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Preface

Dopamine, like Cinderella, has come a long way since its discovery. Initially
regarded as a mere precursor of noradrenaline, dopamine has progressively
gained its present status of a common target for major drug classes and a sub-
strate for some basic functions and dysfunctions of the central nervous system
(CNS). A tangible sign of this status is the fact that dopamine has been the
main subject of the studies of the Nobel laureates of 2000, ARVID CARLSSON
and PAUL GREENGARD, who also contribute to this book.

The understanding of the function of dopamine was initially marked by
the discovery, made in the early 1960s by HORNYKIEWICZ, BIRKMAYER and
their associates, that dopamine is lost in the putamen of parkinsonian patients
and that the dopamine precursor, L-dopa, reverses their motor impairment.
For many years the clinical success of L-dopa therapy was quoted as a unique
example of rational therapy directly derived from basic pathophysiology. For
the next 10 years, on the wing of this success, dopamine was regarded as the
main substrate of basal ganglia functions and was assigned an essentially
motor role.

In the early 1970s, studies on the effect of dopamine-receptor antagonists
on responding for intracranial self-stimulation and for conventional and drug
reinforcers initiated a new era in the understanding of the function of dopa-
mine as related to the acquisition and expression of motivated responding.

This era has merged into the present one, characterized by the notion
of dopamine as one of the arousal systems of the brain, modulating the
coupling of the biological value of stimuli to patterns of approach behaviour
and the acquisition and expression of Pavlovian influences on instrumental
responding.

This notion of dopamine has shifted the interest from typically motor
areas of the striatum to traditionally limbic ones such as the nucleus accum-
bens and its afferent areas, the prefrontal cortex, the hippocampal formation
and the amygdala. Through these connections, the functional domain of
dopamine now extends well into motivational and cognitive functions.

This long development has been marked at each critical step by the con-
tribution of pharmacology: from the association between reserpine akinesia
and dopamine depletion and its reversal by L-dopa in the late 1950s, to the
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blockade of dopamine-sensitive adenylate cyclase by neuroleptics in the early
1970s, to the involvement of the dopamine transporter in the action of cocaine
in the 1980s. In no other field of science has pharmacology been as instru-
mental for the understanding of normal and pathological functions as in the
case of dopamine research.

This book intends to provide a rather systematic account of the anatomy,
physiology, neurochemistry, molecular biology and behavioural pharmacology
of dopamine in the CNS. Nonetheless, the classic extrapyramidal function of
dopamine and its role in the action of antiparkinsonian drugs has received rel-
atively little attention here. One reason is that this topic has been the subject
of a previous volume of this series. Another reason, however, is that in spite
of their systematic layout, even these volumes cannot avoid being a reflection
of the times, that is, of the current interests of the research on dopamine.

G. D1 CHIARA
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CHAPTER 13
Electrophysiological Pharmacology of
Mesencephalic Dopaminergic Neurons

M. Di1aNA and JM. TEPPER

We dedicate this chapter to the memory of Dr. Stephen J. Young, mentor,
colleague and friend. For decades Steve contributed tirelessly and selflessly to
the advancement of the science of countless students, colleagues and scientists
around the world. His presence is sorely missed.

A. Introduction

In spite of the fact that actions of dopamine, as a neurotransmitter in its own
right, were foreseen as early as the 1930s (BLascuko 1939) and explicitly
postulated in the 1950s (CARrLSON et al. 1958), it took over a decade more to
begin to explore the electrophysiological features, characteristics, and respon-
siveness to drugs of central dopaminergic neurons (BUNNEY et al. 1973b; GRoOVES
et al. 1975). In the 1960s much effort was employed attempting to map the
location of catecholamine neurons in the mammalian central nervous system.
The use of the histofluorescence technique (Farck et al. 1962) coupled with
lesion experiments enabled anatomists to locate dopaminergic cell bodies in the
mesencephalon (ANDEN et al. 1964; BERTLER et al. 1964). Subsequent work
(DanLsTROM and FUXE 1964; ANDEN et al. 1965; UNGERsTEDT 1971) refined and
extended those initial and pioneering findings and formed the basis for modern
anatomical (see SEsack this volume for an updated view), biochemical, and
electrophysiological investigation of central dopaminergic neurons.

Physiological studies of central dopaminergic neurons began with in vivo
extracellular recordings which described the basic electrophysiological and
pharmacological properties of mesencephalic dopaminergic neurons (BUNNEY
et al. 1973a,b). From the very beginning, the unusually long duration action
potential, the persistent low frequency of spontaneous discharge, including
unusually low frequency burst firing and slow conduction velocity (DENIAU
et al. 1978; GUYENET and AGHAJANIAN 1978), together with inhibitory
responses to dopamine and dopamine agonists such as apomorphine and
amphetamine (BUNNEY et al. 1973a,b; Groves et al. 1975) have been un-
animously recognized as the extracellular, electrophysiological “fingerprint”
of dopamine-containing neurons in the midbrain.
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There are several compelling reasons for studying central dopaminergic
systems over and above their uniqueness and intrinsically interesting
properties. Chief among them is the central role that they play in mediating
the effects of antipsychotic drugs, and in the neurobiology of many psy-
chotropic drugs, drug abuse, and addiction. In this chapter we review some of
the principal aspects of the neurobiology of dopaminergic neurons as they
relate to the pharmacology of psychotherapeutic drugs and drugs of abuse.
Electrophysiological studies of dopaminergic neurons have provided impor-
tant evidence implicating these cells as components of systems of funda-
mental importance in normal CNS functioning as well as in various
pathological conditions including degenerative disorders such as Parkinson’s
disease, schizophrenia, and drug addiction. Controversy and disagreement
with respect to the interpretation of data is common in the scientific literature,
and the literature on the neurophysiology and neuropharmacology of dopa-
minergic neurons is no exception. Where relevant, we will point out some of
the current areas of contention and discuss them in light of recent findings.

B. Anatomical Organization

Although some dopaminergic neurons are located elsewhere in the brain (i.e.,
tuberoinfundibular dopaminergic neurons that regulate the release of pro-
lactin from the anterior pituitary gland; Moore et al. 1987 and in the retina
where they regulate receptive field size by altering the conductance of elec-
trotonic synapses e.g., TERANISHI et al. 1983), most of the dopaminergic
neurons in the central nervous system are located in the midbrain. In the
present chapter, we will focus on the dopaminergic pathways originating in the
mesencephalon which have been most extensively studied and whose function
has been most convincingly linked to human psycho- and neuropathology.
Although the topography of their inputs and outputs differs somewhat, the
mesencephalic dopaminergic neurons exist for the most part as a single con-
tinuous and contiguous group of cells, and the axon of many of these neurons
collateralizes to one or more additional target structures (FALLON 1981).
However, historically the midbrain dopaminergic cell groups and their
projections have been functionally subdivided into three systems: the nigro-
striatal, mesolimbic, and mesocortical dopaminergic systems.

Most of the cell bodies of origin of the nigrostriatal dopaminergic system
are located in the substantia nigra pars compacta (A9 in the terminology of
DanrstroM and FUuxe 1964) with the remainder being located in the pars
reticulata. The neurons are medium to large sized, multipolar, fusiform, or
polygonal in shape and emit 3-5 large, rapidly tapering smooth dendrites. There
is no local axon collateral arborization within the substantia nigra (JURASKA et
al.1977; TeppER et al. 1987b). These neurons send their axons anterior and rostral
to the neostriatum where they form Gray’s type Il symmetrical synapses, mainly
on the dendrites or the necks of the dendritic spines of the striatal medium
spiny projection neurons (PickeL et al. 1981; FREUND et al. 1984) (See Fig.1).
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Fig. 1. Drawing tube reconstruction of an HRP-filled substantia nigra pars compacta
neuron that was antidromically activated from both ipsilateral globus pallidus and
neostriatum. The inset is drawn approximately to scale to illustrate the location of the
dendritic arborization of the neuron within substantia nigra. The coordinates refer to
the location of the coronal section from the atlas of Konic and Kripper (1963). The
arrow points to the proximal portion of the axon, which emerges from a dendrite. PC,
pars compacta, PR, pars reticulata, ML, medial lemniscus. (Reproduced from TEPPER
et al. 1987b with permission of the publishers)
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Most of the cells of origin of the mesolimbic dopaminergic system are
located medial to the main body of the substantia nigra pars compacta in the
ventral tegmental area (A10 in the terminology of DaHLSTROM and FUXE 1964)
and medial substantia nigra. These neurons project to the ventral part of the
striatal complex, including the nucleus accumbens (both core and shell) and
the olfactory tubercle.

The mesocortical dopaminergic projection arises from the mediodorsal,
most parts of the pars compacta and ventral tegmental areas (VTAs) and
innervates the prefrontal, cingulate, perirhinal, and entorhinal cortices in a
loosely topographical manner (for review see FALLON and LAUGHLIN 1995).

The most caudal, lateral, and superior extension of the midbrain dopami-
nergic cell group, and the smallest of the three cell groups, is termed the
retrorubral field (A8 in the terminology of DaHLsTROM and FUXE 1964) and
innervates largely striatal regions. For a more detailed description of the
anatomical organization of mesencephalic dopaminergic neurons in rat, the
reader is referred to other chapters in this volume and to the excellent review
by FaLLON and LauGHLIN (1995).

C. Basic Electrophysiological Properties
I. Extracellular Recordings

In in vivo extracellular recordings from anesthetized adult rats, midbrain
dopaminergic neurons fire spontaneously at slow rates, averaging around
4 spikes per second (BUNNEY et al. 1973b; DENIAU et al. 1978; GUYENET and
AGHAJANIAN 1978; BUNNEY 1979; TEPPER et al. 1982). Dopaminergic neurons
exhibit three distinct modes or patterns of firing. The most common pattern
of activity in vivo is a random, or occasional mode- of firing characterized by
an initial, prolonged trough in the autocorrelation function representing a long
post-firing inhibition. The next most common firing pattern is a very regular,
pacemaker-like firing, characterized by very regular interspike intervals with
a low coefficient of variation, and a lack of bursting. The third and least
common mode of firing is bursty firing, characterized by stereotyped bursts of
2-8 action potentials in which the first intraburst interspike interval is around
60ms, followed by progressively increasing interspike intervals and progres-
sively decreasing spike amplitudes (WiLson et al. 1977; GrRace and BUNNEY
1984a,b; TEPPER et al. 1995). In anesthetized, unanesthetized, and freely moving
rats (FREEMAN et al. 1985; Diana et al. 1989), dopaminergic neurons often
switch between different firing modes, and these firing patterns can best be
thought of as a existing along a continuum, with the pacemaker-like firing on
one end and bursty firing on the other (Fig. 2). The bursty mode of firing has
generated particular interest as action potentials fired in bursts have been
linked to an increased overflow of dopamine in terminal areas compared to
an equal number of evenly spaced action potentials (Gonon 1988) which could
alter dopaminergic neurotransmission in axonal terminal fields qualitatively
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Pacemaker Firing Mode Random Firing Mode

Bursty Firing Mode

Fig. 2. Autocorrelograms of representative neurons exhibiting the three firing modes
of dopaminergic neurons in vivo. Above each autocorrelogram is the first approxi-
mately 15s of the spike train used to create the autocorrelogram. Bin width = 3ms.
(Reproduced from TeppER et al. 1995 with permission of the publishers)
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as well as quantitatively (e.g., GoNoN 1997), and which may play a role in the
dendritic release of dopamine (BJorRKLUND and LINDVALL 1975; GRrovEs et al.
1975; CHERAMY et al. 1981) as well.

Anesthesia affects the expression of the three firing patterns and their
responsiveness to drugs (MEREU et al. 1984b; KELLAND et al. 1990a). Although
all three firing patterns are expressed in unanesthetized freely moving or
immobilized preparations, burst firing is more common in unanesthetized rats
than under any anesthetic (WiLsoN et al. 1977; FREEMAN et al. 1985; Diana
et al. 1989; KeLLaND et al. 1990a). Different anesthetics also differentially
affect the distribution of firing patterns; burst firing is expressed least under
urethane, is intermediate under chloral hydrate, and is expressed most under
ketamine anesthesia with an incidence almost equal to that observed in
unanesthetized preparations (KELLAND et al. 1990a).

The extracellularly recorded action potential of midbrain dopaminergic
neurons is of unusually long duration, almost always greater than 2ms and
sometimes as much as 5ms depending on the level of depolarization of the
neuron, and often displays a notch or inflection on the initial rising phase
termed an initial segment-somatodendritic (IS-SD) break (BUNNEY et al.
1973b; GuYENET and AGHAJANIAN 1978; GRACE and BUNNEY 1983b) by analogy
to a similar phenomenon in spinal motoneurons (Coowmss et al. 1957; ECCLES
1957).

Early studies using antidromic activation of mesencephalic dopaminergic
neurons from terminal fields in striatum revealed that these neurons have very
slow conduction velocities (~0.5m/s in rat; DENIAU et al. 1978; GUYENET and
AGHAJANIAN 1978) consistent with their thin (less than 1um) and unmyeli-
nated nature (TEPPER et al. 1987b). Most of the time (64 %; TRENT and TEPPER
1991) the antidromic response consists of a small spike, assumed to be an
initial segment (IS) spike (Coomss et al. 1957; EccLes 1957; GUYENET and
AGHAJANIAN 1978). Multiple discrete antidromic latencies are often present,
presumably reflecting the highly branched nature of the terminal field, giving
rise to multiple sites of initiation of the antidromic spike (COLLINGRIDGE et al.
1980; TePPER et al. 1984a).

Although many of the early extracellular recording studies focused on
dopaminergic neurons in substantia nigra, the majority of subsequent studies
revealed that with a few exceptions, VTA neurons exhibit electrophysiologi-
cal and pharmacological properties that are similar or identical to those of
substantia nigra dopaminergic neurons in most ways (e.g., BUNNEY 1979;
WAaNG 1981a—c; FREEMAN et al. 1985; MEREU et al. 1985; FREEMAN and BUNNEY
1987; CLARK and CHioDO 1988).

The most commonly reported difference between A9 and A10 dopami-
nergic neurons has to do with the pattern and rate of spontaneous activity in
vivo. Although A10 neurons exhibit the same range of firing patterns as A9
neurons, many studies report that the incidence of burst firing is greater among
VTA neurons than substantia nigra pars compacta neurons (GRENHOFF et al.
1986, 1988; CHARLETY et al. 1991). Interestingly, it does not appear as if the
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characteristics of the burst firing are different; most of the burst parameters
are the same among A9 and A10 neurons, but the proportion of A10 neurons
firing in the bursty mode is greater (CHiopo et al. 1984; GRENHOFF et al. 1986,
1988; CHARLETY et al. 1991). Despite this consistent difference, the mean firing
rates of A9 and A10 dopaminergic neurons are usually reported to be about
the same (e.g., WaNG 1981a,b; GRENHOFF et al. 1986, 1988; FREEMAN and
BuNNEY 1987; GARiaNO et al. 1989b; SHEPARD and BUNNEY 1988; CHARLETY
et al. 1991; but see also CHiopo et al. 1984). One reason put forth for the dif-
ference in proportion of burst firing neurons is a difference in autoreceptor
number and/or sensitivity (CHriono et al. 1984), but for reasons discussed below
(see discussion in Sect. E.IV) this does not seem the most likely explanation.
Rather, as suggested previously (e.g., GRENHOFF et al. 1988) a difference in
afferent inputs may be responsible. Various afferents to midbrain dopami-
nergic neurons and the effects they have on firing rate and pattern are dis-
cussed below (see Sect. D). In that context, it is interesting to note that one of
the most striking qualitative differences between A9 and A10 neurons is that
dopaminergic neurons in the VTA appear to receive a significantly greater
number of glutamatergic asymmetric, presumably excitatory, synaptic contacts
than those in the substantia nigra (SmiTH et al. 1996).

II. Intracellular Recordings

The first data from intracellular recordings from identified rat dopaminergic
neurons were published by GrRace and BUNNEY in a memorable series of
papers in the early 1980s (Grack and BunNEY 1980, 1983a,b, 1984a,b). This
accomplishment was rendered even more impressive by the fact that these
were in vivo recordings from the substantia nigra, a structure deep in the
midbrain where the dopaminergic neurons are situated in a layer only a few
cells thick. These recordings verified that the unusually long duration action
potential was not an artifact of damage or extracellular recording. The action
potential had an inflection that, upon digital differentiation, was virtually
identical to the IS-SD break previously noted in extracellular recordings.
Furthermore, the small antidromic spike observed extracellularly could be
seen intracellularly and converted to a full spike by injecting depolarizing
current, consistent with its tentative extracellular identification as an IS spike.
Spontaneous spikes were seen to arise from a slow depolarization and were
followed by large amplitude, long-lasting spike afterhyperpolarizations.
Application of hyperpolarizing current pulses revealed a slowly developing
inward rectification, and the episodes of slow-burst firing first seen with
extracellular recordings were observed to occur superimposed upon large
spontaneous depolarizations (Grace and BunNEy 1980, 1983a,b, 1984a,b).
Subsequent in vitro recordings revealed that the long, slow afterhyper-
polarization was due to a calcium-activated potassium conductance and that
the slowly developing inward rectification was blocked by tetraecthylammo-
nium (TEA), suggesting its mediation by I,, (Kita et al. 1986). The slow after-
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hyperpolarization is very sensitive to apamin, and plays a significant role in
regulating the firing pattern of dopaminergic neurons (SHEPARD and BUNNEY
1988; PiNG and SHEPARD 1996). A number of pharmacologically and electro-
physiologically distinct low- and high-threshold calcium conductances have
been identified in midbrain dopaminergic neurons (e.g., LLINAS et al. 1984;
NEDERGAARD et al. 1988, 1993; NEDERGAARD and GREENFIELD 1992; KaNG and
Kira1 1993a,b; Carpozo and BEAN 1995; GALARRAGA and BARGAs 1995; WILsoN
and CarLraway 2000). Dopaminergic neurons also exhibit several different
types of voltage-dependent potassium channels (SiLva et al. 1990). A transient,
4-aminopyridine (4-AP)-sensitive, TEA-insensitive A-current that is largely
inactivated at the most stable subthreshold membrane potentials is expressed,
as is a sustained outward current and at least two different types of calcium-
activated potassium current (SiLva et al. 1990; Carpozo and Bean 1995),
plus the inwardly rectifying I, mentioned above. Although the conductances
responsible for the bursty and random firing patterns have not yet been
identified conclusively, it appears that the pacemaker firing pattern emerges
as a result of an intrinsic membrane potential oscillation, resulting from a low
threshold, non-inactivating calcium conductance, and a calcium-activated
potassium conductance (Harris et al. 1989; YunG et al. 1991; NEDERGAARD and
GreeNFIELD 1992; KaNG and Kitar 1993a,b; WiLson and Carraway 2000). A
single action potential is fired at the peak of the oscillation and the resulting
calcium-dependent spike afterhyperpolarization is sufficient to prevent any
further spiking. Although results from early studies suggested that the
dopaminergic cell bodies were electrically inexcitable (GRace and BUNNEY
1983b), excised patch clamp recordings from the soma and dendrites of
dopaminergic neurons have revealed voltage-gated inward and outward
currents underlying active propagation of spikes in the soma and dendrites of
these neurons (HAUSSER et al. 1995).

The biggest difference between dopaminergic neurons recorded in vivo
and in vitro is the absence of the random or bursty firing patterns in the slice
preparation, likely due to the loss of afferents in the slice (GRACE 1987; LACEY
et al. 1989; but see also MEReU et al. 1997). Another difference is the higher
input resistance observed in vitro (70-250 MQ; Kira et al. 1986) compared to
in vivo (18-35MQ; Grace and BUNNEY 1983a) also presumably due to the
reduced number of functional afferents in the slice preparation (Fig. 3).

D. Afferents to Dopaminergic Neurons
I. GABAergic Afferents

The vast majority of afferent boutons synapsing on dopaminergic perikarya
and dendrites in substantia nigra, perhaps as much as 70%-90%, are y-
aminobutyric acid (GABA)ergic. Most of the GABAergic input originates
from the striatum, globus pallidus, and the pars reticulata of the substantia
nigra (RiBaK et al. 1976, 1980; SomoGyI et al. 1981; NitscH and RIESENBERG
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Fig. 3A-D. Electrophysiological identification of substantia nigra dopaminergic
neurons in vitro. A Spontaneously active dopaminergic neuron firing in the typical
pacemaker-like mode seen in vitro. Constant current injection of hyper- and depolar-
izing pulses manipulated pacemaker-like firing between 0.8 and 4 Hz. Action potential
amplitudes are truncated due to aliasing. B Action potentials were of long duration
(>2ms) and exhibited large afterhyperpolarizations. C Intracellular injection of current
pulses revealed a slow depolarizing ramp potential in the depolarizing direction and a
strong time-dependent inward rectification when the membrane was hyperpolarized.
D Current—Voltage plots show nearly linear slope and minimal inward rectification at
the onset of hyperpolarizing current pulses (oper circles) and a much more pronounced
slowly activating inward rectification when I, begins to activate after about 100ms
(solid triangles). (Reproduced from IRIBE et al. 1999 with permission of the publishers)
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1988; SmitH and Boram 1989; TEPPER et al. 1995). Dopaminergic neurons
express both of the two principal subtypes of GABA receptor, GABA, and
GABAj; receptors, and are quite effectively hyperpolarized by bath applica-
tion of GABAA- or GABAj-selective agonists in vitro (LACEY 1993).

There is a massive GABAergic input to the substantia nigra from the
neostriatum, both the dorsal and ventral parts. Although most of these fibers
synapse on the non-dopaminergic neurons in the pars reticulata (Grorova
and Rinvik 1970), there are monosynaptic inputs to dopaminergic neurons
(Somocr et al. 1981; Boram and SmrtH 1990). Early in vivo recording studies
showed that striatal stimulation produces monosynaptic inhibitory post-
synaptic potentials (IPSPs) that could be blocked by picrotoxin in substantia
nigra, thus suggesting that striatonigral inhibition was mediated by GABA ,
receptors; however, the neurons were not identified in these studies and
appear to have been pars reticulata GABAergic neurons (PRECHT and
YosHipa 1971; YosHipa and PREcHT 1971).

