dopaminergic

innervation of the cerebral cortex: unexpected differences
between rodents and primates. Trends in Neuroscience, 14,
21â€”27.

BROWN, R. M., C@a, A. M. & GOLDMAN, P. S. (1979) Regional

distribution of monoamines in the cerebral cortex and subcortical
structures of the rhesus monkey: concentrations and in vivo
synthesis rates. Brain Research, 168, 133â€”150.

BROZOSKI, T. J., BROWN, R. M. Rosvow, H. E., et al (1979)

Cognitive deficit caused by regional depletion of dopamine in
prefrontal cortex of rhesus monkey. Science, 205, 929â€”932.

Btmmay, B. S. & CHIOoo, L. A. (1984) Mesocortical dopamine
systems: further electrophysiological and pharmacological
characteristics. In Monoamine Innervation of Cerebral Cortex,
pp. 236-277. New York: Lisa.

Coop, C. F. & MCNAUGHTON,N. (1991) Buspirone affects
hippocampal rhythmical slow activity through serotonin 1A
rather than dopamine D2 receptors. Neuroscience, 40, 169â€”174.

DANIEL,D. 0., WEINBERGER,D. R., JoNEs,D. W., et a! (1991)The
effects of amphetamine on regional cerebral blood flow during
cognitive activation in schizophrenia. Journal of Neuroscience,
11, 1907â€”1917.

DIsMuICEs,R. K. (1979) New concepts of molecular communication
among neurons. Behavioural and Brain Sciences, 2, 409-448.

EDELMAN,0. (1987) Neural Darwinism. New York: Basic Books.

â€”¿� & Mouwrc,ctmE, V. B. (1977) The Mindful Brain: Cortical

Organisationand the Group-SelectiveTheory of Higher Brain
Function, pp. 7-100. Cambridge MA & London: MIT Press.

FARDE, L., WIESEL, F. A., STONE-EI.ANDER, S., et a! (1990) D2

dopamine receptors in neuroleptic-naive schizophrenic patients.
Archivesof GeneralPsychiatry,47, 213â€”219.

FERRON, J. H., THIERRY, A. M., LEDOIJARIN, C., et a! (1984)

Inhibitory influence of mesocortical dopaminergic system on

spontaneous activity or excitatory response induced from the
thalamic mediodorsal nucleus in the rat medial prefrontal cortex.
Brain Research,302, 257-265.

Foom, S. L., FREEDMAN,R. & OLIvER,A. P. (1975) Effects of
putative neurotransmitters on neuronal activity in monkey
auditory cortex. Brain Research, 86, 229-242.

FRISTON, K. J., FRIm, C. D., LIDDLE, P. F., ci a! (1991a) The

cerebellum in skill learning (abstract). Journal of Cerebra! Blood
Flow and Metabolism,11 (suppl.2) 5440.

â€”¿�, GRASaY, P., FRrnI, C. D., etal(1991b) The neurotransmitter

basis of cognition: psychopharmacologicalactivationstudiesusing

positron emission tomography. In Exploring Brain Functional
AnatomywithPosiimnTomography,CibaFoundationSymposium,
(edsJ. Wheelan&D. J. Chadwick), pp.76-92. Chichester: Wiley

â€”¿�, FRITh, C. D., PAss@ow@, R. E., ci a! (l992a) Entropy

and cortical activity: information theory and PET fmdings.
Cerebral Cortex, 2, 259-267.

â€”¿�, GRASBY, P., BENCH, C. J., et a! (1992b) Measuring the

neuromodulatory effects of drugs in man with positron emission

tomography. Neuroscience Letters, 141, 106â€”110.
FRm1, C. D., Dovvr)Y, J., FERRIER, I. N., ci a! (1985) Selective

impairment of paired associate learning after administra

tion of a centrally acting adrenergic agonist (clonidine).
Psychopharmacology,87, 490-493.

â€”¿�, FRISTON, K. J., LIDDLE, P. F., eta! (1991) Willed action

and the prefrontal cortex in man: a study with PET. Proceedings
of theRoyal Societyof LondonB, 244, 241-246.

GASPAR,P., BEROER,B., FEBVRET,A., eta! (1989) Catecholamine

innervation of the human cerebralcortex as revealedbycomparative
immunohistochemistryof tyrosine hydroxylaseand dopamine-beta
hydroxylase. Journal of Comparative Neurology, 279, 249-271.

GOLDMAN-RAKIC, P. S. (1987) Circuitry of primate prefrontal

cortex and regulation of behaviour by representational memory.