Later in vivo intracellular recording studies from identified substantia
nigra dopaminergic and non-dopaminergic neurons also revealed a mono-
synaptic inhibitory postsynaptic potential evoked by striatal stimulation that
is also mediated by a GABA, receptor (GRACE and BUNNEY 1985), and the
striatal-induced inhibition of antidromically identified nigrostriatal dopami-
nergic neurons recorded extracellularly in vivo is abolished by the GABA
receptor antagonist, bicuculline, but not by the GABAg receptor antagonist,
CGP-55845 A (ParLaDINI et al. 1999a).

In contrast, in vitro studies show that both GABA, and GABAg IPSPs
are elicited in substantia nigra and VTA dopaminergic neurons following
stimulation of various places within the slice (HAuSSER and YunG 1994),
although it is difficult to be certain of the origin of these responses. However,
activation of D, receptors in substantia nigra has been shown to selectively
facilitate GABAjp responses elicited by high frequency trains of stimuli
delivered locally to dopaminergic neurons in vitro (CAMERON and WILLIAMS
1993). Since only the striatonigral afferents to nigra are known to express
D, receptors (HARRISON et al. 1990), these data suggest that at least some of
the GABAj IPSPs are mediated via the striatonigral pathway (CAMERON and
WiLLiaMS 1993). One possible explanation for the different results obtained in
vivo and in vitro is that most of the in vivo studies used single-pulse stimuli,
whereas CAMERON and WiLLiams (1993) used trains. However, attempts to
evoke GABAjp-mediated responses in vivo by stimulating the striatum
with high frequency trains similar to those used in vitro were unsuccessful
(PaLADINI et al. 1999a). It is also possible that for some reason the stimulus-
evoked release of GABA has better access to GABAj receptors in the slice
preparation than it does in vivo, perhaps because of reduced GABA uptake,
or because the stimulation in vitro causes activation of a population of
GABAergic afferents that is not activated in vivo. Along these lines it is inter-
esting to note that spontaneous miniature IPSPs in dopaminergic neurons
appear to be exclusively GABA,-mediated (Hausser and YuNG 1994).
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Although the origin of the GABAj responses in vitro remain unclear, the bulk
of the data suggest that in vivo, striatal GABAergic inhibition of dopami-
nergic neurons is mediated largely or exclusively by GABA 4 receptors.

There is also a significant input to substantia nigra from globus pallidus.
Although the pallidal projection also appears to terminate preferentially on
non-dopaminergic neurons of the substantia nigra pars reticulata (Smitd and
Boram 1989), there is also a significant projection to pars compacta (HATTORI
et al. 1975). Stimulation of the globus pallidus elicits monosynaptic IPSPs in
dopaminergic neurons in vivo (TEPPER et al. 1987b), and like striatal-evoked
inhibition, inhibition of nigrostriatal neurons evoked by electrical stimulation
of the globus pallidus can be completely blocked by GABA 4, but not GABAj
antagonists (PALADINT et al. 1999a).

The third major GABAergic input to dopaminergic neurons arises from
axon collaterals of pars reticulata neurons. GRACE and colleagues (GRace and
BunNEY 1979, 1985; Grack et al. 1980) provided an important clue to under-
standing synaptic responses in substantia nigra by showing that there is a
reciprocal relation between the spontaneous firing of non-dopaminergic
neurons in the pars reticulata and dopaminergic neurons of the pars compacta.
A second important finding was that very low intensity stimulation of neo-
striatum produced excitation of dopaminergic neurons (GRACE and BUNNEY
1985). These data were interpreted to indicate that there exists a monosynaptic
pathway between a population of GABAergic neurons in pars reticulata and
dopaminergic neurons in pars compacta.

The pars reticulata neuron observed to fire reciprocally with dopami-
nergic neurons in vivo in extracellular recordings was not identified in the first
studies except to note that the neurons fired between 15 and 40 Hz, exhibited
brief-duration (~0.5ms) spikes, were excited by tail pinch, were more
sensitive to inhibition by GABA than dopaminergic neurons, could not be
antidromically activated from thalamus, and comprised a subpopulation of
non-dopaminergic pars reticulata neurons (GRace and BuNNEY 1979; GRACE
et al. 1980). However, subsequent reports tentatively identified the neuron as
an interneuron (e.g., GRACE and BUNNEY 1985, 1986; SmitH and GRACE 1992;
GRrACE et al. 1997). This suggestion of a class of pars reticulata interneurons
that mediate a number of indirect effects on dopaminergic neurons has by now
been generally accepted and is widely cited by a number of physiologists and
pharmacologists (e.g., MEREU and GEssa 1985; JounsoN and NortH 1992;
SanTtiaco and WESTERINK 1992; ZHANG et al. 1992, 1993). However, although
suggested on the basis of Golgi staining studies (e.g., ScHWYN and Fox 1974;
Juraska et al. 1977; Francors et al. 1979) the existence of one or more classes
of nigral interneurons has never been conclusively identified, an admittedly
difficult task.

Pars reticulata projection neurons that send their main axons to tectum
or thalamus issue axon collaterals within both substantia nigra pars reticulata
and pars compacta (DENIAU et al. 1982; GroFova et al. 1982). These collaterals
synapse on other non-dopaminergic pars reticulata neurons (DENIAU et al.
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Fig. 4A-C. Presynaptic inhibitory GABAg re-
ceptors present on the terminals of local colla-
terals of pars reticulata nigrothalamic neurons are
responsible for masking the inhibitory effects of
antidromic activation of nigrothalamic neurons
on dopaminergic neurons. The presynaptic inhibi-
tion is unmasked by local application of the selec-
tive GABAg receptor antagonist, CGP-55845 A.
A Stimulation of thalamus (1.0mA) fails to affect
the firing of a nigrostriatal dopaminergic neuron.
B Application of CGP-55845 A reveals an inhibi-
tion (suppression to 0% of control for 24 ms dura-
tion). C Application of bicuculline together with
CGP-55845 A abolishes the unmasked inhibition.
Peri stimulus time histograms (PSTH) consist of
100 trials each with 2-ms bin width. (Reproduced
from PaLADINI et al. 1999a with permission of the
publishers)

1982) as well as on dopaminergic neurons (TEPPER et al. 2002). When these
pars reticulata neurons are selectively activated antidromically by electrical
stimulation of the thalamus or tectum, most dopaminergic neurons are
inhibited (TeppER et al. 1995). This inhibition is blocked by the selective
GABA, receptor antagonist, bicuculline, but not by the selective GABAg
receptor antagonists, 2-hydroxysaclofen or CGP-55845 A (TEPPER et al. 1995;
PALADINI et al. 1999a). Thus, pars reticulata GABAergic projection neurons
provide an important monosynaptic GABAergic input to nigral dopami-
nergic neurons.

In contrast to GABA 4 receptor blockade, GABAg receptor blockade not
only failed to block inhibition elicited by electrical stimulation of striatal,
pallidal, or nigral reticulata afferents, but rather potentiated it (PALADINI et al.
1999a), as shown in the example in Fig. 4. This is likely due to the presence of
inhibitory presynaptic GABAg receptors on the terminals of GABAergic
afferents to the dopaminergic neurons. These presynaptic receptors serve to
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inhibit evoked release of GABA (Grarr et al. 1990) and reduce IPSP/C
amplitude (Hausser and YUNG 1994; SHEN and Jounson 1997). There is appar-
ently enough endogenous GABA in the substantia nigra in vivo to activate
these autoreceptors such that when they are blocked by local application
of GABAg antagonists, GABA release is enhanced and the postsynaptic
GABA ,-mediated inhibition is increased (PaLADINI et al. 1999a).

In addition to their inhibitory effects on the rate of spontaneous activity,
the GABAergic inputs contribute significantly to the regulation of the firing
pattern of midbrain dopaminergic neurons. Local application of the GABA,
receptor antagonists, bicuculline or picrotoxin, causes dopaminergic neurons
to switch to the bursty firing pattern (TEpPER et al. 1995; PALADINI and TEPPER
1999). The transition is quite robust, and is independent of the baseline firing
rate, firing pattern, or the change in firing rate due to application of the drug,
suggesting that it is not due simply to increased depolarization and/or firing
rate caused by blocking GABA 4 receptors. The effect is specific to blocking
GABA, receptors; blockade of GABAj receptors with 2-OH-saclofen or
CGP-55845 A produces a slight but consistent and statistically significant
reduction in firing rate and regularization of the firing pattern (TEpPER et al.
1995; Parapint and TeppER 1999). This latter effect appears due to increased
GABA release as a result of blockade of the presynaptic GABAjg receptors
discussed above. This results in increased stimulation of postsynaptic GABA 4
receptors on dopaminergic neurons and decreased burst firing, probably
due to the GABA ,-mediated decrease in input resistance (CANAVIER 1999;
PaLADINI et al. 1999b). Subsequent experiments revealed that a significant
source of the GABAergic input that was blocked by bicuculline or picrotoxin
resulting in burst firing was the pars reticulata, and that the reticulata
efferents could be effectively modulated by output from the globus pallidus
(CeLapa et al. 1999). Thus, increased activity in pallidum led to inhibition of
reticulata GABAergic projection neurons and disinhibition of nigrostriatal
dopaminergic neurons resulting in burst firing. Conversely, decreased activity
in pallidum led to increased firing of reticulata neurons and the abolition of
burst firing in dopaminergic neurons (CELADA et al. 1999). Although the mech-
anism or mechanisms underlying endogenous burst firing in dopaminergic
neurons are incompletely understood (see below), it is clear that GABAergic
afferents, acting at postsynaptic GABA, receptors on dopaminergic neurons
can modulate the firing pattern of these neurons in vivo in an extremely
powerful and consistent manner.

The roles and physiological significance of postsynaptic GABAg receptors
on mesencephalic dopaminergic neurons are less clear. The receptors are
certainly present, and dopaminergic neurons respond to selective GABAg
agonists in vitro with a large conductance increase to potassium and a hyper-
polarization (LACEY et al. 1988; LAcey 1993), and local electrical stimulation
in slices of substantia nigra can elicit GABAg IPSPs or IPSCs (e.g., SUGITA
et al.1992; CaMeroN and WILLIaMS 1993). On the other hand, neither the
striatal, pallidal, nor pars reticulata inputs appear to stimulate GABAg recep-
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tors on dopaminergic neurons in vivo to any significant degree as discussed
above (PALADINI et al. 1999a), so the source(s) of the input to GABAj post-
synaptic receptors remains unclear. In vivo, application of the GABAj agonist,
baclofen, reduces dopaminergic neuron firing rate and leads to a regulariza-
tion of firing pattern (e.g., ENGBERG et al. 1993). However, although
intravenous administration of the selective GABA antagonist, CGP35348,
antagonized the effects of baclofen, it was without effect on firing rate or firing
pattern when given alone, suggesting that the receptor was not effectively
stimulated in vivo under the conditions of the experiment, consistent with the
results of TEPPER et al. (1995) and Parapint and TepPER (1999). On the other
hand, in a more recent study, SCH 50911, a novel GABAj3 antagonist, was
shown to increase the firing rate and burstiness of dopaminergic neurons when
administered intravenously, suggesting that the postsynaptic GABAg re-
ceptors were effectively stimulated by endogenous GABA (ERHARDT et al.
1999). GABA, as well as GABAj} agonists and antagonists will act both on
pre- and postsynaptic receptors, and it is likely that methodological differ-
ences, possibly differences in the potencies and/or tissue distribution of the
different GABAj antagonists, accounts for these discrepancies by altering the
balance of effects on the pre- and postsynaptic GABAj receptors. Thus at
present, the source(s) of inputs that activate GABAj receptors as well as
the physiological significance of GABAj receptor activation in midbrain
dopaminergic neurons remain to be determined.

II. Glutamatergic Afferents

The best characterized glutamatergic (i.e., excitatory amino acid) afferents to
substantia nigra arise from the frontal cortex (Usunorr et al. 1982; UsuNoFF
1984; Sesack and PickeL 1992; Narro and Kita 1994), subthalamic nucleus
(STN; CHANG et al. 1984; Kita and Kitar 1987; Damrama and TepPER 1993)
and pedunculopontine nucleus (PPN), which also sends cholinergic afferents
to substantia nigra (MooN-EDELY and GRrAYBIEL 1983; SugiMoTo and HATTORI
1984; CLARKE et al. 1987; RYE et al. 1987; GouLp et al. 1989; DamLaMA and
TepPER 1993; Futami et al. 1995). Midbrain dopaminergic neurons express both
N-methyl-p-aspartate (NMDA) and non-NMDA glutamate receptors (MEREU
et al. 1991) and respond to local application of glutamate in vivo with an
increase in spontaneous firing rate (SCARNATI and Pacrrrr 1982). As the prin-
cipal mediators of excitatory synaptic transmission in substantia nigra, these
afferents have been the subject of considerable study. Moreover, glutamate
application induces an increase in burstiness in dopaminergic neurons (GRACE
and BunNEy 1984b; Overton and CrLark 1992, 1997) as does intracellular
loading with calcium (Grace and BUNNEY 1984b), and the incidence of spon-
taneous burst firing has been reported to be decreased by NMDA antagonists
(CuerGul et al. 1993). In addition, stimulation of NMDA receptors on
dopaminergic neurons in vitro produces a stereotyped form of a calcium-
independent rhythmic burst firing that appears to be dependent on sodium
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influx through the NMDA channel and the operation of an electrogenic
sodium pump (JoHNsoON et al. 1992). Thus, it is as a potential mechanism for
inducing burst firing that the glutamatergic afferents, especially those origi-
nating in frontal and prefrontal cortex, have received special interest
(OverToN and CLARK 1997).

Glutamate also acts on dopaminergic neurons through metabotropic
receptors which are divided into eight subgroups (De Brast et al. 2001).
Although it is unclear if all these subgroups are present on dopaminergic
neurons (Boncr et al. 1997) there have been reports describing the action
of metabotropic glutamate receptor agonists on the electrophysiological
properties of dopaminergic neurons in vitro and in vivo. In vitro intracellular
recordings studies obtained from rats slices, have reported that stimulation
of metabotropic glutamate receptors with Trans-1-amino-cyclopentane-1,3-
dicarboxylate (t-ACPD), a selective agonist for the R1 subtype of the
metabotropic glutamate receptor, produces a depolarization (MERCURI et al.
1992) and a sustained increase in firing rate (MERCURI et al. 1993). This depo-
larization seems to be mediated by a cation-mediated inward current inde-
pendent of calcium mobilization (GuAaTTEO et al. 1999). In contrast, other
studies have reported an IPSP after stimulation of mGIuR1 (FioriLLo and
WiLLiams 1998) and a blockade of this effect by amphetamine (PALADINI et al.
2001). Furthermore, in the only published study on the role of metabotropic
glutamate receptors on dopaminergic neurons in vivo (MELTZER et al. 1997),
an inhibition followed by excitation of firing rate was reported after micro-
iontophoretic application of 1-aminocyclopentane-1,3-dicarboxylate (1 S,3R-
ACPD), a putative metabotropic glutamate receptor selective agonist and
both these effects were antagonized by application of the metabotropic
glutamate receptor antagonist (S)-4-carboxy-phenylglycine. These findings
would imply that glutamate is not solely an excitatory neurotransmitter in the
midbrain but that its actions have to be viewed in a broader sense. At present
is unclear if the metabotropic glutamate receptor-mediated IPSP is due to the
particular stimulating conditions employed (FroriLLo and WiLLiaMS 1998) or
really represents an effect of physiological importance. If the latter turns out
to be the case, it will add considerably to the role of glutamate on the regula-
tion of dopaminergic neurons and their response to drugs.

In the first report to implicate cortex (frontal and anterior cingulate) in
the elicitation of bursting in nigrostriatal neurons, cortical stimulation in
urethane-anesthetized rats was shown to elicit burst discharges that closely
resembled spontaneous bursts (GAriaNO and Groves 1988). However, this
response occurred only in a very small proportion of nigral dopaminergic
neurons (5%), at a latency of over 200 ms, and was preceded by a substantial
inhibition of firing (NAkKAMURA et al. 1979; Gariano and Groves 1988). No
attempts to block the bursts with glutamate antagonists were made and given
the long latency, mediation by a monosynaptic glutamatergic input from cortex
seemed unlikely. Soon after, inactivating the prefrontal cortex by local cooling
was shown to abolish bursting and induce pacemaker-like firing in dopami-
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nergic neurons (SvenssoN and TunG 1989). On the other hand, lesions of
medial prefrontal cortex were largely without effect on the spontaneous
activity of substantia nigra dopaminergic neurons, although there was a signi-
ficant reduction in the number of VTA neurons encountered per track (SHim
et al. 1996), consistent with a greater innervation of VTA dopaminergic
neurons by glutamatergic afferents compared to substantia nigra (SMiTH et al.
1996). Interestingly, the prefrontal lesions were associated with a slight increase
in the spontaneous firing rate of substantia nigra dopaminergic neurons (SHIM
et al. 1996), perhaps due to the preferential site of termination of corticonigral
afferents on GABAergic pars reticulata neurons thereby activating feed-
forward inhibition onto the dopaminergic neurons (Hajos and GREENFIELD
1994; TePPER et al. 1995). Subsequent studies replicated the finding of initial
inhibition followed by extremely long latency burst responses after frontal
cortical stimulation. They showed that the burst response could be blocked by
NMDA but not by non-NMDA antagonists (see OverToN and CLARK 1997 for
review), providing strong evidence for a role of the glutamatergic corticonigral
projection in the modulation of dopaminergic neuron firing pattern.

Reports of the effects of STN stimulation on the activity of substantia
nigra dopaminergic neurons in vivo have been, perhaps surprisingly, more con-
tradictory. In the earliest report, electrical stimulation of the subthalamic
nucleus was found to be excitatory to dopaminergic and non-dopaminergic
nigral neurons (HamMonD et al. 1978). In a subsequent study that used local
infusions of bicuculline to stimulate the subthalamic nucleus pharmacologi-
cally, approximately equal numbers of excitatory and inhibitory responses
were found among dopaminergic neurons, although almost all of the non-
dopaminergic neurons in pars reticulata were excited (RoBLEDO and FEGER
1990). More recently, biphasic effects of electrical or pharmacological stimu-
lation of subthalamic nucleus on nigral dopaminergic neurons were again
reported, with an initial inhibition predominant following electrical stimula-
tion that was followed in 35% of the neurons by a burst-like response (SmiTH
and Grace 1992). Pharmacological activation of the subthalamic nucleus by
bicuculline infusion led to an initial decrease in firing rate and the incidence
of burst firing with the opposite biphasic effects following inactivation of the
subthalamic nucleus with muscimol (SmitH and GrACE 1992). In another study,
local infusions of GABA or bicuculline into subthalamic nucleus produced
decreases and increases in firing rate and burst firing in nigral dopaminergic
neurons, but these effects were observed in only about half of the neurons,
with the other half showing the opposite effects (CHERGUT et al. 1994).

The STN-evoked inhibitory responses seen in the in vivo studies are
almost certainly an indirect effect, resulting from subthalamic stimulation-
induced activation of GABAergic axons or neurons synaptically activated by
the stimulus. In vitro studies revealed that the depolarizing response seen in
response to subthalamic stimuli in dopaminergic neurons (NAKANISHI et al.
1987) was composed of a nearly superimposed monosynaptic excitatory post-
synaptic potential (EPSP) comprising both NMDA and non-NMDA compo-



Electrophysiological Pharmacology of Mesencephalic Dopaminergic Neurons 17

nents, and a monosynaptic and/or polysynaptic GABA ,-mediated IPSP (IRIBE
et al. 1999). The monosynaptic IPSP arose from stimulation of descending
GABAergic striatonigral and/or pallidonigral fibers and was eliminated by
hemisection of the brain anterior to the subthalamic nucleus several days
before the in vitro recordings. In some cases, however, an IPSP remained after
the hemisection that could be abolished with bicuculline or 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX; Fig. 5). The latter effect indicates that the
IPSP arose from glutamatergic excitation of a GABAergic neuron whose sub-
thalamic input and outputs to dopaminergic neurons remained intact in the
slice preparation, most likely the pars reticulata GABAergic projection
neurons (TEPPER et al. 1995; IRIBE et al. 1999).

Stimulation of the PPN in vivo induces short latency excitation in a sig-
nificant fraction of nigral dopaminergic neurons (SCARNATI et al. 1984). In brain
slices, stimulation of the PPN produces monosynaptic EPSPs that consist of
both glutamatergic and cholinergic components that appear to converge on
single dopaminergic neurons (Futami et al. 1995). The pharmacology of the
glutamatergic component is not well established; however, in one extra-
cellular recording study, NMDA-selective antagonists were ineffective at
blocking excitatory effects of pedunculopontine stimulation which were
blocked by broad spectrum glutamate antagonists, suggesting that in vivo the
predominant effect may be mediated principally by non-NMDA glutamate
receptors (DILoreTO et al. 1992). Compared to the subthalamic nucleus and
prefrontal cortex, inhibitory responses are relatively rare with pedunculopon-
tine stimulation. This may be because a larger proportion of pedunculopon-
tine afferents terminate on dopaminergic neurons and dendrites as opposed
to pars reticulata GABAergic neurons. For example, only about 10% of
subthalamic afferents terminate on tyrosine hydroxylase-positive cells and
dendrites in substantia nigra, the remainder synapsing on non-dopaminergic
pars reticulata neurons, whereas almost 38% of boutons originating in the
pedunculopontine nucleus synapse on dopaminergic dendrites (DAMLAMA
1994). Thus, the balance of input is shifted more towards the monosynaptic
pedunculopontine-dopaminergic neuron pathway than the disynaptic path-
way through pars reticulata (IRIBE et al. 1999). Thus, although not yet as well
studied as the subthalamic afferents, the excitatory input from the pedun-
culopontine nucleus may prove to be at least equally important as a source of
monosynaptic excitation of dopaminergic neurons.

Although there are many reports that NMDA agonists elicit burst firing
in dopaminergic neurons in vivo and in vitro (GRACE and BUNNEY 1984b;
JOHNSON et al. 1992; OverroN and Crark 1992), and that kynurenate, a broad-
spectrum excitatory amino acid antagonist, inhibits burst firing (CHARLETY
et al. 1991), there are other reports that NMDA or [-glutamate, acting through
NMDA receptors as demonstrated by blockade of their effects with selective
NMDA antagonists, produced increases in midbrain dopaminergic neuron
firing rate without significantly increasing bursting in vitro (e.g., SEUTIN et al.
1990; WanG and FreNcH 1993; CoNNELLY and SHEPARD 1997). In addition, non-
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NMDA, mGluR1 agonists have been reported to induce burst firing in
dopaminergic neurons (MELTZER et al. 1997), even in the presence of NMDA
receptor antagonists (ZHANG et al. 1994). Blockade of the long-lasting spike
afterhyperpolarization by apamin also induces burst firing in vitro (SHEPARD
and BunNEY 1988). Finally, rhythmic burst firing induced by NMDA or NMDA
plus apamin in vitro is abolished by GABA, receptor agonists (PALADINI
et al. 1999b), suggesting that in vivo, NMDA-related burst firing may be con-
trolled or gated in a permissive fashion depending on the level of activity in
GABAergic afferents.

There is little doubt that the glutamatergic afferents to dopaminergic
neurons are the most important source of their excitatory input. However,
while it is virtually certain that glutamatergic inputs play an important role in
the modulation of dopamine neuron firing pattern (OverToN and CLARK 1997),
it is probably not the case that NMDA receptor stimulation of dopaminergic
neurons is exclusively or perhaps even primarily responsible for evoking
bursty firing in vivo. There is also good evidence that dopaminergic neuron
firing pattern is modulated to an important extent by other transmitter/
receptor systems including GABAergic (Tepper et al. 1995; CELADA et al. 1999;
Parapint and TeppER 1999), cholinergic (GRENHOFF et al. 1986; Furawmi et al.
1995; Kirar et al. 1999), and non-NMDA glutamatergic systems (ZHANG et al.
1994; MELTZER et al. 1997).

III. Cholinergic Afferents

The substantia nigra is rich in acetylcholinesterase, and choline
acetyltransferase-positive synapses are made onto the dendrites of dopami-
nergic neurons (BENNATO and SpeNcer 1988). The principal source of the
cholinergic input is likely the pedunculopontine and laterodorsal tegmental
nuclei (GouLD et al. 1989; Damrama and TeppEr 1993). A number of nicotinic
receptor subunits are expressed by mesencephalic dopaminergic neurons
including a3, o4, oS, o7, B2, and B3 (SORENSON et al. 1998), and bath applica-
tion of nicotine produces an inward current and depolarization that exhibits

«¢

Fig. SA-E. The IPSP component of the subthalamic nucleus-evoked depolarizing post-
synaptic potential (DPSP) in some dopaminergic neurons is polysynaptic. Under
control conditions, subthalamic stimulation produced a DPSP with a reversal potential
of -38.8mV (A, E) indicating that it is composed of an EPSP and near simultaneous
IPSP. Addition of CNQX to the bath completely abolished both components of the
DPSP (B, E) indicating that the IPSP resulted from glutamate-dependent synaptic
activation of an inhibitory neuron whose inputs and outputs remained intact in the
slice. After a 1-h wash, the DPSP returned and still exhibited a hyperpolarized
reversal potential as before drug application (C, E). Subsequent application of bicu-
culline shifted the reversal potential in the positive direction to 12.6mV (D, E) showing
that the IPSP component of the DPSP was GABA ,-mediated. Traces in A-D are each
the average of four single sweeps. (Reproduced from IRrBE et al. 1999 with permission
of the publishers)
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desensitization with a time course of tens of seconds (CALABRESI et al. 1989;
SorRENSON et al. 1998). The response is sensitive to x-bungarotoxin but not o-
bungarotoxin and is thus more similar to the nicotinic response seen at peri-
pheral autonomic ganglia than at the neuromuscular junction (CALABRESI et
al. 1989). In vivo, local or systemic administration of nicotine agonists produces
excitation of nigrostriatal (LICHTENSTEIGER et al. 1982) and VTA dopami-
nergic neurons (MEREU et al. 1987) together with an increment in burst firing
of dopaminergic neurons (GRENHOFF et al. 1986). It is interesting to note that
the increase in firing rate and increase in burst firing were only poorly cor-
related, suggesting a possible nicotinic effect on firing pattern independent of
its effect on firing rate (GRENHOFF et al. 1986).

Dopaminergic neurons also express muscarinic receptors, and are depo-
larized by muscarinic agonists in vitro with a pharmacological profile resembl-
ing that of the M; receptor, although the mechanism of the response appears
different from that of the classic m-current closure of potassium channels
(Lacey 1993). In addition to these postsynaptic actions, acetylcholine (ACh)
acts presynaptically in substantia nigra to inhibit release of GABA from
GABAergic afferents through an M; receptor (GRILLNER et al. 2000).

Stimulation of the pedunculopontine nucleus in vivo produces mostly
excitation of dopaminergic neurons at short latencies ranging from 3 to Sms
(Scarnatr et al. 1984), consistent with the conduction time of cholinergic
neurons from the pedunculopontine nucleus to the substantia nigra (Futami
et al. 1995; TakaKUSAKI et al. 1996). The EPSP that underlies the excitation
seen extracellularly in vivo is composed of both nicotinic and pirenzepine-
sensitive muscarinic components (Futamr et al. 1995). Pedunculopontine
stimulation also produces burst firing in nigral dopaminergic neurons in vivo
(LokwaN et al. 1999). The bursts observed were brief (averaging two spikes)
and occurred at extremely long latency (~100ms). As no antagonists were
tested, the transmitter and receptor underlying the evoked bursts remains to
be determined. The bursting could be glutamate-mediated as suggested by the
authors, cholinergic, or might depend on an interaction of the two transmitter
systems (e.g., Furawmi et al. 1995; Kirar et al. 1999).

IV. Monoaminergic Afferents

A projection from the dorsal raphé nucleus to the substantia nigra has been
described on the basis of anatomical, electrophysiological, and pharmacolog-
ical bases. Retrograde and anterograde tract tracing studies both reveal a
significant input to substantia nigra and VTA from the dorsal raphé nucleus
(FiBIGER and MILLER 1977; Corvaia et al. 1993), and the ventral regions of the
substantia nigra and VTA are rich in serotonergic axons and boutons that
make asymmetric synapses onto both dopaminergic and non-dopaminergic
dendrites (HERVE et al. 1987; Mori et al. 1987; Corvaja et al. 1993). In early
studies, stimulation of the dorsal raphé was shown to inhibit the firing of
both pars compacta (dopaminergic) and pars reticulata (non-dopaminergic)
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neurons in vivo (Dray et al. 1976; FiBiGER and MILLER 1977), effects that were
abolished by depletion of serotonin (FiBIGER and MILLER 1977). A later study
revealed more modest effects, with dorsal raphé stimulation exerting modest
inhibitory effects only on dopaminergic neurons firing at less than 4Hz;
more rapidly firing neurons were unaffected (KELLAND et al. 1990b). 5-
Hydroxytryptamine (SHT);s agonists exerted effects consistent with this,
leading at high doses to excitation of slowly firing cells without affecting more
rapidly firing neurons, while SHT;3 agonists were without effect (KELLAND
et al. 1990b).

These inhibitory effects of serotonin are difficult to reconcile with the
asymmetric synapses made by dorsal raphé neurons on dopaminergic
dendrites, which are usually associated with excitatory synaptic actions.
Furthermore, serotonin has been found to enhance the release of dopamine
from substantia nigra in vivo (GLowinskr and CHERAMY 1981) and the VTA in
vitro (BEART and McDonNaLD 1982). In vitro, serotonin has been found to facil-
itate a dendritic calcium conductance (NEDERGAARD et al. 1988), and produces
a clear depolarization and excitation of substantia nigra dopaminergic neurons
(NEDERGAARD et al. 1991). These effects are mediated postsynaptically, but not
by SHT;4 or SHT), receptors. These data also seem inconsistent with a classical
inhibitory action of serotonin on mesencephalic dopaminergic neurons.

Perhaps some of the discrepancy can be resolved by data showing that
stimulation of the dorsal raphé with short trains of pulses reduces the dendritic
excitability of dopaminergic dendrites, as measured by somatodendritic
invasion of antidromic spikes (TRENT and TeppPER 1991). The depression in
dendritic excitability was unrelated to changes in the mean firing rate or to the
strength or duration of neostriatal-evoked inhibition. This effect was abolished
by depletion of serotonin with para-chlorophenylalanine for 3 days prior to
recording and could be reinstated by administration of 5 hydroxytryptophan
and was also blocked by systemic administration of the non-specific serotonin
antagonist, metergoline, indicating that it was serotonergic in nature. In addi-
tion, the depression in dendritic excitability could be, perhaps surprisingly, also
blocked by haloperidol. These data were interpreted to indicate that the raphé
inputs to nigral dopaminergic dendrites produced a local depolarization that
resulted in local release of dopamine that subsequently activated somatoden-
dritic autoreceptors which led to a local hyperpolarization of the dendrites and
a reduction in dendritic excitability, without grossly affecting the firing rate of
the neuron as a whole (TRENT and TEPPER 1991). This interpretation is consis-
tent with the asymmetric character and location of the serotonergic synapses
on the dopaminergic neurons, the previously observed increase in dopamine
release following serotonergic stimulation in substantia nigra and VTA, and
the serotonergic facilitation of dendritic calcium entry, and it could account
for the generally inconsistent and weak effect of serotonergic agonists and
dorsal raphé stimulation on dopaminergic neuron firing rate.

In addition, pars reticulata GABAergic neurons are excited by serotonin
via both pre- and postsynaptic mechanisms (STANFORD and LAcEY 1996). Given



22 M. DiaNa and J.M. TEPPER

the feedforward inhibition of nigral dopaminergic neurons from pars
reticulata (Hasos and GREeNFIELD 1994;TepPER et al. 1995), the effects of
serotonergic agonists and raphé input on dopaminergic neurons may also
depend to an extent on the ratio of the opposing effects of direct activation
of dopaminergic neurons and disynaptic input through pars reticulata, as
well as on a balance between the action of serotonin on autoreceptors and
different postsynaptic receptors.

Although not as well characterized nor as dense as the serotonergic input
from the dorsal raphé, some retrograde tracing studies reveal a modest pro-
jection from the locus coeruleus to the VTA (PHILLIPSON 1979). Stimulation
of the locus coeruleus produces excitatory responses in dopaminergic neurons
recorded extracellularly in substantia nigra and VTA in vivo (GRENHOFF et al.
1993). Although o, adrenoceptor binding and message levels are extremely
low or non-detectable in the midbrain (JONES et al. 1985; PIERIBONE et al. 1994),
these responses were abolished by catecholamine depletion and were blocked
by prazosin, indicating that they were mediated by an o, receptor. In vitro
recordings provided largely consistent results, showing that about 60% of
mesencephalic dopaminergic neurons respond to o receptor stimulation with
a depolarization due to a potassium conductance decrease (GRENHOFF et al.
1995). In addition, the o, agonist clonidine has been reported to promote
a regularization of firing pattern in both substantia nigra (GRENHOFF and
SvENnssoN 1988) and VTA neurons (GRENHOFF and SVENSSON 1989), most
likely by its presynaptic inhibitory effects on norepinephrine release.

E. Autoreceptor-Mediated Effects on
Dopaminergic Neurons

I. Somatodendritic Autoreceptors

In 1973 BunNEY and colleagues (BUNNEY et al. 1973a,b; BuNnNEYy and
AGHAJANIAN 1973; AGHAJANIAN and BUNNEY 1973) published the first record-
ings from identified substantia nigra and VTA dopaminergic neurons. One
of the key observations was that apomorphine, a direct-acting dopamine re-
ceptor agonist, potently inhibited dopaminergic neurons even when applied
iontophoretically (AGHAJANIAN and BunNEY 1977). This finding demonstrated
that dopaminergic neurons possessed receptors for their own transmitter,
dopamine, on their cell body and/or dendrites (somatodendritic region). These
receptors were termed somatodendritic autoreceptors, to distinguish them
from the axon terminal autoreceptors also expressed by dopaminergic neurons
that play a role in the local regulation of dopamine release and synthesis (for
review see STARKE et al. 1989).

The earliest pharmacological characterization of dopamine somatoden-
dritic autoreceptors predated the current molecular biologically defined clas-
sification of dopamine receptors and indicated simply that they exhibited a
pharmacological profile distinct from either o or B adrenoceptors, i.e., that they
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were a unique type of dopamine receptor (AGHAJANIAN and BUNNEY 1977).
When dopamine neurons were classified into D1 or D2 subtypes (KEBABIAN
and CALNE 1979), it became clear, based on the sensitivity of the receptor to
haloperidol (Groves et al. 1975), a moderately selective D, antagonist, that the
dopamine autoreceptor was a D2 receptor. This was later confirmed with the
use of highly selective D2 receptor agonists and antagonists in in vitro intra-
cellular recordings (Lacey et al. 1987, 1988; Lacey 1993) and receptor binding
(MorgLLI et al. 1988). With the advent of the widespread use of molecular
biological methods to isolate and identify neurotransmitter receptors in the
last decade came the discovery that there are in fact two families of dopamine
receptors, D1 and D2. Within each family exist subtypes, D; and D5 for the D1
family and D, (both long and short isoforms), D; and D, for the D2 family
(see for review, SIBLEY and MonsMmA 1992). Although the most recent electro-
physiological data confirm that the autoreceptor is a member of the D2
receptor family (DEvoto et al. 1995), there remains some controversy as to
whether the autoreceptor is exclusively a D, receptor, as suggested on the basis
of experiments with transgenic D, (MEercuri et al. 1997) or D; (Koerrzow
et al. 1998) knockout mice, or instead comprises both D, and D; receptors, as
suggested based on experiments localizing D; message and/or protein to
midbrain dopaminergic neurons (TEPPER et al. 1997; SHAFER and LeEvanT 1998;
Stanwoob et al. 2000) or electrophysiological experiments in rats after anti-
sense knockdown of dopamine D, and/or D; receptors (TEPPER et al. 1997).
Using a very sensitive and specific polyclonal antibody raised against a syn-
thetic peptide reflecting the amino acid sequence of the third cytoplasmic loop
of the D; receptor, SokOLOFF and associates have recently reported that all rat
mesencephalic dopaminergic neurons express the D receptor (Diaz et al.
2000), which supports the notion that autoreceptors belong to both subclasses:
D2 and D3.

In any event, somatodendritic autoreceptor stimulation leads to an
hyperpolarization of dopaminergic neurons that is caused by an increase in
conductance to potassium (Lacey et al. 1987, 1988). It is this hyperpolariza-
tion which can reach about 12mV in vitro in response to a maximal concen-
tration of quinpirole (BowERy et al. 1994) that is responsible for the inhibition
of spontaneous activity seen after local or systemic administration of autore-
ceptor agonists. The potassium channel linked to the dopamine autoreceptor
in situ appears to be the same one that is opened by activation of GABAjp
receptors since the autoreceptor-mediated potassium current is reversibly
occluded by maximal stimulation of the GABAj receptor by baclofen (LACEY
et al. 1988).

The D, somatodendritic autoreceptor is G-protein coupled and its func-
tion is disrupted by pertussis toxin (INNIS and AGHAJANIAN 1987; SHEPARD and
ConnEeLLy 1999). Although the specifics of the G-protein coupling to D, or D5
autoreceptors is unknown at present, it appears to be independent of protein
kinase A or C pathways (CaTHALA and PAUPARDIN-TRITSCH 1999). Transfection
studies in MES-23.5, a dopaminergic neuroblastoma cell line in which D,
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receptor stimulation increases a potassium conductance, have revealed that
the D, receptor is linked via a G, whereas the D, is linked via a G, (L1u
et al. 1999).

Although commonly termed the somatodendritic autoreceptor, the D,
autoreceptor may be preferentially located in the dendrites rather than the
soma or pericellular region. Although electron microscopic immunocyto-
chemistry revealed cellular D, receptor labeling in substantia nigra and VTA,
the labeling of perikarya and large proximal dendrites was very weak com-
pared to that of dendrites (SEsack et al. 1994). Almost exactly the same dis-
tribution of labeling was seen for the autoreceptor potassium channel subunit,
Kir3.2 (IANOBE et al. 1999). Finally, in vivo extracellular recordings of dopami-
nergic neurons following local pressure injection of autoreceptor agonists
showed that the neurons were more effectively inhibited when the drugs were
applied several hundred micrometers distal to the recording site than when
applied right at the recording site which was most often presumably at or near
the soma (AkAoKA et al. 1992). Thus, the somatodendritic autoreceptor may
be, in reality, principally expressed on the dendrites rather than the somata of
dopaminergic neurons.

II. Axon Terminal Autoreceptors

As mentioned above, the first dopamine autoreceptors to be discovered were
receptors located on the axon terminals of nigrostriatal fibers in slices of
rat striatum (FARNEBO and HAMBERGER 1971; for review see STARKE et al. 1989).
When rat striatal slices were incubated with *H-tyrosine and subjected to
field electrical stimulation, radiolabeled dopamine was released. Addition of
apomorphine to the bath significantly reduced the dopamine efflux. These
data were correctly interpreted to mean that there existed a population of
dopamine receptors on or near the release sites on dopaminergic axons in the
dopamine terminal fields that served to inhibit the release of electrically
evoked dopamine. Subsequent studies showed that release evoked by depo-
larization of the slices by high potassium was also subject to autoreceptor reg-
ulation but that release elicited by agents that interfered with the dopamine
transporter, for example, amphetamine, was not subject to autoregulation
(KamaL et al. 1981). This turned out to be related to the calcium dependence
of the releasing stimuli. Release that is calcium dependent, such as that evoked
by electrical stimulation or high potassium, is subject to autoregulation,
whereas calcium-independent release (e.g., by amphetamine) (ARNOLD et al.
1977, MeYErHOFF and KANT 1978) is not under autoreceptor control (KamaL
et al. 1981).

In addition to modulating the release of dopamine, dopamine terminal
autoreceptors can also modulate the synthesis of dopamine by altering the rate
of tyrosine hydroxylation (WaLrers and Rotu1976; RotH et al. 1978). A
thorough discussion of autoreceptor effects on dopamine synthesis is beyond
the scope of the present chapter and the reader is referred to WoLF and RoTH
(1990) for a comprehensive review.
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The terminal autoreceptor appears similar or identical in all respects to
the somatodendritic autoreceptor. The axon terminal autoreceptor subtype is
D, (Bovar and Arrar 1987; TepPER et al. 1984a), and is a G-protein coupled
receptor sensitive to pertussis toxin (Bean et al. 1988). Stimulation of
terminal autoreceptors in vivo produces an increase in the amount of current
needed to evoke an antidromic action potential, indicating that autoreceptor
activation is associated with a decrease in the excitability of the dopami-
nergic nerve terminals in the striatum (Groves et al. 1981; TepPER et al.
1984a,b, 1985), nucleus accumbens (MEREU et al. 1985), and cortex (GARIANO
et al. 1989a). This is most likely due to an hyperpolarization of the terminal
similar to that seen at the cell body, and can be reversed by local application
of selective D, receptor antagonists including sulpiride (TEPPER et al. 1984a;
TeppeR and Groves 1990). In addition, application of D, antagonists by them-
selves results in an increase in the excitability of dopaminergic terminals
indicating that the extracellular concentrations of dopamine in striatum,
nucleus accumbens, and cortex are high enough to cause at least partial occu-
pancy of the terminal autoreceptors in vivo (TEPPER et al. 1984a,b; MEREU et
al. 1985; Gariano et al. 1989a). In addition, there have been two reports of
decreases in dopamine terminal excitability following D, receptor agonist SKF
38393 local administration that could be partially reversed by the D, selective
antagonist SCH 23390 (Diana et al. 1988, 1991a), But in view of the bulk of
in vivo and in vitro electrophysiological, receptor binding, and in situ
hybridization evidence it is unlikely that these effects reflect the presence of
D, terminal autoreceptors.

III. Are D, Autoreceptors Different from Other D, Receptors?

It is often claimed that dopamine autoreceptors are “more sensitive” than
other, postsynaptic D, receptors. One piece of evidence cited in support of
this is the relatively low doses or concentrations of D2 agonists required to
inhibit dopaminergic neuron firing (in the range of 4-8ug/kg, i.v. for apomor-
phine; CHiopo and ANTELMAN 1980; TEPPER et al. 1982), or to induce hyper-
polarization of dopaminergic neurons in vitro (EDs, for quinpirole: 77 nM;
for apomorphine 205nm; Bowery et al. 1994). The doses of D2 antagonists
required to block the effects of dopamine or D2 agonists are similarly low;
the selective D2 antagonist, sulpiride shows an apparent K; of 13nM for
antagonizing the effects of the selective D2 agonist, quinpirole (LACEY et al.
1987). This is indeed sensitive, but it is difficult to find something against
which to compare this, since even though many other central neurons express
postsynaptic D, and/or D; receptors, in most of them the receptor is not linked
to the opening of a ligand-gated potassium channel as it is in substantia
nigra (Lacey et al. 1988), but rather acts to modify the kinetics or gating of
voltage gated channels (e.g., SURMEIER et al. 1992, 1996; SURMEIER and KITAI
1993). This difference creates problems when trying to compare the physio-
logical effects of stimulating the dopamine autoreceptor with other popula-
tions of D, receptors.
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For example, in one study that is widely cited as evidence that the
dopamine autoreceptor is more sensitive than the postsynaptic D2 receptor,
the ability of iontophoretically applied dopamine or intravenously adminis-
tered apomorphine to inhibit the spontaneous activity of substantia nigra
dopaminergic neurons or striatal neurons was compared (SKIRBOLL et al.
1979). In both cases the dopaminergic neurons were inhibited at much lower
doses of agonist than the striatal neurons. However, since the dopamine re-
ceptors are linked to different effectors in the two neuronal populations
(Lacey 1993; SurmEIer and Kita 1993; UsieLLo et al. 2000), it is not valid to
compare the ability of drugs to inhibit the spontaneous firing of striatal
and dopaminergic neurons, nor to use differences in their EDs; as evidence
that the autoreceptor is more sensitive than the postsynaptic D, receptor
(SkmrBOLL et al. 1979). Studies which conclude that the autoreceptor is the
same as the postsynaptic receptor from experiments comparing the ability of
dopamine agonists to inhibit dopamine release with their ability to inhibit ACh
release are similarly flawed (e.g., HELMREICH et al. 1982).

However, there is at least one place in which postsynaptic D, receptor
signaling/linkage appears to be similar or identical to that in the dopami-
nergic neuron, and that is the lactotroph cells of the pituitary gland. Among
these cells, dopamine acts through a D, receptor (VALLAR and MELDOLESI
1989) to open a potassium channel in concentrations as low as 100nM (ISRAEL
et al. 1987), the same range as that required for activation of the autoreceptor
(Lacey 1993). Based on these data, it seems likely that when coupled to a
potassium conductance, the D, autoreceptor and the D, postsynaptic receptor
exhibit similar or identical sensitivities.