In Handbook of Physiology - The Nervous System, Vol V (eds

V. B. Mountcastle,F. E. Bloom& S. R. Geiger),pp. 373-417.
Baltimore: Williams & Wilkins.

â€”¿� (1988) Topography of cognition: Parallel distributed

networks in primate association cortex. Annual Review of
Neurosciences,11, 137â€”156.

â€”¿�, LERANTh, C., WILLIAMS, M. S., et a! (1989) Dopamine

napticcomplex withpyramidal neuronsin primatecerebral cortex.
Proceedingsof theNationalAcademyof Sciences,86,9015-9019.

â€”¿�, LIDOW, M. S. & GALLAGER, D. W. (1990) Overlap of

dopaminergic, adrenergic, and serotonergic receptors and

complementarity of their subtypes in primate prefrontal cortex.
Journalof Neuroscience,10, 2125-2138.

GRASBY,P. M., Fiu@rou, K. J., Ba@icsi,C., ci al(l992a) The effects

of the 5-HTIA partial agonist, buspirone, on regional cerebral
blood flow in man. Psychopharmacology, 108, 380-386.

â€”¿�, â€”¿�, â€”¿�, eta! (1992b) The effect of apomorphine

and buspirone on regional cerebral blood flow during the
performance of a cognitive task - measuring neuromodulatory
effects of psychotropic drugs in man. European Journal of
Neuroscience,4, 1203-1212.

Guiw, J. M. & WARD,C. D. (1989) Retrieval from semantic and
letter-initial categories in patients with Parkinson's disease.
Neuropsychologica,27, 743-746.

KAcZMAREK, C. & LEVITAN, K. (1987) What is neuromodulation?

In Neuromodulation:The biochemicalcontrol of neurona!
excitability (edsC. Kaczmarek& K. Levitan), pp. 3-17. Oxford:
Oxford University Press.

KELLY, P. A. T., DAVIS, C. J. & GOODWIN, 0. M. (1988)

Differential patterns of local glucose utilization in response to
5-hydroxytryptamine agomsts. Neuroscience, 25, 907-915.

THE ROLE OF MONOAMINERGICNEUROTRANSMISSION

https://doi.org/10.1192/bjp.164.5.575 Published online by Cambridge University Press

https://doi.org/10.1192/bjp.164.5.575


580 DOLAN & GRASBY

LIDOW, M. S., GOLDMAN-RAKIC, P. S., GALLAGER, D. W., et a!

(1991) Distribution of dopaminergic receptors in the primate

cerebral cortex: quantitative autoradiographic analysis using

[3H1 raclopride, [3H] spiperone and [3HJ SCH23390.

Neuroscience,40,657â€”671.

LOSONCZY, M. F., DAVIDSON, M. & DAVIS, K. L. (1987) The

dopamine hypothesis of schizophrenia. In Psychopharmacology:

The Third Generation of Progress (ed. H. Y. Meltzer),

pp. 715â€”726. New York: Raven Press.

MANTZ, J., MILLA, C., GLOWINSKI, J., ci a! (1991) Differential

effects of ascending neurons containing dopamine and

noradrenaline in the control of spontaneous activity and of the

evoked responsesin the rat prefrontal cortex. Progressin
Neurobiology, 36, 195-200.

MCENTEE, W. J. & CROOK, T. H. (1990) Age-associated memory

impairment: a role for catecholamines. Neurology, 40, 526â€”530.
MESULAM, M.-M. (1990) Large-scale neurocognitive networks and

distributed processing for attention, language, and memory.

Annals of Neurology,28,597â€”613.

MORRISON, J. H. & Foora, S. L. (1986) Noradrenergic and

serotonergic innervation of cortical and thalamic visual structures
in old and new world monkeys. Journal of Comparative

Neurology,243,117â€”138.

OADES, R. D. & HALLIDAY,G. M. (1987) Ventral tegmental (AlO)

system: neurobiology. 1. Anatomy and connectivity. Brain

ResearchReviews,12,117â€”165.

PAPADOPOULOS, G. C. & PARNAVELAS, J. 0. (1991) Monoamine

systems in the cerebral cortex: evidence for anatomical

specificity. Progress in Neurobiology, 36, 195â€”200.

PAzos, A., PROBST, A. & PALAcI05, J. M. (1987) Serotonin

receptors in the human brain. Autoradiographic mapping of
serotonin-l receptors. Neuroscience, 21, 97â€”122.

PEROUTKA, A. J. (1985) Selective interaction of novel anxiolytics

with 5-hydroxytryptamine,@ receptors. Biological Psychiatry,

20, 971â€”979.

PETERSEN, S. E., Fox, P. T., POSNER, M. I., et a! (1988) Positron

emission tomographic studies of the cortical anatomy of single

word processing.Nature, 331, 585â€”589.
POSNER, M. I., PETERSEN, S. E., Fox, P. T., et a! (1988)

Localization of cognitive operations in the human brain. Science,

240, 1627â€”1631.

RAICHLE, M. E. (1987) Circulatory and metabolic correlates of

brain function in normal humans. In Handbook of Physiology.

TheNervousSystem.HigherFunctionsoft/icBrain(ed F.Plum),

pp. 643â€”674. Bethesda, MD: American Physiologic Society.

RAKIC, P., GOLDMAN-RAKIC, P. 5. & GALLAGER, D. W. (1988)

Quantitative autoradiography of major neurotransmitter receptors

in the monkey striate and extrastriate cortex. Journal of
Neuroscience,8,3670â€”3690.

SAWAGUCHI, T., MATSUMURA, M. & KUBOTA, K. (1990a)

Catecholaminergic effects on neuronal activity related to a
delayed response task in monkey prefrontal cortex. Journal of

Neurophysio!ogy,63, 1385-1399.

MATSUMURA, M. & KUBOTA, K. (l990b) Effects of

dopamine antagonists on neuronal activity related to a delayed

response task in monkey prefrontal cortex. Journal of

Neurophysiology,63, 1401â€”1411.

â€”¿� & GOLDMAN-RAKIC, P. S. (1991) D1 dopamine receptors in

prefrontal cortex: Involvement in working memory. Science, 251,
947â€”950.

SERVAN-SCHRE1BER, D., PRINTZ, H., et a! (1990) A network model

of catecholamine effects: gain, signal-to-noise ratio, and

behaviour. Science, 249, 892â€”895.

SMILEY, J. F., WILLIAMS, S. M., SzIGErI, K., ci a!(1992) Light and

electron microscopic characterisation of dopamine
immunoreactive processes in human cerebral cortex. Journal of

Comparative Neurology, 321, 325â€”335.

SPROUSE, J. S. & AGHAJAN1AN, 0. K. (1988) Responses of

hippocampal pyramidal cells to putative serotonin 5-HTIA and

5-HTIB agonists: a comparative study with dorsal raphe

neurons. Neuropsychopharmaco!ogy, 27, 707-7 15.

TRABER, J. & GLAsER, T. (1987) S-HTIA receptor-related anxiolytics

(abstract). Trends in Pharmacological Science, 8, 432â€”437.

WILLNER, P., MUSCAT, R., PAPP, M., ci a! (1992) Dopamine,

depression and anti-depressant drugs. In The Mesolimbic

Dopamine System:from Motivation to Action (eds P. Willner

& J. Scheel-Kruger), pp. 387â€”410.Chichester: Wiley.
WISE, R., CHOLLET, F., HADAR, U., ci a! (1991) Distribution of

cortical neural networks involved in word comprehension and

word retrieval. Brain, 114, 1803â€”1817.

WOLFE, N., KATZ, D. I., ALBERT, M. L., ci a! (1990)

Neuropsychological profile linked to low dopamine in Alzheimer's

disease, major depression and Parkinson's disease. Journal of

Neurologica!and Neurosurgica!Psychiatry,53,915â€”9197.

WONG, D. F., WAGNER, H. N. Jr., TUNE, L. E., ci a! (1986)

Positron emission tomography reveals elevated D2 dopamine
receptors in drug-naive schizophrenics. Science, 234, 1558â€”1563.

WREE, A., ZILLES, J., SCHLEICHER, A., ci a! (1987) Effect of the

5-HTIA receptor agonist on the local cerebral glucose utilization

of the rat hippocampus. Brain Research, 436, 283â€”290.

*R. J. Dolan, MD, MRCPsych, Consultant Psychiatrist and Honorary Senior Lecturer, National Hospital

for Neurology and Neurosurgery, London WCJN3BG, Academic Department of Psychiatry, Royal Free

Hospital School of Medicine, London NW3 2QG, and MRC Cyclotron Unit, Hammersmith Hospital,

London W12 OHS; P. M. Grasby, BSc, MBBS, DCH, MRCPsych,Research Fellow and Honorary Lecturer,

MRC Cyclotron Unit, and Academic Department of Psychiatry, Royal Free Hospital School of Medicine

*Correspondence

(First received November 1992, final revision June 1993, accepted July 1993)

https://doi.org/10.1192/bjp.164.5.575 Published online by Cambridge University Press

https://doi.org/10.1192/bjp.164.5.575