IV. Are Autoreceptors Ubiquitous Among Dopaminergic Neurons?

Although the majority of the studies of dopamine autoreceptor pharmacology
have been conducted in the nigrostriatal system, there have also been a large
number of studies focusing on the mesoaccumbens and mesocortical dopami-
nergic projections. Although there is unanimous agreement about the ex-
istence of somatodendritic and axon terminal autoreceptors on dopaminergic
neurons of the substantia nigra pars compacta, the situation has been more
controversial with respect to the dopaminergic neurons of the VTA. The
controversy arose when it was found that the turnover of dopamine was
significantly faster in the frontal cortex than in the striatum and that the syn-
thesis of dopamine in cortex appeared unaffected by apomorphine (BANNON
et al. 1981, 1982). It was concluded that these neurons lacked “synthesis-
modulating autoreceptors.” Similar results and conclusions were reported for
dopamine terminals in the amygdala, hypothalamus, and bed nucleus of the
stria terminalis (KILTS et al. 1987). Furthermore, a subsequent study reported
that iontophoretic application of dopamine failed to inhibit the spontaneous
activity of dopaminergic neurons projecting to the prefrontal or cingulate
cortices, whereas neurons projecting to the striatum or piriform cortices were
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readily inhibited (CHiopo et al. 1984). In addition, the mean spontaneous firing
rates of the medial mesocortical dopaminergic neurons were reported to be
relatively high (mesoprefrontal: 9.3 + 0.6 Hz; mesocingulate: 5.9 + 0.5Hz), and
the incidence of burst firing much higher than in nigrostriatal or mesopiriform
neurons (CHIODO et al. 1984). Thus, it was concluded that these neurons were
devoid of both “impulse-regulating somatodendritic and synthesis-modulating
nerve terminal autoreceptors,” although the possibility that these neurons
might still possess terminal autoreceptors that modulate dopamine release was
left open (CHiopo et al. 1984).

Subsequently, two groups reported that dopaminergic neurons that pro-
jected to prefrontal or cingulate cortex were inhibited by low “autoreceptor-
specific” doses of apomorphine (5-6 ug/kg) to the same extent as nigrostriatal
or meso-accumbens dopaminergic neurons (SHEPARD and GErMaN 1984;
Gariano et al. 1989a). Furthermore, these two studies reported that the meso-
cortical neurons also exhibited the same range of spontaneous firing rates as
nigrostriatal neurons (SHEPARD and GERMAN 1984; GariaNoO et al. 1989a),
results that agreed well with earlier studies of the electrophysiological prop-
erties of VTA dopaminergic neurons in which the projection targets were not
identified (e.g., WANG 1981a,b).

How can one resolve these discrepancies? It is possible that the electro-
physiological results of CHiopo et al. (1984) derive from a small subpopula-
tion of mesocortical dopaminergic neurons, located very close to the midline
which were not sampled in the other studies. It should be noted that the cell
bodies of origin of the nigrostriatal, mesolimbic, and mesocortical neurons
reported in CHiopo et al. (1984) showed a much more restricted localization
and projection topography with essentially no overlap than that reported by
others (see for example, FaLLoN and LAUGHLIN 1995). Regardless, based on in
situ hybridization studies and D, and/or D; receptor autoradiography, the
dopaminergic neurons of origin of the nigrostriatal, mesolimbic, and meso-
cortical projections all express dopamine D, and/or D; mRNA and/or re-
ceptor protein (MoRELLI et al. 1988; MEADOR-WOODRUFF et al. 1989; Diaz
et al. 2000), indicating the ubiquitous expression of the D, and/or D; auto-
receptor on mesencephalic dopaminergic neurons. In vivo recording studies
clearly show evidence for the existence of D2-family somatodendritic auto-
receptors on VTA neurons projecting to prefrontal cortex (SHEPARD and
GERMAN 1984; GARIANO et al. 1989b). Finally, retrograde tracing studies show
clearly that a number of neurons in the substantia nigra and VTA collateral-
ize to the striatum and cortical areas including prefrontal cortex (FALLON
1981). Although these results are in direct contradiction to those of CHioDO et
al. (1984), the bulk of the evidence points strongly towards the idea that most
or, more likely, all mesencephalic dopaminergic neurons express D, and/or D;
somatodendritic autoreceptors.

What about nerve terminal autoreceptors? A large number of in vitro
experiments have consistently shown that stimulus-evoked release of
dopamine from all terminal regions, including prefrontal and cingulate
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cortices (PLANTIE et al. 1985, 1987) is modulated by D, and/or D; nerve
terminal autoreceptors (for review see STARKE et al. 1989), although the sensi-
tivity of release to autoreceptor agonists and antagonists in cortex is some-
times reported to be less than in striatum (e.g., CUBEDDU et al. 1990). In vivo
electrophysiological experiments of changes in the excitability of dopamine
nerve terminals in response to local infusion of D2 receptor agonists or antag-
onists or changes in impulse flow revealed that mesoprefrontal dopaminergic
neurons responded exactly as did nigrostriatal neurons, reinforcing the
idea that these mesoprefrontal dopaminergic neurons also possessed nerve
terminal autoreceptors (TEPPER et al. 1984a,b; GARriANO et al. 1989a; TEPPER
and Groves 1990). It is still unclear why, if the cortical and mesolimbic
dopaminergic terminals possess autoreceptors as they appear to, dopamine
metabolism is different in the prefrontal cortex. One intriguing possibility is
that the much lower levels of tissue dopamine (Kirts et al. 1987) and dopamine
overflow (ABERCROMBIE et al. 1989), coupled with the far fewer functional re-
uptake sites in these structures (e.g., Cass and GERHARDT 1995; LETCHWORTH
et al. 2000) interact to blunt autoinhibition. Interestingly, recent studies in a
mouse mutant lacking the dopamine transporter show that interfering with
the transporter severely attenuates autoreceptor function (JonEs et al. 1999),
although the mechanism for this is as yet unclear.

In any event, the bulk of the evidence now favors the conclusion that all
mesencephalic dopaminergic neurons express D, and/or D; dopamine auto-
receptors. Whether there are actually different “synthesis-modulating auto-
receptors,” “impulse-modulating autoreceptors,” and “release-modulating
autoreceptors” as proposed by some (see, for example, Kirrs et al. 1987 or
WoLr and RotH 1990), or simply one autoreceptor (that may comprise both
D, and D; receptors) that serves different functions depending on its sub-
cellular location remains to be determined.

V. What Are the Physiological Roles of Autoreceptors?

The functional role of the axon terminal autoreceptor seems relatively clear.
By making it possible to modulate dopamine release (and synthesis) locally,
dopaminergic synaptic transmission can be fine-tuned to an extent simply not
possible by modulating impulse activity along the main axon when each axon
may give rise to several hundred thousand release sites (TEPPER et al. 1987a).

But what of the somatodendritic autoreceptor? Among the earliest ideas
as to the physiological function of somatodendritic autoreceptors on dopami-
nergic neurons was the “self-inhibition” hypothesis of GRoVES and associates
(Groves et al. 1975). According to this hypothesis, dopamine released from
the dendrites of dopaminergic neurons activated somatodendritic auto-
receptors thereby participating in a local negative feedback regulation of the
electrophysiological and biochemical activity of the neurons. The self-
inhibition hypothesis was consistent with the slow firing rate of dopaminergic
neurons (BUNNEY et al. 1973a), the location of dopamine within dendrites of
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nigral dopaminergic neurons (e.g., BIJoRKLUND and LiNDVALL 1975), and the
inhibitory effects of dopamine or dopamine receptor agonists on the spon-
taneous activity of dopaminergic neurons (e.g., BUNNEY et al. 1973a,b).
Furthermore, administration of dopamine receptor antagonists alone pro-
duced increases in the firing rate of dopaminergic neurons in vivo, suggesting
that the neurons were under a tonic inhibition mediated by dopamine
(BunNEY and AGHAJANIAN 1973; BUNNEY et al. 1973a,b). Since there are no
dopaminergic afferents to substantia nigra, and no local axon collaterals from
the dopaminergic neurons (JURASKA et al. 1977; WassEF et al. 1981; TEPPER
et al. 1987b), the source of the endogenously released dopamine was most
likely to be the dendrites of the dopamine neurons themselves. This hypothesis
was borne out by subsequent demonstration that depolarizing stimuli such as
high potassium (GEFFEN et al. 1976) as well as dopamine-releasing agents such
as amphetamine (PADEN et al. 1976) elicited dopamine release from slices of
substantia nigra.

From the earliest extracellular recordings in vivo, midbrain dopaminergic
neurons were known to fire spontaneously at very low rates, rarely averaging
more than eight spikes per second for prolonged periods, and it was natural
to wonder if dopaminergic self-inhibition as originally proposed (GRrRovEs
et al. 1975) played a role in the slow firing and long post-spike refractoriness
seen in autocorrelograms (WiLson et al. 1977). The earliest intracellular
recordings from dopaminergic neurons revealed spontaneous action poten-
tials that were followed by large, long-lasting afterhyperpolarizations (GRACE
and Bunney 1980, 1983a,b) that seemed consistent with this idea, and admin-
istration of haloperidol was shown to alter the pattern of firing of these
neurons in vivo, making the occurrence of shorter interspike intervals more
common, a result that could sometimes be observed in the absence of a change
in firing rate (WiLson et al. 1979). However, as described above, subsequent
electrophysiological studies revealed that the prolonged spike afterhyperpo-
larization and long interspike intervals were due largely to a calcium activated
potassium conductance (Kita et al. 1986; SHEPARD and BUNNEY 1988; PING and
SHEPARD 1996), and not to dopamine. Interestingly enough, autoreceptor
stimulation in dissociated dopaminergic neurons has been shown to reduce
calcium entry through w-conotoxin and w-AgalVA-sensitive calcium channels
which leads to a reduction in the calcium-activated potassium current
(CarD0z0 and BeaN 1995).

The dendritic tree of dopaminergic neurons is relatively sparse, but indi-
vidual dendrites often extend for distances of a millimeter or more (JURASKA
et al. 1977; Tepper et al. 1987b; Hausskr et al. 1995). One possible role for the
autoreceptor-mediated hyperpolarization/conductance increase is to respond
to dendritically released dopamine by attenuating or blocking the effects of
afferent input or intrinsic voltage-dependent conductances (e.g., CARDOZ0 and
BeaN 1995; WiLson and Carraway 2000) of a dendrite or dendritic segment
on which the autoreceptor is located. This type of action would be far more
subtle than the more generally assumed classical function whereby auto-
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receptors function to limit or regulate the overall activity of dopaminergic
neurons.

The classical idea of autoreceptor function derives from the many ex-
periments in which autoreceptor agonists, administered either systemically or
locally, have the effect of significantly hyperpolarizing the neuron and
suppressing or completely inhibiting its spontaneous activity (BUNNEY et al.
1973a,b; Groves et al. 1975; Lacey et al. 1987). In these experimental situa-
tions, exogenous application of autoreceptor agonists or dopamine releasing
agents is likely to produce levels of autoreceptor occupancy that are signi-
ficantly greater than those that obtain in vivo under normal physiological
conditions. Evidence in support of a more subtle and localized physiological
effect of somatodendritic autoreceptor activation comes from several lines of
evidence.

The electrophysiological response of dopaminergic neurons to autore-
ceptor antagonists exhibits certain vagaries. Although early studies showed
that systemic administration of chlorpromazine or haloperidol at low doses
(1.25mg/kg and 25-50ug/kg, i.v., respectively) to unanesthetized, immobilized
rats consistently produced large (approximately 100%) increases in the spon-
taneous firing rate (Bunney et al. 1973a,b; Wilson et al. 1979), this effect
appeared to be mediated, at least in part, through the striatum since striatal
lesions blunted or abolished the effect (Konpo and IwatsuBo 1980). In a recent
re-examination of the effects of systemically administered haloperidol or
sulpiride on dopaminergic neuron activity, Pucak and Grack (1994) did not
find evidence of striatal involvement in the effects of autoreceptor antagonists,
as there were no large difference between the effects of these drugs in hemi-
transected and intact rats. On the other hand, only about 50% of the dopami-
nergic neurons in their study were excited at all by haloperidol, even at
500ug/kg, and in the excited cells the mean increase in firing rate was rela-
tively modest, less than 20%. Although firing rate increases up to 56% were
seen after administration of 4mg/kg haloperidol, the significance of the
response to such extremely high doses is unclear.

When administered locally in substantia nigra, autoreceptor antagonists
(e.g. haloperidol) have been reported to be without effect (BUNNEY et al.
1973b; LAcEyY et al. 1990) or to cause large (Groves et al. 1975) or modest
(Pucak and GrACE 1996) increases in firing of nigral dopaminergic neurons.
Although it is clear that general anesthetics can interfere with the response of
dopaminergic neurons to autoreceptor blockade (MEREU et al. 1984b), these
inconsistent and surprisingly modest effects of D, receptor antagonists
are hard to reconcile with the generally accepted idea that somatodendritic
autoreceptors play a significant role in modulating the firing rate of dopami-
nergic neurons under physiological conditions.

Furthermore, when the autoreceptors are partially or completely inacti-
vated by treatment with pertussis toxin or antisense knockdown, there are no
significant changes in the spontaneous firing rate or pattern of substantia nigra
dopaminergic neurons recorded in vivo (INNIS and AGHAJANIAN 1987; TEPPER
et al. 1997; SHEPARD and CONNELLY 1999).



Electrophysiological Pharmacology of Mesencephalic Dopaminergic Neurons 31

Experiments in which somatodendritic autoreceptors are stimulated by
endogenous dopamine release by synaptic stimulation reveal changes in den-
dritic excitability with no significant alteration in mean firing rate (TRENT and
TepPER 1991). The absence of a gross change in neuronal activity is likely due
to a more modest and localized activation of autoreceptors than is achieved
by application of exogenous drugs, and is consistent with the functional com-
partmentalization of the dopaminergic neuron into different electroresponsive
regions that may function independently (Grace 1990). Thus, somatodendritic
dopamine autoreceptors may serve as a mechanism for altering the excitabil-
ity and/or response of specific dendritic segments of a neuron in a local manner
in response to phasic afferent inputs, and in this way alter the way the neuron
integrates its afferent inputs in a subtle and graded fashion.

F. Miscellaneous Neuropharmacology
I. Gamma-Hydroxybutyric Acid

Gamma-hydroxybutyric acid (GHBA) is a normal constituent of the mam-
malian brain and has been proposed as a putative neurotransmitter and/or
neuromodulator (see MAITRE et al. 2000 for a recent review). GHBA admin-
istration has been shown to modify neuronal activity of dopaminergic neurons
of the pars compacta in various ways. In chloral hydrate anesthetized rats,
GHBA inhibits impulse flow and this inhibition is blocked by the selective
GABAj; antagonist, SCH 50911, but not by the selective GHBA-antagonist
NCS-382, suggesting an action on GABAg receptors (ERHARDT et al. 1998).
On the other hand when administered in low doses to unanesthetized rats,
GHBA was found to increase the firing rate of pars compacta dopaminergic
neurons (DI1ANA et al. 1991b) and to produce heterogeneous responses in
non-dopaminergic pars reticulata cells (D1ana et al. 1993b). Unfortunately, no
antagonism studies were performed, thus leaving open the possibility that
GHBA in low doses may act through GHBA receptors (see MAITRE et al. 2000)
to produce excitation of pars compacta neurons and GABAg receptors to
produce inhibition and regularization of firing.

II. Glycine

Dopaminergic neurons respond to bath application of glycine in vitro with a
chloride-dependent membrane hyperpolarization. This response is sensitive to
strychnine and insensitive to bicuculline or picrotoxin, indicating that it is
mediated by a glycine-specific receptor (MERcURI et al. 1990). The source of
the glycinergic input is unknown, and could originate in as yet unidentified
nigral interneurons and/or from the brainstem (McGEkRr et al. 1987).

III. Neuropeptides

Cholecystokinin-8 (CCK-8) is the carboxyterminal octapeptide of the peptide
cholecystokinin, and is found in some dopaminergic neurons in rat VTA and
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substantia nigra (SKIRBOLL et al. 1981; Kavrivas 1993). CCK is co-released with
dopamine from dopaminergic dendrites (FREEMAN et al. 1991), and when
administered systemically in vivo or locally in vitro, CCK-§ excites dopaminer-
gic neurons. In vivo, CCK-8 increases firing rate and burst firing (SKIRBOLL et al.
1981; FReemaN and BUNNEY 1987). Thus, dopaminergic neurons may be con-
sidered to express a second class of autoreceptor, a CCK autoreceptor that
acts to facilitate rather than depress the excitability of the neuron. In vitro
studies in dissociated dopaminergic nigral neurons show that CCK-8 acts
through CCK-A receptors to activate an inward G-protein coupled current.
The current was insensitive to pertussis toxin but was abolished by intra-
cellular heparin or calcium chelators, suggesting that it is mediated by
IP;-induced calcium release (Wu and WanG 1994). However, in addition to
its excitatory effects, CCK also appears to potentiate the inhibitory effects
of dopamine autoreceptor stimulation through an unknown mechanism
(HomMER and SkIrRBoLL 1983; FREEMAN and BUNNEY 1987; KALIvAS 1993),s0 the
physiological significance of CCK release in substantia nigra remains to be
determined.

Neurotensin and the related peptide, neuromedin N are also present in
dopaminergic neurons in rat mesencephalic dopaminergic neurons, some of
which also contain CCK. These neurons also express neurotensin receptors.
In addition, neurotensin is contained in afferents to the substantia nigra and
VTA. Similar to CCK, application of neurotensin in vivo or in vitro leads to
increased firing rates of dopaminergic neurons (see KaLivas 1993 for review).
Part of this excitatory effect is due to the opening of a G-protein coupled non-
selective inward cation conductance (CHIEN et al. 1996). However, neurotensin
also affects autoreceptor responses, but in contrast to CCK, neurotensin atten-
uates the effects of dopamine autoreceptor agonists (WERKMAN et al. 2000)
and does so by acting to close the same potassium conductance that is opened
by dopamine autoreceptor and GABAg receptor agonists (LACEY et al. 1988;
Farkas et al. 1997).

Despite being contained in striatonigral neurons that synapse on
dopaminergic neurons in substantia nigra (MaHALIK 1988), substance P has
little or no effect when applied locally to substantia nigra dopaminergic
neurons (CoLLINGRIDGE and Davies 1982; PINNock and Dray 1982), presum-
ably because levels of substance P receptor binding are low or undetectable
in substantia nigra (RoTHMAN et al. 1984). On the other hand, iontophoretic
application of substance K or kassinin excites dopaminergic and non-
dopaminergic nigral neurons in vivo (INNIs et al. 1985), and senktide, a selec-
tive selective neurokinin NK3 receptor agonist excites dopaminergic neurons
in vitro (KEEGAN et al. 1992). The source and identity of the endogenous ligand
is unclear, although nigral levels of both substance P and substance K decrease
following excitotoxic lesions of striatum (ARrar et al. 1985). Since essentially
all electrophysiological changes in nigral neurons following striatal stimula-
tion appear to be due to GABA release, the physiological significance of these
tachykinin effects is unclear at present.
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G. Acute and Chronic Effects of Antipsychotics on
Dopaminergic Neurons

I. Differences Between Effects of Typical and
Atypical Antipsychotics

As discussed above, acute systemic administration of antipsychotics increases
the activity of dopaminergic neurons in the different subdivisions of the mid-
brain. One potentially important difference that is apparent between A9 and
A10 neurons is the response to “atypical” antipsychotics of which clozapine
represents the prototype. These neuroleptics are distinguished from the
“typical” antipsychotics because they have a much lower incidence of induc-
ing extrapyramidal side effects (see MELTZER et al. 1999 for a recent review)
and thus represent a pharmacological class with enormous clinical potential.
One widely accepted hypothesis for the lack of extrapyramidal side effects
from the atypical antipsychotics has been that the former have a preferential
site of action in the mesolimbic and/or mesocortical dopaminergic system.
Early in vivo recording studies following acute administration showed that
these compounds increased the firing rate selectively in the A10 region without
affecting neuronal activity in A9, whereas their chronic administration led
to a reduction in the proportion of spontaneously active neurons as indexed
by the cells per track ratio (see below) solely in A10 (Cuiopo and BUNNEY
1983; WHiTE and WaNG 1983). Subsequent studies suggested a possible differ-
ence in interaction of the atypical antipsychotics with autoreceptors in A9 and
A10 (e.g., StockToN and RasMUSSEN 1996). On the other hand, in vitro studies
generally have not revealed a differential response of A9 and A10 neurons
to typical and atypical antipsychotics (e.g., SuppEs and Pinnock 1987; BOwERY
et al. 1994) and a recent in vivo study showed that intravenous administration
of clozapine increased the firing rate of nigrostriatal dopaminergic neurons to
the same extent as seen in VTA neurons, but only in unanesthetized rats
(MELs et al. 1998). Thus, it is not yet clear that there is a preferential site of
action of atypical antipsychotics for the mesolimbic versus nigrostriatal
system, at least as far as autoreceptor blockade goes, nor what the pharmaco-
logical basis of such a preference might be. Alternative explanations include,
for example, differences between the two classes of antipsychotics with respect
to interaction with alpha, adrenergic receptors (HERTEL et al. 1999), a rela-
tively more potent blockade of SHT,, receptors coupled with a weak block-
ade of D, receptors (MELTZER et al. 1989, 1999), or a combination of properties
(Kmvon and LIEBERMAN 1996), which may be the substrate for the differential
incidence of extrapyramidal side effects resulting from chronic treatment with
typical and atypical neuroleptics.
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I1. Effects of Chronic Antipsychotic Drug Administration —
The Depolarization Block Hypothesis

While the acute administration of dopamine receptor antagonists leads
to increased spontaneous firing of dopaminergic neurons (BUNNEY and
AGHAJANIAN 1973; Groves et al. 1975; WANG 1981b), chronic administration of
antipsychotics has been suggested to reduce dopaminergic synaptic transmis-
sion not only by blocking postsynaptic dopamine receptors, but by a relatively
novel mechanism in which a state of chronic depolarization of dopaminergic
neurons is induced which, over time, renders a population of neurons unable
to fire action potentials thereby reducing the population of spontaneously
active dopaminergic neurons. This phenomenon was termed depolarization
block (BunNEY and Grace 1978) and was measured experimentally by count-
ing the number of neurons displaying the characteristics of dopaminergic
neurons encountered while lowering an extracellular recording electrode
through the region of the substantia nigra and/or VTA. Following chronic, but
not acute antipsychotic treatment, the mean number of presumed dopami-
nergic neurons encountered per electrode track was found to be less than in
controls. Iontophoresis of GABA or dopamine which would be expected to
hyperpolarize the neurons reversed these effects. It was therefore proposed
that the reduction in the number of cells encountered per track following
chronic antipsychotic drug administration was a result of depolarization
inactivation of the neurons (BuNNEY and Gract 1978).

Considerable interest in this theory arose quickly as it provided the first
compelling explanation of why the antipsychotic effects of neuroleptics usually
take weeks to develop, despite the fact that the blockade of dopamine re-
ceptors occurs immediately upon drug administration. Subsequently, numer-
ous reports consistent with the initial phenomenological description emerged
(e.g., Curono and BUNNEY 1983; WHITE and WANG 1983; SKARSFELDT 1988,
1995). With additional evidence from intracellular and extracellular recordings
consistent with the existence of depolarized dopaminergic neurons in animals
chronically treated with neuroleptics (GRACE and BUNNEY 1986), the depolar-
ization block theory gained widespread, although not universal (see MEREU
et al. 1994, 1995), acceptance as the principal mechanism by which neurolep-
tics exert their clinically therapeutic antipsychotic action. The phenomenon
appears to be fully reversible, as after withdrawal for 8-14 days after up to
14 months of chronic treatment with haloperidol there are no longer any
changes in the number of cells per track or in any other measures of dopamin-
ergic neuron activity compared to controls (CHiopo and BUNNEY 1987,
GariaNo et al. 1990). The actual substrates of the depolarization inactivation
are not known, although it appears that intact afferent input from the fore-
brain is essential for the development and maintenance of the phenomenon
(see GrACE et al. 1997 for review).

There are actually two separate issues to consider with respect to the role
of depolarization block in the clinical response to chronic administration of
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antipsychotic drugs. The first is whether depolarization block actually occurs
in dopaminergic neurons in animals and/or humans chronically treated with
neuroleptic drugs. The second is whether depolarization inactivation (assum-
ing it occurs) accounts for the therapeutic action of antipsychotic drugs.

Much of the evidence for the existence of depolarization block relies on
measurements of cells per track data described above. While drug-induced
changes in the number of cells per track might well indicate changes in the
proportion of spontaneously active neurons, alternative explanations have
been proposed including changes in firing rate and/or changes in the extent to
which the action potential invades the dendrites thereby altering the size of
the extracellular field potential of the neuron. Both of these would alter the
probability of encountering a neuron while lowering a microelectrode through
a designated region of the brain (see discussions in DiaNa et al. 1995a and Dar
and TeppeEr 1998). For example, a reduction in the number of dopaminergic
cells per track was observed after chronic ethanol administration and sub-
sequent withdrawal and attributed to a reduced number of spontaneously
active neurons due to depolarization block (SHEN and Chiopo 1993). Sub-
sequent experiments (Diana et al. 1995a), however, revealed that during with-
drawal, dopaminergic neurons exhibited reduced spontaneous activity (i.e.
lower firing rates and burst firing) which could account for more difficult
detection and hence a lower number of cells per track even though the
neurons were not in depolarization block as evidenced by their slow sponta-
neous activity and the inability of apomorphine to increase the number of cells
per track. Thus, although an interesting and potentially valuable tool, the inter-
pretation of changes in the number of cells per track is complex and may be
due to factors other than or in addition to a change in the number of sponta-
neously active neurons.

As to the second issue, although able to replicate the reduction in cells per
track following chronic dopamine antagonists in anesthetized rats, MEREU et al.
(1994, 1995) found no reduction in the number of cells per track in locally
anesthetized, immobilized, and artificially respired rats. These authors argued
that the appearance of depolarization block is an artifact of some type of inter-
action between general anesthetics and the neuroleptics, and hence is unlikely
to account for the therapeutic effects of neuroleptics in (unanesthetized)
humans. In addition, some predictions of the depolarization block hypothesis,
for example the expected reduction in extracellular dopamine levels in striatal
and/or cortical terminal fields following chronic neuroleptic treatment, have
been difficult to demonstrate experimentally (e.g., HERNANDEZ and HOEBEL
1989; ZHANG et al. 1989; HOLLERMAN et al. 1992; MoGHADDAM and BUNNEY 1993
but see also Moore et al. 1998). Furthermore, manipulations that increase
dopaminergic neuron firing and dopamine release in normal animals also
increase extracellular dopamine levels after chronic haloperidol treatment,
although the hypothesis would seem to predict that dopaminergic neurons in
depolarization block should be unable to respond to excitatory stimuli with an
increase in firing rate and dopamine release (KLITENICK et al. 1996).
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In conclusion, although there is electrophysiological evidence in support
of the development of depolarization block in dopaminergic neurons follow-
ing chronic neuroleptic treatment, some of these data, particularly the
cells per track data, are open to alternative interpretations. In addition, the
apparent dependency of the development of depolarization inactivation on
anesthetic state or other aspects of the experimental preparation, coupled with
the inability of a number of experiments to demonstrate the expected decrease
in extracellular dopamine levels following chronic neuroleptic treatment,
point toward the need for more research before a definitive conclusion
about the role of depolarization inactivation in the therapeutic effects of
neuroleptics can be reached.

H. Dopaminergic Neurons and Drugs of Abuse:
Acute and Chronic Studies

I. Acute Effects of Drugs of Abuse on Dopaminergic Neurons

Dopaminergic systems of the mammalian brain are a major target of drugs of
abuse and represent cellular systems which are considered crucial in convey-
ing affect-related effects of various addicting drugs. Thus, dopaminergic
neurons have been extensively studied in recent years and much is now known
about their response to administration of drugs of abuse (WHITE 1996; Diana
1998; PuLviRenTI and Diana 2001).

In vivo, drugs as structurally and pharmacologically diverse as ethanol
(GEssa et al. 1985), nicotine (LICHTENSTEIGER et al. 1982; GRENHOFF et al. 1986;
MEREU et al. 1987), morphine (IwarsuBo and CLOUET 1977; GYSLING and WANG
1983; MartHEWS and GERMAN 1984) and cannabinoids (FRENCH 1997; FRENCH
et al. 1997; GEssa et al. 1998) increase the firing rate and bursting activity of
mesencephalic dopaminergic neurons, resulting in augmented dopamine
outflow in terminal areas when acutely administered (D1 CHiara and
ImpERATO 1988). In contrast, psychostimulants such as amphetamine and
cocaine decrease dopaminergic neuronal activity, principally through indirect
actions at the somatodendritic autoreceptor (BUNNEY et al. 1973a,b; GroVEs
et al. 1975; EINHORN et al. 1988), although their effects on dopamine outflow
in terminal regions are not dissimilar from other addicting compounds, i.e.,
they promote an increase in extracellular dopamine levels by blocking and/or
reversing the dopamine uptake transporter (Kuczenksi 1983).

In vitro recordings have provided useful insights into the cellular mecha-
nisms which lead to the excitation of dopaminergic neurons after acute admin-
istration of drugs of abuse. Morphine does not act directly on dopaminergic
neurons which lack p-opioid receptors, but rather acts on p-opioid receptors
located on pars reticulata GABAergic neurons producing a potassium-
mediated hyperpolarization, which in turn, leads to a depolarization and con-
sequent excitation of dopaminergic neurons through disinhibition (LAcEY
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et al. 1989; JounsoN and NortH 1992; KaLivas 1993). Although the pars
reticulata neuron mediating the disinhibitory effect of p-opioids has not been
conclusively identified and could be an interneuron (JoHNsoN and NORTH
1992), other anatomical and electrophysiological studies have demonstrated
that nigrothalamic and nigrotectal neurons exhibit the requisite synaptic
arrangement to underlie the disinhibitory effect (Hajos and GREENFIELD 1994;
TEPPER et al. 1995, 2000).

A similar mechanism was proposed for the action of ethanol when it was
demonstrated that the excitation of dopaminergic neurons induced by ethanol
(MEREU et al. 1984a; Gessa et al. 1985) was accompanied by a reduction in
pars reticulata non-dopaminergic neuronal activity (MEreu and Gessa 1985)
of similar proportions. However, this is unlikely to be the sole mechanism of
action of ethanol on dopaminergic neurons, since ethanol activates dopamine-
containing cells even when these are mechanically dissociated or studied in
slices (BrODIE et al. 1999a,b; Bropie and AppeEL 1998), and ethanol has been
shown to have direct effects on the calcium-dependent potassium current in
dopaminergic neurons. (BRopIE and AppEL 1998; BrODIE et al. 1999a,b).

Nicotine has been reported to activate dopaminergic neurons in vivo
(LicHTENSTEIGER et al. 1982; GRENHOFF et al. 1986; MEREU et al. 1987) and in
vitro (CALABRESI et al. 1989; PrpopLICHKO et al. 1997), but in contrast to ethanol
and opiates, its action is mediated by a direct action on nicotinic receptors
located on dopaminergic neurons. Most of the nicotine-induced inward
current in dopaminergic neurons is carried by 32-subunit-containing receptors
with a minor component contributed by o7 subunit-containing receptors, and
even when exposed to concentrations of nicotine found in the blood of
smokers, exhibits rapid desensitization (PmopLicHKO et al. 1997; DANI et al.
2000).

Among various classes of drugs of abuse, cannabinoids rank high in the
list especially in terms of spread of their use and recently have received
much attention possibly owing to their social popularity. The actions of A’-
tetrahydrocannabinol (THC), the active principle of marijuana, and its syn-
thetic analogues have been recently described in central dopaminergic
systems. After acute administration, dopamine outflow is increased in the
nucleus accumbens (GarpNER and LowinsoN 1991) and prefrontal cortex
(CHEN et al. 1990) while dopaminergic neuronal activity in anesthetized rats
is increased in the VTA and substantia nigra (FRENCH 1997; FRENCH et al. 1997)
by an action on CB1 receptors. In unanesthetized rats, cannabinoids similarly
activate mesolimbic (GEessa et al. 1998) and mesoprefrontal dopaminergic
neurons (D1aNA et al. 1998b) by a selective action on CB1 receptors. Although
there is general agreement about the systems level effects of CB1 stimulation
on dopaminergic systems (but see GIFFORD et al. 1997), their cellular site(s) of
action remain controversial. Autoradiographic studies combined with 6-
OHDA lesions of the ascending dopaminergic pathways have indicated that
CB1 receptors are not expressed by dopaminergic neurons (HERKENHAM et al.
1991) while these receptors have been detected in high amounts on pars
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reticulata GABAergic neurons and on the terminals of striatonigral projec-
tion neurons in substantia nigra (HERKENHAM et al. 1991). The existence of
CBl1 receptors on pars reticulata GABAergic neurons coupled with the results
of in vivo microdialysis studies in the shell of the nucleus accumbens has led
to the suggestion that cannabinoids may increase dopaminergic transmission
by acting through p-opioid receptors in a disinhibitory fashion (TanDa et al.
1997) similar to that described above for opioids. However, such a mechanism
seems incompatible with direct experimental evidence that shows that
cannabinoid agonists increase rather than decrease pars reticulata neuronal
activity (TErsIGNT and ROSENBERG 1996; MILLER and WALKER 1995; see MELIS
et al. 2000 for discussion on this point) and that the cannabinoid-induced
stimulation of firing rate of dopaminergic neurons is not antagonized by nalox-
one (FRENcH 1997; MELIs et al. 2000). Thus, at present, the cellular site of action
for cannabinoid-induced increase of dopaminergic neuronal activity remains
to be determined.

II. Chronic Effects of Drugs of Abuse on Dopaminergic Neurons

While studies of the acute effects of drug of abuse on dopaminergic neurons
are extremely informative to identify primary sites of actions of addicting com-
pounds, they are less helpful when trying to understand the general phenom-
enon of drug addiction. Drug addiction is induced by chronic administration
of various substances and is now widely accepted as an example of drug-
induced alterations in neuronal plasticity (NESTLER 1993; Diana 1996, 1998;
PurvirenTr and Diana 2001). Thus, the study of the activity of dopaminergic
neurons after chronic administration of drugs of abuse is considered more
pertinent and relevant in the context of drug dependence.

Chronic administration of psychostimulants such as cocaine and amphet-
amine have been shown to affect mesolimbic dopaminergic neurons at various
levels (HENRY et al. 1989; AckErMAN and WHITE 1990; WHITE et al. 1995; WHITE
1996). Firing rate appears to be higher in rats chronically treated with cocaine
(ZHuANG et al. 1992a), perhaps due to the reduced sensitivity of somatoden-
dritic autoreceptors (ACKERMAN and WHITE 1990; ZHANG et al. 1992a),
although administration regimen seems to be an important factor as it could
affect differently A9 and A10 neurons (Gao et al. 1998). Chronic treatment
with amphetamine leads to a reduction in the sensitivity of dopaminergic
neurons to autoreceptor-mediated inhibition by apomorphine or ampheta-
mine in a dose-dependent manner (Kamara and REeBec 1983, 1984a,b).
Further, an increased sensitivity to iontophoretically applied glutamate, which
could push the cells to an apparent depolarization block (ZHANG et al. 1997),
has been described after both cocaine and amphetamine, although it is unclear
if these effects are related to the chronic regimen with cocaine and/or amphet-
amine or to their withdrawal, as investigations were carried out at variable
lengths of time after last drug administration (for review see WHITE 1996). In
addition, chronic amphetamine treatment affects dopaminergic neurons not
only at the soma but also at the level of the synaptic endings. The ability of
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amphetamine to induce a decrease in striatal dopamine terminal excitability
(TepPER et al. 1984a) is blunted or eliminated in animals following 2 weeks of
treatment with amphetamine (GARcIA-MuNoz et al. 1996).

Morphine, when administered repeatedly, also produces a number of
effects on the mesolimbic dopaminergic system. The firing rate of dopaminer-
gic neurons is within control values 2 h after the last morphine administration,
but firing rate and burst firing are drastically reduced when the opiate antag-
onist, naloxone, is administered at this time (D1ANA et al. 1995b). Further, the
relative refractory period is consistently prolonged, supporting an increased
refractoriness of the dopaminergic neuron in generating action potentials
(D1aNa et al. 1995b). In addition, dopaminergic cell bodies appear to “shrink”
(SKLAIR-TAVRON et al. 1996) after chronic morphine administration, an effect
consistent with the prolongation of refractory periods of these units (DiaNA
et al. 1995b,c; D1aNA 1996) although is unclear if the reduction in cell body
size is induced by chronic morphine or by its withdrawal. These effects, in any
event, all point to a vulnerability of the mesolimbic dopaminergic system after
chronic administration of morphine.

Ethanol, when chronically administered, has been shown to increase the
basal activity of dopaminergic neurons projecting to the nucleus accumbens
and no tolerance seems to develop (D1aNa et al. 1992) to its stimulating prop-
erties on dopaminergic neurons (GEessa et al. 1985). Chronically administered
nicotine, on the other hand, appears to affect dopaminergic neurons differ-
ently. In vitro studies have shown that the stimulating properties of nicotine
upon dopaminergic neurons are rapidly lost after repeated exposure due to
desensitization of nicotinic receptors present in the somatic region of
dopaminergic neurons and helping in explaining acute tolerance to nicotine’s
rewarding effects (PipopLICHKO et al. 1997).

Another commonly abused drug is A>~THC, the active principle of mari-
juana. Its actions on dopaminergic neurons have been recently elucidated
and are similar from those reported above for other drugs, at least in terms of
neuronal activity, in spite of the fact that cannabinoids are frequently consid-
ered only mildly addicting (GriNsPooN and BaxALAR 1997). Chronic adminis-
tration of A>THC alters dopaminergic neuronal functioning in the limbic
system in a way similar to that reported for morphine, and tolerance to the
stimulating properties of A>THC seems to develop only in A9 but not in A10
neurons (Wu and FrencH 2000). Firing rate and burstiness are reduced after
chronic exposure and are further reduced if the selective antagonist SR
1417116 A is administered (D1aNA et al. 1998a). In contrast, overt behavioral
signs of withdrawal are evident only in rats in which the selective antagonist,
SR 141716 A, was administered, suggesting that the lack of withdrawal
symptoms might be due to the presence of residual A>~THC, which would
counteract abstinence signs. This fact may also help in explaining why cannabi-
noids are traditionally considered devoid of withdrawal signs (GRINSPOON and
Baxkarar 1997).

In conclusion, while acute administration of addicting drugs stimulates
the activity of dopaminergic neurons and in particular the mesolimbic system,
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chronic administration alters neuronal functioning in various ways which indi-
cate the mesolimbic dopaminergic pathway as a major target in the actions of
chronic administration of addicting drugs, and provide the rationale for drug
addiction viewed as an example of drug-induced alterations in neuronal
plasticity (Koo and Broom 1988; NesTLER 1992, 1993, 2001; Diana 1996,
1998; Koos and L MoaL 1997; Purvirenti and Diana 2001).

III. Withdrawal Following Chronic Administration

While repeated administration forms the basis of neurobiological changes
induced by drugs of abuse, withdrawal is often a time-window which reveals
enduring effects produced by the continued exposure. Indeed, drug-with-
drawal offers the unique opportunity to study neurobiological alterations
induced by chronic administration of addicting drugs in a drug-free condition,
in which the abused substance may act as a potential confounding factor. It is
often very difficult to discriminate between effects induced by the drug, when
chronically administered, or by its absence after chronic administration. Thus,
it is advisable to carefully discriminate between effects induced by drugs
themselves and effects induced by their absence since interpretations are often
opposite (D1aANA 1996; SKLAIR-TAVRON et al. 1996; Diana et al. 1999).

The effect of withdrawal from various addicting drugs has recently been
described in dopaminergic neurons. Ethanol withdrawal reduces the sponta-
neous activity (firing rate and burstiness) of dopaminergic neurons projecting
to the nucleus accumbens, in rats in vivo (D1aNa et al. 1993a) and in mice in
vitro (BAILEY et al. 1998), and these effects are accompanied by an elongation
of refractory periods and a reduction of dopamine dialysate in the nucleus
accumbens (Fig. 6) (Diana et al. 1993a). The reduction in neuronal activity
does not seem to be due to the depolarization block proposed for cocaine
withdrawal (AckerMAN and WHITE 1990, 1992) as it persists in rats anes-
thetized with chloral hydrate which show the same sensitivity to apomorphine
as unanesthetized rats (D1aNA et al. 1995a, but see SHEN and CHiopo 1993).
Further, hypofunctioning of dopaminergic neurons outlasts the behavioral
manifestations of withdrawal, suggesting a role for dopaminergic neurons in
subtle but reproducible and enduring modifications in cell physiology un-
related to somatic withdrawal but more closely linked to longer lasting
changes occurring after ethanol withdrawal (DiaNa 1996, 1998).

Morphine withdrawal also produces a depression in firing rate and burst
firing in dopaminergic neurons with no evidence of depolarization block
(D1ana et al. 1995b). These data are consistent with the hyperpolarization due
to an increased GABA release seen in dopaminergic neurons in vitro during
acute morphine withdrawal (Bonct and WiLLiaMs 1997). In addition, morphine
withdrawal produces a reduction in glutamatergic EPSCs in VTA dopamin-
ergic neurons due to reduced glutamate release (ManzonNI and WILLIAMS
1999). Furthermore, as in the case of ethanol, the reduction of dopaminergic
activity after opiate withdrawal persists for 14 days, while behavioral measures
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HYPODOPAMINERGIA-INDUCED
BY WITHDRAWAL FROM CHRONIC DRUGS OF ABUSE

Fig. 6. Extracellular electrophysiological properties of mesolimbic dopaminergic
neurons projecting to the nucleus accumbens in vivo after withdrawal from chronic
administration of ethanol (eth), morphine (morph), and A>-THC (thc) spontaneous
(5-W) and pharmacologically precipitated (P-W). Note the parallel decline in firing
rate (fop) and bursting activity (bottom) irrespective of the substance administered.
Due to the different baseline activity in treated and control rats, number of bursts is
expressed as bursts per second. See details in D1aNa et al. (1995¢) and Diana (1998)

of abstinence are within control values at 3 days (DiaNa et al. 1999). Once
again, these results would suggest that hypofunction of the mesolimbic
dopaminergic system is related to the long-term consequences of chronic
opiate abuse and not to behavioral signs of withdrawal (but see HARrris and
AsToN-JonEs 1994). Furthermore, administration of morphine to rats with a
history of morphine addiction results in an activation of dopaminergic firing
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rate far greater than that observed in saline-treated counterparts (Diana
et al. 1999). This suggests that although dopaminergic neurons have returned
to apparent normality (extracellular electrophysiological indices are within
control values), the mesolimbic dopamine system remains hyper-responsive
(i.e., vulnerable) to opiates even longer, with profound implications for the
phenomenon of relapse into opiate addiction in humans. Nicotine, the princi-
pal constituent of tobacco, seems to produce different effects upon discon-
tinuation of chronic exposure (RasMusseN and CzacHURA 1995), at least in
vivo. Indeed, chronic administration seems to produce a reduction of firing
rate in the A10 region but not in the A9, whereas withdrawal restored control
firing rates in A10 and increased above control in A9 (RASMUSSEN and
CzacHURA 1995). Although stimulating, these results are flawed by the lack
of antidromic identification of the neurons, which hampers firm conclusions
on the regional selectivity of the effects observed, and thus we await confir-
mation in light of contrasting results obtained in vitro (PibopLICHKO et al. 1997)
and in vivo with the microdialysis method (CarsonI et al. 2000).

Cannabis derivatives have long been seen as only mildly addicting and
consequently as devoid of withdrawal manifestations. Recently, however, with
the advent of appropriate pharmacological tools, it has been possible to
demonstrate behavioral manifestations of cannabinoid withdrawal (Acero et
al. 1995, 1996; Tsou et al. 1995). On this basis we investigated the possibility
that chronic treatment with A~ THC affects the function of the mesolimbic
dopamine system. We found that both withdrawal conditions (spontaneous
and pharmacologically precipitated) reduced the firing rate of dopaminergic
neurons projecting to the nucleus accumbens with behavioral manifestations
of withdrawal evident only in the pharmacologically precipitated withdrawal
group (Diana et al. 1998a). These facts suggest that hypofunction of the
dopaminergic mesolimbic system may participate in the neurobiological basis
of long-term consequences of cannabinoid dependence, allowing us to extend
this conclusion to the general phenomenon irrespective of the chemical class
abused and further suggest that the failure to observe behavioral signs of
cannabinoid withdrawal could be due to high lipophilicity of cannabinoids,
which hampered observation of an abrupt somatic withdrawal (DiaNa et al.
1998a).

I. Conclusions

In the last decade, electrophysiological studies have added significantly to our
knowledge of the physiological activity and pharmacological responsiveness
of dopaminergic neurons. Many of the intrinsic mechanisms that lead to action
potential generation and the generation of different firing patterns, both under
normal physiological conditions and after various pharmacological manipula-
tions, have been described. Considerable advances have been made in under-
standing the pathways, neurotransmitters, and receptors that form the
substrates for the afferent regulation of central dopaminergic systems.
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These central dopaminergic systems have been demonstrated to be a
major target for many psychotropic drugs including psychotherapeutic
antipsychotics and drugs of abuse. Dopaminergic systems play a role in the
response to drugs of abuse not only when administered acutely but, perhaps
more importantly, following chronic administration and withdrawal. Under
withdrawal, regardless of the specific drug, there is a depression in the spon-
taneous activity and burst firing of dopaminergic neurons projecting to the
nucleus accumbens. This “hypodopaminergia” outlasts the behavioral signs of
withdrawal and suggests that dopaminergic systems play an important role
in the long-term consequences of prolonged drug intake and provides an
example of drug-induced alterations in neuronal plasticity affecting the
mesolimbic dopaminergic system. Identification of the etiological factors
leading to the abnormal cellular physiology following chronic administration
of, and withdrawal from, addictive drugs may pave the way for future phar-
macological treatments of drug addiction.
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CHAPTER 14
Presynaptic Regulation of Dopamine Release

J. GLowInskl, A. CHERAMY, and M.-L. KEMEL

A. Introduction

The nigrostriatal dopaminergic pathway has generally been used as an experi-
mental model for basic investigations into the release of dopamine (DA)
from central dopaminergic neurons. The release of DA from striatal nerve
endings is not only dependent on nerve impulse flow but also on regulation
processes mediated by D, autoreceptors (STARKE 1981; L’'HIRONDEL et al. 1998).
These autoreceptors are not only involved in the inhibitory control of DA
release but also in its synthesis, and the efficacy of these presynaptic regula-
tory mechanisms depends on the state of depolarisation of the plasma mem-
brane. While the DA autoreceptors involved in the regulation of the release
process of DA are mainly coupled to potassium channels (BowyERr et al. 1989;
Cass and Zauniser 1991), those which control the rate of the transmitter
synthesis are negatively coupled to adenylyl cyclase (EL MEsTIKAwY et al.
1985, 1986; OnaL1 et al. 1988). In addition, these D, autoreceptors regulate
the state of excitability of nerve terminal arborisations (Romo and ScHULTZ
1985; TepPER et al. 1986).

Besides DA autoreceptors, heteroreceptors participate in the presynaptic
control of DA release in the striatum. The first indication of this type of het-
eroregulation was provided 30 years ago in our laboratory when acetylcholine
and serotonin were shown to stimulate the release of newly synthesised DA
from the isolated striatum of the rat (BEssoN et al. 1969). Since this early study,
most transmitters and co-transmitters present in striatal afferent fibres, col-
laterals of efferent neurons and interneurons have been found to facilitate or
reduce the spontaneous or evoked release of DA (see review in CHESSELET
1984). These heteroregulation processes are either direct, mediated through
receptors located on dopaminergic nerve endings, or indirect, involving local
circuits. In most cases, direct presynaptic regulation has been demonstrated
thanks to release studies performed on striatal slices in the presence of
tetrodotoxin (a neurotoxin currently used to prevent most indirect effects
by interrupting nerve impulse flow) or, more convincingly, on synaptosomes.
Confirmation for the existence of the receptor subtypes involved in these
forms of direct presynaptic regulation was obtained by identification of their
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mRNAs in dopaminergic cells (D,3R; NMDAR 5cop; GLUR5540; mGLUR;
M;R; NK;R; ete.) (ViLaro et al. 1990; WEINER et al. 1990; SHIGEMOTO et al. 1992;
Forunr et al. 1993; MartiN et al. 1993; MEADOR-WOODRUFF et al. 1994;
STANDAERT et al. 1994; StoessL et al. 1994; Testa et al. 1994; D1az et al. 1995;
WHITTY et al. 1995). Due to the “quasi” absence of heterologous synapses on
dopaminergic nerve terminals, the physiological significance of these local
heteroregulation processes of DA release has been challenged for several
years. However, appositions of nerve terminals on dopaminergic nerve ter-
minals have been observed and, in addition, the concept of volume transmis-
sion is now widely accepted.

The present review will be mainly dedicated to three main research devel-
opments from our laboratory on the presynaptic regulation of DA release: (1)
the interactions between heteroreceptors located on dopaminergic nerve ter-
minals, (2) the role of diffusible messengers and particularly of arachidonic
acid and (3) the identity of local circuits contributing to the presynaptic reg-
ulation of DA release in striatal compartments. These developments largely
derive from research on interactions between corticostriatal glutamatergic
fibres and nerve terminals of the nigrostriatal dopaminergic neurons.

B. Interactions Between Heteroreceptors or
Heteroreceptors and D, Autoreceptors Present on
Dopaminergic Nerve Terminals

Studies performed in the cat implanted with push—pull cannulae have provided
strong evidence for the occurrence of functional interactions between corti-
costriatal glutamatergic neurons and nerve terminals of the nigrostriatal
dopaminergic neurons (CHERAMY et al. 1991). Indeed, the direct or indirect
(through the thalamus, or even the substantia nigra pars reticulata) activation
of the corticostriatal glutamatergic neurons that leads to the evoked release
of glutamate in the caudate nucleus (BARBEITO et al. 1989) was shown to be
associated with a marked and persistent stimulation of DA release (NIEOULLON
et al. 1978; CHESSELET et al. 1983). Indicating the involvement of glutamate in
the evoked release of DA, this latter response was prevented after the acute
transection of the corticostriatal fibres (NIEOULLON et al. 1978; Romo et al.
1984) and abolished by the application of riluzole (a compound which inter-
rupts glutamatergic transmission) into the caudate nucleus (CHERAMY et al.
1986; Romo et al. 1986a). Finally, demonstrating the presynaptic nature of this
regulation, this stimulation of DA release resulting from the activation of the
corticostriatal glutamatergic neurons persisted after the acute transection of
the nigrostriatal dopaminergic pathway (Romo et al. 1986b).

The involvement of glutamate in a presynaptic regulation of DA release
was also demonstrated on striatal slices from rat by several groups. These
authors indicated that the glutamate-evoked release of DA is concentration-
and calcium-dependent and suggested that both a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) and N-methyl-p-aspartate (NMDA)
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receptors are involved in the tetrodotoxin-resistant release of DA evoked by
a high concentration of glutamate (RoBErTS and ANDERSON 1979; SNELL and
JoHNsoN 1986; CLow and JHAMANDAS 1989; Ca1 et al. 1991; KreBs et al. 1989;
JiN and FrRepHOLM 1994). The presence of AMPA and NMDA receptors on
dopaminergic nerve terminals was confirmed in studies performed on synap-
tosomes from rat and, more recently, mouse (DEscE et al. 1991, 1992; WaNG
1991; CHERAMY et al. 1996a; KREBs et al. 1991a). These latter investigations
allowed the occurrence of a co-operative effect between AMPA and NMDA
receptors to be shown. Indeed, in the presence of magnesium, the NMDA-
evoked release of DA could only be observed in the presence of AMPA
which, by itself, stimulates also the release of DA and, in addition, eliminates
the magnesium block of NMDA receptors by activating voltage-dependent
calcium channels (DEscE et al. 1992). Experiments with appropriate antago-
nists also indicated that the prominent release of DA induced by a high con-
centration of glutamate results from the combined activation of both types of
receptors.

Besides classical depolarising agents (potassium or veratridine), AMPA,
or glutamate, others transmitters or receptor agonists that act on hetero-
receptors located on dopaminergic nerve terminals may also suppress the
magnesium block of NMDA receptors and thus allow the NMDA-evoked
release of DA. This was particularly shown with acetylcholine and the agonists
of muscarinic and nicotinic receptors, oxotremorine and nicotine, respectively.
As expected, different molecular processes were found responsible for the
suppression of the magnesium block of NMDA receptors evoked by either
oxotremorine or nicotine (CHERAMY et al. 1996a).

One of the main problem which has still to be resolved is to understand
the physiological significance of this type of co-operation between cholinergic
and NMDA receptors, i.e. to determine in which circumstances the choliner-
gic interneurons facilitate the glutamatergic presynaptic control of DA release
through NMDA receptors. Due to the well-known involvement of NMDA
receptors in neuronal plasticity, this presynaptic co-operative process between
cholinergic interneurons and corticostriatal glutamatergic neurons could de-
crease the amount of glutamate required for eventual long-term modifica-
tions in the reactivity of dopaminergic nerve terminals to incoming signals
mediated by NMDA receptors (CALABREsI et al. 1992, 1997). Taking into con-
sideration the hypothesis according to which cholinergic interneurons are
involved in the transfer of information between striatal compartments (see
below), such local co-operative processes could facilitate and amplify the
necessary relationships between the sensory-motor and limbic networks.

As just indicated, specific chemical signals could facilitate, by synergistic
processes, the presynaptic action of glutamate on DA transmission. We have
also been interested to determine whether, reciprocally, glutamate itself could
modify the efficacy of other presynaptic regulations of DA release and, more
precisely, the potency of dopaminergic D, agonists to inhibit the release of DA
through their effect on DA autoreceptors (Fig. 1). These experiments were
performed on synaptosomes from mouse striatum.
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Fig. 1. Effect of R(-)-N-propylnorapomorphine (NPA) on [*H]-dopamine ([’H]-DA)
release. Striatal synaptosomes from mouse, preloaded with ['H]-DA, were superfused
with a normal or Mg™-free (in NMDA experiments) CSF. 4-Aminopyridine (4-AP)
and/or [lys*’]-neurotensin (8-13) (Lys-NT), kainate (KAI), AMPA (in the presence of
cyclothiazide 10uM), NMDA, 1-glutamate and NPA were applied for 5min, 40min
after the onset of superfusion. The average evoked fractional release of [*'H]-DA during
the 5-min treatment was calculated. Results are the mean + SEM of data obtained with
12 superfusion chambers in six independent experiments. In all groups, the release of
[’H]-DA was greater than in control groups. The inhibitory effect of NPA (indicated
%) was always significant, except when kainate or AMPA were used. Cyclothiazide sig-
nificantly increased the effect of AMPA alone (not shown). Lys-NT was without effect
on basal [*H]-DA release when applied alone (not shown), but significantly reduced
the inhibitory effect of NPA

Among different D, agonists, R(-)-propylnorapomorphine (NPA) was
found to be the most potent in inhibiting the release of DA evoked by 4-
aminopyridine, a potent blocker of potassium channels. As expected, the
inhibitory effect of NPA was suppressed by sulpiride and not observed any
longer on striatal synaptosomes from mice lacking D, receptors (L’HIRONDEL
et al. 1998). In contrast to that observed under depolarisation with 4-
aminopyridine, NPA did not inhibit the release of DA evoked by the stimula-
tion of AMPA receptors with AMPA. This lack of inhibitory response also
occurred under the combined application of AMPA and cyclothiazide, a com-
pound which avoids the rapid desensitisation of AMPA receptors and thus
markedly increases the AMPA-evoked release of DA (Fig. 1). Similarly, NPA
was without inhibitory effect on the marked release of DA evoked by kainate,
an agonist of presynaptic AMPA receptors which, in contrast to AMPA, is
devoid of desensitising effect on AMPA receptors. In contrast and demon-
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strating the specificity of results obtained with AMPA or kainate, the D,
autoreceptor-mediated inhibitory effect of NPA on the release of DA per-
sisted with an amplitude similar to that observed with 4-aminopyridine under
the NMDA -evoked release of DA (application of NMDA without magnesium
or application of high concentration of glutamate allowing the combined stim-
ulation of AMPA and NMDA receptors) (Fig. 1). Neurotensin receptors are
also present on DA nerve terminals and binding as well as in vivo release
studies have suggested that neurotensin reduces the sensitivity of D, autore-
ceptors (Fuxe et al. 1992; TaNGANELLI et al. 1989). Confirming these findings,
we also observed that the inhibitory effect of NPA on the 4-aminopyridine-
evoked release of DA was largely reduced in the presence of neurotensin or
of its stable analogue, lys-neurotensin (Fig. 1).

These are a few examples of heteroregulations between heteroreceptors
or heteroreceptors and D, autoreceptors located on DA nerve terminals.
However, much has still to be learnt on these interactions in order to deter-
mine how functional units represented by the numerous varicosities of dopa-
minergic fibres integrate and react to simultaneous or successive incoming
signals.

C. Role of Diffusible Messengers in the Presynaptic
Control of Striatal Dopaminergic Transmission

As is well established, the stimulation of NMDA receptors can lead to several
events involved in various processes such as protein synthesis regulation,
cellular memory or cell death. Diffusible messengers such as nitric oxide (NO)
or arachidonic acid can also be formed under the stimulation of NMDA re-
ceptors (Dumuis et al. 1988; GARTHWAITE 1991; Davis and MURPHEY 1994;
TeNCE et al. 1995; RODRIGUEZ-ALVAREZ et al. 1997).

In the striatum, NMDA receptors located on the somatostatin-containing
interneurons which possess the constitutive NO synthase are involved in the
formation of NO (EMsoN et al. 1993). However, in pathological states such as
inflammation, NO synthase can also be expressed in glial cells. The facilitatory
role of NO on the release of DA in the striatum was demonstrated by gener-
ating NO thanks to NO donors (ZHU and Luo 1992; LoNARrT et al. 1993;
GUEVARA-GUZMAN et al. 1994; BowYer et al. 1995; STEWART et al. 1996) or by
showing a reduction of the evoked release of DA following the stimulation of
NMDA receptors in the presence of NO synthase inhibitors (HANBAUER et al.
1992; IsHIDA et al. 1994). This provided evidence for the involvement of a dif-
fusible messenger in the presynaptic regulation of DA release, this effect
requiring the presence of a guanylyl cyclase in dopaminergic nerve terminals.
However, NO originating from somatostatin-containing interneurons may
locally act, by several processes, on the release of DA. Indeed, contradictory
results were obtained by several authors who investigated either in vitro or in
vivo the effects of NO synthase inhibitors on either the glutamate- or the
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NMDA-evoked release of DA (STRASSER et al. 1994; LiN et al. 1995; SANDOR
et al. 1995; SHiBaTA et al. 1996).

The NMDA-evoked formation of arachidonic acid has particularly been
studied on striatal neuronal cultures (Dumuis et al. 1988; TENCE et al. 1995;
RODRIGUEZ-ALVAREZ et al. 1997). As generally assumed, this unsaturated fatty
acid is mainly formed in the populations of efferent y-aminobutyric acid
(GABA )ergic neurons which represent more than 95% of the striatal neurons.
However, its formation in interneurons cannot be excluded since these
cells also possess NMDA receptors. Besides NMDA receptors, AMPA and
metabotropic glutamatergic receptors are also involved in the glutamate-
evoked formation of arachidonic acid (Dumuss et al. 1990, 1993; PETITET et al.
1995; WiLL1aMs and GLowiINsKI 1996) which depends on calcium influx and the
activation of a phospholipase A,. Interestingly, as shown by experiments from
our laboratory performed on striatal neuronal cultures from mouse, marked
synergistic effects in the formation of arachidonic acid occur under the com-
bined application of glutamate and acetylcholine. Muscarinic receptors are
involved in the effect of acetylcholine but the molecular processes responsi-
ble for this pronounced synergistic response are still unknown. Arachidonic
acid can also originate from glial cells and particularly from astrocytes (MARIN
et al. 1991; TeENCE et al. 1992; STELLA et al. 1994a, 1997). Indeed, several trans-
mitters alone or in association can lead to the production of arachidonic acid
in striatal astrocytes (MARIN et al. 1991; EL-E1R et al. 1992). In particular, glu-
tamate and ATP (the co-transmitter of acetylcholine in striatal cholinergic
interneurons) stimulate the formation of arachidonic acid and their combined
application leads to an important synergistic response in these cells (STELLA
et al. 1994a,b).

These observations on the neuronal and astrocytic formation of arachi-
donic acid in the striatum led us to determine whether arachidonic acid, which
its particularly known for its pleiotropic effects on ionic channels (OrRDWAY et
al. 1991; VoLterra et al. 1992a) and its ability to inhibit glutamate uptake in
astrocytes (BARBOUR et al. 1989; VoLTERRA et al.1992b) could also play a role
in the presynaptic regulation of DA release. Synaptosomes or striatal slices
from rat or mouse were used for this purpose. The first approach consisted in
the investigation of the effect of arachidonic acid alone (L”HIRONDEL et al.
1995), and the second in the determination of the contribution of endoge-
nously formed arachidonic acid in the release of DA evoked by the stimula-
tion of NMDA and/or muscarinic receptors (L’HIRONDEL et al. 1999).

Arachidonic acid stimulates markedly in a concentration- and calcium-
dependent manner the release of DA from striatal synaptosomes and a pro-
nounced response can already be observed with a concentration as low as
2uM (L'HiRoNDEL et al. 1999). This concentration is in the range of those
evoking the various cellular effects of this unsaturated fatty acid (BARBOUR et
al. 1989; Cnan et al. 1983; ORpwAY et al. 1991; VOLTERRA et al. 1992a,b). Arachi-
donic acid was also found to block the reuptake of DA. Nevertheless, it still
markedly stimulates the release of the transmitter in the presence of classical
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blockers of the DA reuptake process such as nomifensine or mazindol
(L'HirONDEL et al. 1995). Thanks to a sensitive method ([*H]-TPP*), we also
observed that arachidonic acid is a potent depolarising agent. However, its
very potent stimulatory effect on the release of DA cannot be attributed to its
depolarising action since changes in DA release of much lower amplitude are
observed under large depolarisation induced by either potassium (25mM) or
4 amino-pyridine (100uM). In addition, while the potassium-evoked release
of DA is not affected by the inhibition of protein kinase C, the arachidonic
acid-evoked release of DA is completely inhibited by chelerythrine and RO
31-754, two potent inhibitors of protein kinase C (L’HIRONDEL et al. 1995). This
latter observation is in agreement with the direct and potent stimulating action
of the unsaturated fatty acid on protein kinase C activity (Asaoka et al. 1992;
Rosinson 1992).

Several criteria of specificity were found in the arachidonic acid-evoked
release of DA from striatal synaptosomes. First, the effect of arachidonic acid
is still observed when the activity of either cytochrome P450 or cyclooxy-
genase and lipoxygenase is blocked with metyrapone (10uM) or 5,8,11,14-
eicosatetraynoic acid (ETYA, 100uM), respectively (L’HIRONDEL et al. 1995).
This indicates that in our experimental conditions, arachidonic acid alone and
not one of its metabolites (which have the capacity to induce physiological
responses) is responsible for the evoked release of DA. Secondly, several fatty
acids, including oleic acid, the saturated fatty acid arachidic acid as well as their
methyl ester derivatives are without effect on the release and the high-
affinity uptake processes of DA (LHIRONDEL et al. 1995). However, parallel
experiments on the release and the reuptake processes of GABA performed
on striatal synaptosomes from rat indicated that arachidonic acid is not only
acting on dopaminergic nerve terminals. Indeed, arachidonic acid inhibits the
reuptake and stimulates as well the release of GABA (CHERAMY et al. 1996D).
However, slight differences can be observed since arachidonic acid is more
potent and has a more rapid kinetic of action on GABA than on DA release.
Moreover, the arachidonic acid-evoked release of GABA is reduced by 50%
only by protein kinase C inhibitors, suggesting that different protein kinase C
isoforms are present in the two types of nerve terminals. In this context, it
should be recalled that arachidonic acid has also been shown to facilitate the
release of glutamate from cortical nerve endings when co-applied with an
agonist of metabotropic glutamatergic receptors (FREEMAN et al. 1990; LyncH
and Voss 1990; HErrero et al. 1992a,b; McGaHon and LyncH 1996).

Experiments performed with several inhibitors of phospholipase
A, [mepacrine, 4-bromophenacylbromide, 7,7-dimethyleicosadienoic acid
(DEDA)] on microdiscs of tissues from mouse striatum have confirmed that
endogenously formed arachidonic acid facilitates, indeed, the release of DA
(L’HiRoNDEL et al. 1999). For example, mepacrine (0.1uM) reduces by about
40% the marked release of DA evoked by the combined stimulation of
NMDA and muscarinic receptors with NMDA and carbachol (LHIRONDEL et
al. 1999), a treatment which, as already indicated, induced important syner-
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gistic effects on arachidonic acid formation in cultured striatal neurons from
mouse (TENCE et al. 1995). Complementary data indicated that the effect
of mepacrine (or other phospholipase A, inhibitors which induced similar
reduction in DA release) results, indeed, from the inhibition of arachidonic
acid formation and not from an unspecific action of the drug. For instance,
in contrast, mepacrine (0.1 pM) modifies neither the potassium (25mM)- nor
the nicotine (1 mM)-evoked release of DA (L'HIRONDEL et al. 1999). Moreover,
confirming that the stimulation of NMDA and muscarinic receptors are
both involved in the endogenous formation of arachidonic acid in striatal
microdiscs, mepacrine (0.1uM) reduces as well, but with different kinetics, the
NMDA (without magnesium)- or the oxotremorine-evoked release of DA.
Finally, the amplitude and the pattern of the inhibitory effect of mepacrine
depend on the concentration of NMDA (50pM to 1mM) (L’HIRONDEL et al.
1999). This is reminiscent of data obtained on neuronal cultures since the
NMDA -evoked formation of arachidonic acid is concentration-dependent.

As already underlined, in striatal microdiscs from adult mouse, endoge-
nously formed arachidonic acid originates for a large part from the popula-
tions of GABAergic efferent neurons. These cells possess both NMDA and
muscarinic receptors and their spiny dendritic spines are the main targets of
the nigrostriatal dopaminergic neurons. However, arachidonic acid could also
be partially formed in dopaminergic nerve terminals. Indeed, phospholipase
A, inhibitors were also shown to reduce the release of DA evoked by the
combined application of NMDA and carbachol in striatal synaptosomes
(L’HIRONDEL et al. 1999). As also demonstrated on synaptosomes, likely due
to its depolarising effect, arachidonic acid can eliminate the magnesium block
of NMDA receptors (Fig. 2). It was also found to reduce the inhibitory effect
of NPA on the 4-aminopyridine- or the glutamate-evoked release of DA
(reduced efficacy of D, autoreceptors) (Fig. 2). These latter effects could be
partly responsible for the arachidonic acid-dependent release of DA evoked
in synaptosomes by the combined stimulation of NMDA and muscarinic
receptors.

D. Local Circuits Involved in the Control of DA
Transmission in Striatal Compartments

As shown in several species including man, the striatum is an heterogeneous
structure in which two main compartments can be distinguished, the strio-
somes and the matrix. These compartments appear at different stages dur-
ing development and can be defined by specific biochemical markers but
also by their afferent and efferent pathways (GrayBieL 1990; GERFEN and
WILSON 1996). As generally assumed, the striosomes, which represent a three-
dimensional labyrinthine network (DEsBAN et al. 1989, 1993; GRAYBIEL 1990)
are connected to the limbic system, while the matrix, which is mainly distri-
buted in the dorsolateral part of the striatum, belongs to the sensory—motor
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Fig. 2. Effects of arachidonic acid (AA) on the release of [’H]-dopamine ([*H]-DA).
Striatal synaptosomes from rat, preloaded with [*H]-DA, were superfused with a
normal CSF. Left panel: NMDA and/or AA, were applied for S5min, 40min after the
onset of superfusion. The average NMDA-evoked fractional release of ["H]-DA during
the 5-min treatment was calculated by subtracting the corresponding value obtained
with AA alone. Right panel: Experiments were carried out as described in Fig. 1, but
in the presence or absence of AA. L-Glutamate (GLU, 100 uM), acetylcholine (ACh,
100 uM), 4-aminopyridine (4-AP, 100 uM) or veratridine (Vera, 1 uM) were applied for
5min, 40min after the onset of superfusion. The release [’H]-DA evoked by each of
these four drugs was calculated by subtracting the corresponding value obtained in
absence of GLU, ACh, 4-AP or Vera. In all cases, results are the mean + SEM of data
obtained with 12 superfusion chambers in six independent experiments. In all groups,
except NMDA alone, the release of [PH]-DA was greater than in control groups. The
release of ["H]-DA evoked by NMDA in the presence of AA was significantly greater
than when NMDA was applied alone. The inhibitory effect of NPA (indicated by a
dashed area) was significantly reduced (indicated %) in the presence of AA

network. It has also been proposed that striatal interneurons and cholinergic
interneurons, particularly, are involved in the transfer of information between
these compartments (GRAYBIEL et al. 1986, 1994; Kusota and KAwWAGUCHI
1993). In fact, the cholinergic interneurons which innervate all parts of the
striatum are represented by two populations of cells. These cells are mainly
located in the matrix either close to the striosomes or near a subcompartment
of the matrix, the matrisomes (Aosaki et al. 1995). While most striatal effer-
ent neurons are silent in resting conditions, the cholinergic interneurons are
tonically active (WiLsoN et al.1990; AosaxI et al. 1994; GRAYBIEL et al. 1994;
Kmmura 1995; ApiceLLa et al. 1998). The dopaminergic innervation of the
striatum is also heterogeneous since the striosomes are mainly innervated by
a group of dopaminergic cells located in the densocellular zone of the pars
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compacta, while other nigral dopaminergic cells and those of the A8 group
project to the matrix (GrAYBIEL 1990; GERFEN and WiLsoN 1996).

Several years ago, these anatomical observations led us to believe that the
presynaptic regulations of DA release (either direct or indirect through local
circuits) could differ from one striatal compartment to the other. Due to the
small size of the striosomes and their complicated network, a new superfusion
method in vitro was set up. This procedure allows the superfusion of discrete
striatal areas enriched in either striosomes or matrix (KEMEL et al. 1989).
Experiments were first carried out on coronal slices of cat brain and then on
coronal or saggital slices of rat brain to study the direct and/or indirect effects
of acetylcholine (cat) and glutamate (rat) on DA release in each compartment.
In the latter case, for simplification, due to the diversity of glutamatergic recep-
tors, the effects of NMDA (in the absence of magnesium) were particularly
investigated. Since cholinergic and NMDA receptors are not only located on
dopaminergic nerve terminals but mainly on most striatal neurons, indirect
effects of either acetylcholine or NMDA on the release of DA were identi-
fied with appropriate antagonists. The role of GABA and of the peptidic co-
transmitters contain in GABAergic efferent neurons (opioid peptides and
tachykinins) were particularly investigated. In all cases, due to the very small
volume of tissue superfused in our experimental conditions (less than 1mm?),
radioactive DA continuously synthesised from tritiated tyrosine was estimated
in superfusates.

I. Similarities and Differences in the Presynaptic Regulation of DA
Release in Striatal Compartments

Although acetylcholine and NMDA experiments were performed in two dis-
tinct species, several general conclusions can already be drawn from these
studies.

1. Direct (tetrodotoxin-insensitive) facilitatory presynaptic regulation of DA
release occurs in both compartments under the local application of acetyl-
choline (muscarinic receptors) or NMDA (NMDA receptors) (KEMEL et al.
1989; Kress et al. 1991a,b).

2. A direct facilitatory presynaptic regulation evoked by acetylcholine and
involving nicotinic receptors is only observed in the matrix (KEMEL et al.
1989).

3. Important differences in the indirect presynaptic regulation of DA release
triggered by either acetylcholine or NMDA are observed between strio-
somes and matrix. Therefore, different local circuits may contribute to
the regulation of DA transmission in these compartments (KEMEL et al.
1989, 1992; Gaucny et al. 1991; KresS et al. 1991b, 1993, 1994).

4. Indirect inhibitory presynaptic regulation of DA transmission triggered by
acetylcholine is only observed in the matrix while that evoked by NMDA
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occurs in both compartments (KEMEL et al. 1989, 1992; Gauchy et al. 1991;
KRreBs et al. 1993, 1994).

5. Indirectly, both acetylcholine (in the matrix) and NMDA (in both com-
partments) reduce DA transmission through a GABAergic link (KEMEL
et al. 1992; KreBs et al. 1993).

6. Opioid peptides and/or tachykinins are also involved in the indirect presy-
naptic regulation of DA release (GaucHy et al. 1991; KreBs et al. 1994).

7. In general, NMDA-sensitive local inhibitory circuits contributing to the
control of DA transmission are more potent in striosomes than in matrix,
but their complexity is much higher in matrix than in striosomes (KREBS
et al. 1994).

II. The GABA- and Dynorphin-Dependent Inhibitions of DA
Transmission Triggered by Acetylcholine Occur in Two Distinct
Matrix Territories

As already indicated, in the cat experiments, the indirect cholinergic control
of DA release was only observed in the matrix and, in addition, the identity
of the transmitter involved in this indirect regulation was found to differ from
one part of the matrix to another (KEMEL et al. 1992).

More precisely, thanks to experiments performed in the presence of bicu-
culline, acetylcholine was also shown to facilitate the release of GABA and,
therefore, indirectly to exert an inhibitory effect on the direct cholinergic facil-
itation of DA release (GABA inhibits, indeed, the release of DA by acting
through GABA, receptors located on dopaminergic nerve terminals). Both
muscarinic and nicotinic receptors are involved in this inhibitory local circuit
triggered by acetylcholine.

Similar experiments performed with naloxone indicated that, through its
effect on muscarinic receptors, acetylcholine can also indirectly inhibit the
evoked release of DA by stimulating the release of an opioid peptide. This
indirect presynaptic inhibitory regulation of DA transmission results from the
action of released dynorphin on kappa receptors located on DA nerve termi-
nals. In agreement with the role of these opioid receptors in this regulation,
dynorphin and another kappa agonist (U 50488) totally suppress the disin-
hibitory effect of naloxone on the acetylcholine-evoked release of DA.

Of particular interest, the inhibitory regulation triggered by acetylcholine
which involves either GABA or dynorphin occur in distinct matrix territories.
One of these territories is particularly rich in aggregated neurons projecting
to the substantia nigra pars reticulata (GABA regulation), while the other con-
tains non-aggregated cells projecting either to the substantia nigra pars retic-
ulata and/or the internal globus pallidus (dynorphin regulation) (DESBAN et
al. 1995; KeMEL et al.1992). According to GRAYBIEL et al. (1991), matrix terri-
tories enriched in aggregated neurons can be activated from somatosensory
cortical areas and correspond to the matrisomes.
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III. NMDA-Dependent Local Inhibitory Circuits of DA
Transmission Occur in Both Striatal Compartments
and Involve GABA and Dynorphin

In rat, bicuculline and naloxone were also shown to induce disinhibitory
effects on the release of DA evoked by NMDA (50uM). However, these
responses which result respectively from the blockade of the inhibitory effects
of GABA and dynorphin on dopaminergic transmission, were observed in
both striatal compartments. In addition, they were found to be much more
potent in striosomes than in the matrix (KreBs et al. 1994).

The disinhibitory effects of bicuculline and naloxone on the NMDA-
evoked release are not additive in the striosomes, but a complete additivity is
observed in the matrix (Fig. 3). This latter observation, which is reminiscent of
the results obtained in cat with acetylcholine, could reflect the heterogeneity
of the matrix. Since NMDA stimulates as well the release of acetylcholine, a
cholinergic link could be involved in the NMDA -sensitive inhibitory local cir-
cuits which contribute to the modulation of DA transmission. Supporting this
statement, as observed with bicuculline and naloxone, the complete blockade
of cholinergic transmission with atropine and pempidine resulted in a marked
facilitation of the NMDA-evoked release of DA and this effect was only
observed in the matrix (Fig. 3).

IV. Facilitation by DA of the NMDA -Sensitive Local Inhibitory
Circuits Involved in the Presynaptic Regulation of DA Release
in Striatal Compartments

Through its effects on D, and D; receptors, DA which is released under the
local application of a small concentration of NMDA (50uM) regulates also
some of the local circuits responsible for the presynaptic control of its own
release process. Indeed, disinhibitory effects on NMDA-evoked responses
were also observed in the presence of either sulpiride or SCH23390, the antag-
onists of D, and D, receptors, respectively. As observed with bicuculline and
naloxone, the disinhibitory effects of the DA antagonists were of much larger
amplitude in striosomes than in the matrix. These marked disinhibitory effects
were suppressed in the presence of tetrodotoxin demonstrating that these
responses result from the blockade of the action of DA on target cells of the
striatum. From these results, it can be concluded that under the application of
a moderate concentration of NMDA, through its effects on D, or D, recep-
tors, released DA inhibits its own release process by facilitating NMDA -
sensitive inhibitory local circuits involved in the control of DA transmission,
and that these effects occur in both striatal compartments.

According to several groups (GERFEN et al. 1990; LE MoINE and BLocH
1995; YuNG et al. 1995; INCE et al. 1997), in the matrix D1 receptors are mainly
located on the GABAergic neurons which project to the substantia nigra pars
reticulata and the entopeduncular nucleus, while D, receptors are mainly
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Fig. 3. Local inhibitory circuits of DA transmission triggered by acetylcholine or
NMDA in striosomes and matrix. Selected areas of cat caudate nucleus (upper part)
and of rat striatum (lower part) known to correspond to striosomes and matrix terri-
tories (Mx1 and Mx1, two distinct matrix areas in cat) were superfused using a micro-
superfusion device and the release of [PH]-DA newly synthesized from [*H]-tyrosine
was estimated in successive 5-min fractions. Acetylcholine (ACh) or NMDA (in a mag-
nesium-free CSF) was applied during 25 min, 65 min after the onset of the superfusion.
When used, bicuculline (5uM) and/or naloxone (1uM) or atropine (1uM) and pem-
pidine (10uM) were present throughout the superfusion. Results correspond to the
mean value of the evoked release of [PH]-DA (minus the spontaneous release) during
the overall 25min application of either ACh or NMDA. Due to the amplitude of the
responses, NMDA data are expressed on a 5-min basis. Results are the mean + SEM
of data obtained in 8-17 experiments. *p < 0.05 effects of ACh (upper part) or of
NMDA (lower part) in the presence of bicuculline, naloxone or atropine and pempi-
dine when compared to the corresponding control response induced by ACh or NMDA
alone; #p < 0.05 effect of NMDA in the presence of bicuculline and naloxone when
compared to the effect of NMDA in the presence of either bicuculline or naloxone
alone in the matrix compartment
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found on the GABAergic neurons which project to the external globus pal-
lidus. On this simplified basis, two distinct inhibitory circuits could be involved
in the D; and D, receptor-mediated inhibitory control of DA transmission.
Attempts were thus made to confirm this hypothesis by additivity experiments
performed in the presence of sulpiride or SCH23390 with either bicuculline,
naloxone or RP67580, a potent antagonist of NK1 tachykinin receptors
(Gagrrer et al. 1991). RP67580 was also used in these experiments for several
reasons: (1) substance P facilitates in a tetrodotoxin-sensitive manner the
spontaneous release of DA in the matrix, and this effect which is blocked by
RP67580 can also be partially blocked by cholinergic antagonists (TREMBLAY
et al. 1992); (2) cholinergic interneurons possess NK1 receptors (GERFEN 1991;
AUBRy et al. 1994; JakaB ET GoLDMAN-RaAKIC 1996), substance P stimulates
the evoked release of acetylcholine (ARENAS et al. 1991; PeTiTET et al. 1991;
ANDERSON et al. 1993; GUueEvAra GuUzMaN et al. 1993), and this effect is also
blocked by RP67580; and (3) as with bicuculline and naloxone, RP67580
induced a disinhibitory effect on the NMDA (50uM)-evoked release of DA
in the matrix (Fig. 4). This further indicates that substance P contributes also
to the NMDA-dependent local control of DA transmission. This is not sur-
prising since, as previously discussed, acetylcholine can be an intermediate link
of the NMDA -sensitive inhibitory circuits involved in the presynaptic control
of DA transmission.

Interestingly, additive disinhibitory effects were found when the D,
antagonist sulpiride was co-applied with naloxone and RP67580, while no
additivity occurred under the co-application of sulpiride and bicuculline. In
contrast, additivity effects were found when the D1 antagonist was co-applied
with either bicuculline or naloxone but not under the co-application of
SCH23390 and RP67580 (Fig. 4). Several conclusions can be drawn from these
experiments:

1. In agreement with our hypothesis, the disinhibitory effects of sulpiride and
SCH23390 are mediated through distinct local circuits.

2. The prevention of the inhibitory effect of GABA on the evoked DA trans-
mission could be the common link between the disinhibitory effects of
sulpiride and bicuculline on the NMDA-evoked response.

3. The prevention of the inhibitory effect of substance P on the evoked DA
transmission could be the common link between the disinhibitory effects
of SCH23390 and RP67580. This could suggest that through its effects
on D1 receptors, DA facilitates the NMDA-evoked release of substance
P, which is in agreement with the co-localisation of substance P in the
GABAergic neurons possessing D1 receptors.

4. The additivity of the disinhibitory effects of naloxone and sulpiride on one
hand and of naloxone and SCH23390 on the other hand suggest that DA
has little influence on the naloxone-sensitive inhibitory circuit triggered by
NMDA and further underline the complexity of the matrix anatomical
organisation.
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Fig. 4. Role of D, and D, receptors in the NMDA-sensitive inhibitory circuits involved
in the presynaptic regulation of DA release in the matrix. Experiments and expression
of data are as described in the legend of Fig. 3. NMDA (in a magnesium-free CSF) was
applied for 25min, 65min after the onset of the superfusion. When used, SCH23390,
sulpiride, bicuculline, RP67580 or naloxone were present throughout the superfusion.
Results correspond to the mean value of the evoked release of [PH]-DA (minus the
spontaneous release) during the overall 25-min application of NMDA (expressed on a
5-min basis). Results are the mean + SEM of data obtained in 10-17 experiments.
*p < 0.05 effect of NMDA in the presence of either SCH23390, sulpiride, bicuculline,
RP67580 or naloxone when compared to the effect of NMDA alone; #p < 0.05 effect
of NMDA in the presence of the combined application of antagonists (bicuculline and
SCH23390, RP68580 and sulpiride, naloxone and SCH23390 or naloxone and sulpiride)
when compared to the effects of NMDA in the presence of either SCH23390, sulpiride,
bicuculline, RP67580 or naloxone alone
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E. Conclusions

Since the discovery that Parkinson’s disease results from the degeneration of
the nigrostriatal dopaminergic neurons, the crucial role of DA in the appro-
priate transfer of signals from the striatum to output structures from the basal
ganglia has been well established. Several studies have been made to deter-
mine how released DA modulates signals delivered from various cortical areas
or specific thalamic nuclei to different populations of striatal cells. Recipro-
cally, it seems important to precisely identify the mechanisms responsible for
the regulation of DA transmission.

Due to the development of molecular biology, major efforts have been
made during the last decade to increase our knowledge on DA receptors, their
transduction processes and their effects on intracellular signalling cascades.
Much has also been learnt about the processes of DA receptor expression and,
due to the availability of specific antibodies, the cellular localisation of these
receptors. Thanks to the development of the microdialysis technique, several
release studies in vivo on unanaesthetised rats have allowed us to obtain some
information on the relationships between changes in DA release and be-
havioural responses in pharmacological or physiological states. However, sur-
prisingly, less attention has been made to explore more deeply the different
types of presynaptic regulatory processes which contribute to the control of
DA release in the striatum. In the present review, we have attempted to show
that great progress can still be made in this particular field.
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CHAPTER 15
Dopamine — Acetylcholine Interactions

E. Acquas and G. D1 CHIARA

A. Introduction

Dopamine-acetylcholine interactions can take place within and outside the
striatum. In the striatum, cholinergic neurons are large aspiny interneurons
that comprise 1%-3% of the total neuronal population of the striatum in rats
(FiBiGER 1982; PHELPS et al. 1985) and monkeys (MEsULAM et al. 1984; DIFiGLIA
1987), and by virtue of their dendritic arborization extend over large territo-
ries in the striatum (WooLF 1991). Striatal cholinergic neurons receive direct
excitatory glutamatergic inputs from the cortex and in particular from the
parafascicular thalamus (LappEr and Boram 1992) and dopaminergic inputs
from substantia nigra pars compacta (Kusota et al. 1987). Striatal cholin-
ergic neurons receive inhibitory and modulatory influences from various
interneurons and from y-aminobutyric acid (GABA )ergic medium-size spiny
neurons where they finally converge with DA neurons (D1 CHiara et al.
1994a). Acetylcholine, on the other hand, modulates the function of dopamine
mesencephalic neurons by an action on nicotinic receptors by virtue of cholin-
ergic projections from pontomesencephalic cell groups (GarzoN et al. 1999).
Dopamine-acetylcholine interactions also take place outside the striatum;
in fact, dopaminergic projections from the substantia nigra and ventral
tegmental area (ZABORSzZKY et al. 1991; ZiLLEs et al. 1991) to Ch1-Ch4 cho-
linergic nuclei in the basal forebrain (MesuLam et al. 1994) or indirectly
through interposed neurons in the nucleus accumbens, are responsible of the
control exerted by dopamine over cortically and hippocampally projecting
neurons.

B. Dopamine — Acetylcholine Interactions in the
Basal Ganglia

Basal Ganglia are currently understood to gate executive cortical functions by
parallel processing of neural information along somatotopically organized
fast-transmitting cortico-striato-cortical modules (CHEVALiER and DENIAU
1990; DeLonG 1990); this hierarchical system is intersected at the level of
the striatum by a network organized in a diffuse, non-somatotopic fashion
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and performing slow, synchronous modulatory operations (GRAYBIEL 1990;
D1 CHiara et al. 1994a) . This striatal modulatory network is made up of two
main components: an intrinsic component, made of striatal acetylcholine
neurons (D1 CHiaRA and MoORELLI 1994; GERFEN and WiLsoN 1996) and an
extrinsic component, consisting of meso-striatal dopamine neurons (GERFEN
and WiLsoN 1996). Dopamine and acetylcholine neurons might function as
a co-ordinated modulatory device of the activity of striatal medium spiny
neurons. Striatal acetylcholine neurons [which correspond to striatal tonically
active neurons (TANs)] and dopamine neurons fire in a tonic, pacemaker-like
mode interrupted by phasic changes in response to unexpected, motivation-
ally salient stimuli (APICELLA et al. 1991; ScHULTZ et al. 1992). Phasic changes
in firing activity are reciprocal (e.g. burst in dopamine neurons, pause in acetyl-
choline neurons) and largely synchronous. Dopamine and acetylcholine, in
turn, exert reciprocal effects on striatal medium spiny neurons that encompass
the segregation of dopamine and muscarinic receptor subtypes to different
subpopulations of spiny neurons at the level of the transduction mechanisms
(D1 CHiaRra et al. 1994a) (see Fig. 1). Thus, in striato-nigral neurons (direct
pathway) stimulation of adenylate-cyclase and facilitation of N-methyl-p-
aspartate (NMDA) transmission by D; receptors is associated to inhibition
of adenylate cyclase by M, receptors (HULME et al. 1990); conversely, in stria-
to-pallidal neurons (indirect pathway), inhibition of adenylate cyclase by
D, receptors is associated with stimulation of phosphoinositol turnover and
facilitation of NMDA transmission by M; receptors (HULME et al. 1990).
Consistent with the co-ordinated nature of dopamine and acetylcholine
striatal modulatory transmission is the direct control exerted by dopamine
over acetylcholine transmission in the striatum.

I. Early Studies

The early understanding of the mechanism of the control by dopamine over
acetylcholine transmission was based on studies of the effects of dopamine
receptor agonists and antagonists on striatal acetylcholine levels assayed ex
vivo and on acetylcholine release estimated in vitro in synaptosomal or slice
preparations (LEHMANN and LANGER 1983; StooF et al. 1992). Changes in
turnover rates of acetylcholine, or in brain acetylcholine concentrations in
post-mortem tissue, were utilised as an indirect index of in vivo acetylcholine
release. These studies showed that non-selective dopamine receptor agonists
decreased acetylcholine turnover rates (TRABUCCHI et al. 1975) and increased
acetylcholine in brain tissue (McGEER et al. 1974; Wong et al. 1983); con-
versely, dopamine D, receptor antagonists decreased acetylcholine concen-
trations in tissue (STADLER et al. 1973). In vitro studies, on the other hand,
showed that dopamine, by acting onto D,-like receptors inhibits K*- or elec-
trically evoked acetylcholine release from striatal slices (HERTTING et al. 1980;
DRrUKARCH et al. 1989; DRUKARCH et al. 1991). On this basis it was hypothe-
sized that dopamine controls acetylcholine transmission in an inhibitory
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Fig. 1. Schematic diagram of the relationship between acetylcholine, dopamine and
glutamate-N-methyl-p-aspartate (NMDA) transmission in the striatum. Dopamine
(DA) input from substantia nigra pars compacta (SNc) and excitatory amino acid input
from cerebral cortex and intralaminar thalamus impinges upon acetylcholine (ACh)
interneurons, substance PPGABA projections to the substantia reticulata and to the
entopeduncular nucleus and upon enkephalin (Enk)/GABA neurons to the globus
pallidus (GP). Red symbols indicate receptors with excitatory actions, while blue boxes
indicate receptors with inhibitory actions. Stimulation of post-synaptic D, receptors
facilitates, while stimulation of D, receptors reduces the sensitivity of cholinergic
medium-size spiny neurons to excitatory phasic input (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) from the cerebral cortex and thalamus. Through the action of
pre-synaptic D, receptors DA reduces ACh and glutamate (GLU) release. ACh would
act on Enk neurons mainly through facilitatory M, receptors and on substance P (SP)
neurons through inhibitory M, receptors. (Redrawn from D1 CHiara et al. 1994)

fashion through pre-synaptic D, receptors (LEHMANN and LANGER 1983; STOOF
et al. 1992).

While this hypothesis was established, drugs active with high selectivity
on D;-like receptors became available (SETHY and VAN WOERT 1974; SETHY
1979; Iorio et al. 1983). Initially it was shown that the D, receptor antagonist
SCH 23390 increases striatal acetylcholine concentrations (FAGE and ScaTToN
1986). However, in vitro studies failed to observe any effect on acetylcholine
release (ScartoN 1982a,b; DoLezAL et al. 1992; Teprorp et al. 1992) or
obtained conflicting results (GoreLL et al. 1986; GOreLL and CZARNECKI 1986).
With the introduction of brain microdialysis for the estimation of the extra-
cellular acetylcholine concentrations in vivo (CoNsorLo et al. 1987a; DaMsma
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et al. 1987) it was demonstrated that the D; receptor antagonist SCH 23390
decreases acetylcholine release (ConsoLo et al. 1987b) and blocks the increase
of acetylcholine elicited by the D;/D, agonist apomorphine (BERTORELLI and
Consoro 1990). Subsequently the D, receptor agonist SKF 38393 was found
to increase striatal acetylcholine release after systemic administration
(Consoro et al. 1987b; DamsMaA et al. 1990; Damsma et al. 1991; ImpeRATO et
al. 1993) (see Fig. 2). These observations, together with the previous ones
obtained with D, receptor agonists and antagonists, led to the hypothesis that

Fig. 2. Effect of (+)-SKF 38393 (10mg/kg s.c.) (rop) or CY 208-243 (1mg/kg s.c.)
(bottom) on striatal acetylcholine output and (zop) on grooming and sniffing behav-
iours. (Reproduced, modified, with permission from DamsMa et al. 1990)
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dopamine controls acetylcholine function in a reciprocal fashion, facilitating
it by an action on D, receptors and inhibiting it by an action on D, receptors
(BerToRELLI and ConsoLo 1990; DamMsMA et al. 1991; BERTORELLI et al. 1992;
D1 CHiARa et al. 1994a).

II. Direct D, Receptor-Mediated Facilitation of Striatal
Acetylcholine Transmission

The neural mechanism by which the control of acetylcholine release takes
place and in particular the location, intra- or extra-striatal, of the D, receptors
facilitating striatal acetylcholine release has been the subject of much debate.
Various observations point to a striatal location of D; receptors controlling
striatal acetylcholine release. Thus, local striatal application of the D; antago-
nist SCH 23390 reduced striatal acetylcholine release (ConsoLo et al. 1992)
while the D; agonist SKF 38393 stimulated it (Anma et al. 1990; ZoccHi
and PErT 1993; ANDERSON et al. 1994; Sato et al. 1994; STEINBERG et al. 1995).
Consistent with an intra-striatal mechanism was also the observation that
intra-striatal infusion of an antagonist of substance P receptors blocked the
stimulant effects of D; receptor agonists on acetylcholine release ( ANDERSON
et al. 1994) and that intra-striatal dopamine receptor agonists affected, via a
D;-receptor dependent mechanism, the expression of genes for transcription
factors and for peptides by specific subpopulations of striatal output neurons
(e.g. preproenkephalin in striato-pallidal and preprodynorphin in striato-
nigral neurons) (WanG and McGinty 1997).

Recent evidence has much strengthened the hypothesis of a striatal loca-
tion of D; receptor-mediated influences on acetylcholine function and has
definitely cleared some difficulties with that hypothesis. One such difficulty
was the failure to demonstrate a D;-mediated facilitation of acetylcholine
release in synaptosomal preparations which consistently allowed the demon-
stration of a D,-mediated inhibition (DoLEZAL et al. 1992; TEDFORD et al. 1992).
However, it has been later reported that D, receptor agonists stimulate acetyl-
choline release in dissociated striatal cell preparations that maintain the
integrity of acetylcholine somata and dendrites (LoGiN et al. 1995a,b). More
recently, studies performed in striatal slices have shown that large aspiny
neurons identified as cholinergic are slowly depolarized by dopamine and by
SKF 38393 through a D, receptor-mediated mechanism related to the sup-
pression of resting K* conductance and to opening of non-selective (mono and
divalent) cation channels in a cyclic adenosine monophosphate (cAMP)-
dependent fashion (Aosaki et al. 1998) (see Fig. 3).

Another difficulty with the hypothesis of a striatal location of D; recep-
tors controlling acetylcholine release was the low prevalence of D, receptor
expression (30%) on striatal acetylcholine neurons reported by early in situ
hybridization studies (LE MOINE et al. 1991).

However, application of more sensitive techniques of detection of the
dopamine receptor message in striatal acetylcholine neurons has resulted in
increase of the proportion of cells expressing D, receptors from the initial 30%
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Fig. 3. Effects of the D;-like agonist, SKF 38393, on striatal large aspiny neurons. A A
whole-cell current-clamp recording with a resting membrane potential of -65mV illus-
trates a slowly rising, prolonged and reversible membrane depolarization with actions
potentials occurring during the peak of the response. B, C Voltage-clamp traces
(holding potential -60mV) recorded from a large aspiny neuron in saline containing
tetrodotoxin illustrate a slow inward current induced by SKF 38393. (Reproduced,
modified, with permission from Aosaxi et al. 1998)

(LE MoInE et al. 1991) to 70% (JoNGEN-RELO et al. 1995) and to 95% (YaN et
al. 1997). Specifically, 88% of striatal acetylcholine neurons express the Ds/Dy
subtype and 17% the D, subtype (YAN et al. 1997).

Difficulties with the hypothesis of a striatal location of D, receptors con-
trolling acetylcholine release have also arisen from the failure of some Authors
to observe in vivo changes in acetylcholine release following intrastriatal infu-
sions of D, receptor antagonists (DamsMa et al. 1991; DE BoEr et al. 1992;
Acquas et al. 1997). However, evidence has been provided that this failure
could be due to an interaction between the rat strain (Wistar) and the anaes-
thetic (pentobarbital) utilized for probe implantation (CoNsoLo et al. 1996a).
Further support of an intra-striatal location of D, receptors controlling stri-
atal acetylcholine release has been provided by the report that local infusion
of the D, receptor antagonist SCH 39166, at concentrations of 5 and 10uM,
reduces in vivo acetylcholine release in a concentration-dependent and
reversible manner (Acquas and D1 CHiara 1999a) (see Fig. 4).

Finally, a somato-dendritic localization of D; receptors and a pre-synaptic
localization of D, receptors on acetylcholine neurons can explain the finding



Dopamine — Acetylcholine Interactions 91

~O—n. Ringer

—~SCH 39166 0.5 uM

—¥—SCH 39166 1 pM
125} —{3- SCH 39166 5 uM
—@— SCH 39166 10 pM

1004

754

ACh output: % of basal

time (min.)

Fig. 4. Effect of SCH 39166 (0.5-10uM) in presence of 0.01 uM neostigmine and the
reversal of the effect during perfusion with SCH 39166-free Ringer on in vivo striatal
acetylcholine release. Values are expressed as percentage baseline. Vertical bars repre-
sent standard error of mean (SEM). (Reproduced with permission from Acquas and
D1 CHiArA 1999a)

that intrastriatal infusion of amphetamine reduces striatal acetylcholine release
(DE Boer et al. 1992; ABercromBIE and DEBOER 1997) and that subsequent
systemic administration of amphetamine increases it (ABERCROMBIE and
DEeBoer 1997). Thus, after local amphetamine, a preferential release of
dopamine onto pre-synaptic D, receptors located on acetylcholine terminals
in the immediate vicinity of the dialytic membrane would take place; after
systemic administration, instead, amphetamine, by distributing to the whole
striatum, would reach a sufficient number of dopamine terminals to affect the
firing activity of acetylcholine neurons and stimulate acetylcholine release by a
D, receptor-mediated mechanism. According to this hypothesis, local intra-
striatal amphetamine reduces acetylcholine release by acting mainly on pre-
synaptic D, receptors, while systemic amphetamine stimulates acetylcholine
transmission by releasing dopamine on somato-dendritic D, receptors.

In conclusion, the available evidence strongly suggests that D;-mediated
influences on striatal acetylcholine release arise from an action on dopamine
receptors located on striatal acetylcholine neurons.
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III. Separate Transduction Pathways for D, and D,
Receptor-Mediated Influences on Acetylcholine Transmission

No matter what is the final effect of stimulation of D; and D, receptors on the
activity of acetylcholine neurons is, they act post-synaptically by different
transduction mechanisms that might operate independently (DRUKARCH et al.
1989; StooF et al. 1992). For example, it has been reported that under condi-
tions in which D; receptor stimulation depolarizes acetylcholine neurons (by
suppressing a resting K* conductance and/or by opening a non-selective cation
channel) (Aosaxki et al. 1998), D, receptor stimulation fails to elicit consistent
changes in membrane conductance (YAN et al. 1997). On the other hand, while
D, actions on acetylcholine neurons are reportedly mediated by cAMP, D,
receptor activation in acetylcholine neurons inhibits N-type Ca™ channels
through a cAMP-independent mechanism (DRUKARCH et al. 1989; YaN et al.
1997). Therefore, at the somato-dendritic level the functional pathway acti-
vated by D, receptor stimulation might carry its neural computations without
interference from the pathway activated by D, receptors even in the instance
in which both pathways are activated concurrently.

It should also be pointed out that, in contrast to D, receptors, D, recep-
tors are present not only on somata and dendrites but even more so on the
terminals of acetylcholine neurons (Joyce and MARsHALL 1987) where, by
inhibiting N-type Ca*™ channels (YaN et al. 1997), they can modulate acetyl-
choline release. This, coupled to the different affinity for dopamine, might
result in different outcomes in relation to different levels of activity of the
dopamine input. Therefore, the contemporary activation of D; and D, recep-
tors on acetylcholine neurons, rather than cancelling each other, might affect
the reactivity of the acetylcholine neuron in a concerted, functionally mean-
ingful manner.

IV. Independent Gating of Input to Striatal Acetylcholine Neurons
by Dopamine Receptor Subtypes

Modulatory influences exert their effects mainly by affecting the sensitivity of
the neuron to fast synaptic input mediated by ionotropic receptors (D1 CHIARA
et al. 1994b). This principle might be particularly valid for dopamine input
whose main function might be that of gating fast synaptic input on striatal
spiny neurons and acetylcholine neurons (Kirar and SurMEIER 1993; D1
CHiIARA et al. 1994b). Therefore, a fundamental role in the concerted action of
dopamine receptor subtypes on acetylcholine function might be played by the
input that drives the striatal acetylcholine neuron.

Striatal acetylcholine neurons are under at least two excitatory inputs,
both mediated by glutamate: a major one originating from the intralaminar
thalamus (LAPPER and Bor.aM 1992) and a minor one originating from the cere-
bral cortex (Divac et al. 1977; McGgEgr et al. 1977; FonNuM et al. 1981). In vivo
microdialysis studies indicate that the two inputs control acetylcholine release
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Fig. 5. Effect of SKF 82958 (3mg/kg) (left) of d-amphetamine (d-AMPH; 2mg/kg)
(right) on acetylcholine output from rat striatum after bilateral electrolytic lesion
of the nucleus parafascicularis of the thalamus (Pf). (Reproduced, modified, with
permission from Consoro et al. 1996)

by different glutamate receptor subtypes (GIOVANNINI et al. 1995; Starr 1995).
Thus, striatal acetylcholine release can be induced by focal electrical stimula-
tion of the intralaminar thalamus (BaLpi1 et al. 1995; ConsoLro et al. 1996b)
or of the cerebral cortex (TABER and FiBIGER 1994); however, while the first
seems dependent upon NMDA receptors, being blocked by MK-801, the
second is dependent upon o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA)/kainate receptors, being blocked by L-glutamate diethyl ester
(SpeENCER 1976; ConsoLo et al. 1996b). D, receptor-induced stimulation of stri-
atal acetylcholine release is in turn dependent upon an intact intralaminar
thalamus and upon the availability of NMDA receptors in the striatum (BALDI
et al. 1995; ConsoLo et al. 1996¢) (see Figs. 5 and 6). These observations have
been interpreted to indicate that D, receptor stimulation amplifies the effect
of glutamate on striatal acetylcholine neurons released from thalamic affer-
ents at NMDA receptors. These observations raise the possibility that the
two excitatory inputs to striatal acetylcholine neurons are gated by different
dopamine receptor subtypes. Thus, similarly to what has been reported for stri-
atal medium-size spiny neurons (Kita1 and SURMEIER 1993), while D, receptor
activation might specifically facilitate thalamic excitation mediated by NMDA
receptors, D, receptor activation might selectively reduce cortical excitation
mediated by AMPA/kainate receptors (GLUR). In this manner, activation of
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Fig. 6. Effect of the NMDA receptor antagonist MK-801 (0.1mg/kg) (left panels) or
the non-NMDA receptor antagonist, DNQX (3 ug/i.c.v. each side) (right panels) on SKF
82958 (3mg/kg) (top) of d-AMPH (bottom) on acetylcholine output from rat striatum.
(Reproduced, modified, with permission from ConsoLo et al. 1996)

D1 receptors by dopamine would shift the excitatory input to the acetylcholine
neuron in favour of the thalamic one.

Acetylcholine neurons also receive two distinct inhibitory inputs, a sparse
one provided by GABA, receptors and activated by recurring collaterals of
medium-size spiny neurons (BoLaM et al. 1986; Boram and Izzo 1988) and,
probably, by GABA interneurons, and a more robust one, provided by mus-
carinic M, receptors. Both these inputs are able to generate inhibitory post-
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synaptic potentials (IPSPs): a rapid one, related to influx of Cl ions, and a slow
one, due to a G protein-mediated facilitation of K*-conductance. It has been
reported that Dy (Ds) receptors enhance a Zn-sensitive component of GABA
currents through a protein kinase A/protein phosphatase 1 pathway (Yan
et al. 1997).

Finally, another way by which dopamine can gate neural information onto
acetylcholine neurons is by presynaptic inhibition of transmitter release. This
influence is mediated by D, receptors through a reduction of N-type calcium
currents (YAN et al. 1997) and seems to affect mostly GABA, and acetyl-
choline inputs (i.e. the inhibitory inputs) and to a lesser extent excitatory
inputs (Pisani et al. 2000). As dopamine is present extracellularly in the stria-
tum in concentrations sufficient to activate high-affinity D, receptors, it is
likely that dopamine exerts a tonic inhibitory barrage on inhibitory inputs over
acetylcholine neurons.

V. Relative Role of D, and D, Receptors in the Control of
Striatal Acetylcholine Function

Once established that acetylcholine neurons possess both D;-like and D,-like
receptors capable of directly modulating the function of acetylcholine
neurons, the problem has arisen as to the physiological role of these receptors
in the control of acetylcholine function by endogenous dopamine. A compli-
cating circumstance for the appraisal of the function of each dopamine recep-
tor subtype independently from the other is the fact that, due to the existence
of a feedback control of endogenous dopamine release by both D;-like and
D,-like receptors, any manipulation of each receptor subtype by agonists or
antagonists invariably affects the release of endogenous dopamine and there-
fore the input on the other receptor subtype. This circumstance has generated
three hypotheses: one hypothesis is that dopamine controls acetylcholine
function primarily by D; receptors (DamsMa et al. 1991; ImpERATO et al. 1993;
IMPERATO et al. 1994a). This hypothesis is based on the observation that even
the D, antagonist-induced increase of acetylcholine release is reversed by a
D, antagonist and that combined administration of a D, antagonist and of a
D, agonist is no more effective in reducing acetylcholine release than each
drug given alone (IMPERATO et al. 1994a). Accordingly, D, antagonists would
increase acetylcholine release indirectly by stimulating dopamine release onto
D, receptors (Damsma et al. 1991). This hypothesis predicts that any change
in the absolute levels of dopamine would result in a correspondent change in
D;-mediated stimulation of acetylcholine function and release. Accordingly,
dopamine depletion should reduce acetylcholine release; this, however, is not
the case (BERTORELLI et al. 1992; IMPERATO et al. 1994b). This hypothesis is also
unable to explain the observation that by reducing the Ringer concentration
of the acetylcholine-esterase inhibitor, neostigmine (from 100nM to 10nM),
D,-mediated inhibition of acetylcholine release increases independently from
an action on D, receptors (DEBOER and ABERCROMBIE 1996). Another hypoth-
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esis, opposite to the above one, posits that dopamine controls acetylcholine
function primarily through inhibitory D, receptors (DEBOER et al. 1996).
Accordingly, changes in acetylcholine release elicited by D; receptor antago-
nists would be the result of changes in the release of endogenous dopamine
onto D, receptors. This hypothesis rests on the observation that large doses of
amphetamine (10mg/kg) reduce striatal acetylcholine release (DEBoER and
ABERCROMBIE 1996; Acquas et al. 1998) in dialysates and increase post-mortem
brain levels of acetylcholine while very low doses of the D,/D; agonist quin-
pirole (3pg/kg s.c.) that reduce dopamine release, increase acetylcholine
release (DEBOER et al. 1996). However, the physiological relevance of the first
observations is doubtful, given the non-physiologic increase of extracellular
dopamine (20 times or more) by such doses of amphetamine. As to the second
observation, closer examination of the results obtained shows that the increase
of acetylcholine is small and biphasic (at 15 and 60min but not at 30 and
45min) and dissociated from the reduction of dopamine (peak acetylcho-
line effect: 15min; peak dopamine effect: 45-60min). On the other hand this
hypothesis, like the first one, does not account for the observation that drugs
which reduce extracellular dopamine (e.g. reserpine and o-methyl tyrosine) or
increase it (e.g. 2mg/kg of amphetamine) fail to modify striatal acetylcholine
release. A third hypothesis, integrative of the previous two, posits that endoge-
nous dopamine controls acetylcholine transmission in a reciprocal manner
through both facilitatory D; and inhibitory D, receptors (BERTORELLI et al.
1992; D1 Cuiara and MoreLLI 1994). This hypothesis is confirmed by the recent
observation that low doses of the D,/D; agonist quinpirole and of the pre-
ferential D; agonist PD 128,907, while prevent the feedback stimulation of
dopamine release by the D, antagonist SCH 39166, potentiate the reduction
of acetylcholine release induced by SCH 39166 (Acquas and D1 CHIARA
1999b) (see Fig. 7).

Electrophysiological studies performed on striatal acetylcholine neurons
isolated in vitro, have revealed the possibility that D; receptor stimulation
reduces the activity of acetylcholine neurons. D; receptors would exert this
effect by at least two mechanisms: by facilitating of after-hyperpolarization
with prolongation of interspike interval (BENNETT and WiLson 1998) and by
potentiating GABA-mediated inhibition (YAN and SurMEIER 1997). Although
this possibility apparently contrasts with the observation that D; receptor
stimulation depolarizes acetylcholine neurons (Aosaki et al. 1998), it is not
unlikely that, given the relativistic nature of modulatory influences, stimula-
tion of D; receptors exerts, depending on the state of the acetylcholine neuron,
a facilitatory or inhibitory influence an acetylcholine neurons. Recently the
above mechanisms have been implicated in the pause of TANS in response to
conditional stimuli (BENNETT and WiLsoN 1998). Thus, it has been suggested
that firing of dopamine neurons in response to stimuli results in activation
of D, receptors on striatal TANs with secondary prolongation of after hyper-
polarization and potentiation of GABA-mediated inhibition (BENNETT and
WiLson 1998). However, the possibility that phasic changes in TAN activity
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Fig. 7. Effects of saline followed by a second administration of saline or SCH 39166
(50pg/kg) and effect of the administration of PD 128,907 (50pg/kg), followed by the
administration of saline or SCH 39166 (50pg/kg) thereafter, on striatal dopamine
release on striatal dopamine (fop) or acetylcholine (bottom) release. Values are
expressed as percentage baseline. Vertical bars represent SEM. Arrows indicate the
last pretreatment sample. *p < 0.05 with respect to the correspondent point of the
PD 128,907 (ng/kg)+SCH 39166 (50ug/kg) group. (Reproduced with permission from
Acquas and D1 CHiara 1999b)

are secondary to phasic changes in dopamine neuron activity is made unlikely
by the fact that the latency of phasic events in dopamine neurons (~100ms)
(Scuurrz et al. 1993) and in TANs (67-150ms) (Aosaki et al. 1995) is
superimposable, suggesting that these events are synchronous rather than
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sequential. Therefore, if dopamine is essential for TAN responses, its action
should be regarded as tonic rather than phasic. Consistent with this possibil-
ity is the observation that administration of a dopamine receptor agonist,
apomorphine, reinstates phasic TAN responses in animals lesioned with the
dopaminergic neurotoxin MPTP (Aosaki et al. 1994).

VL Nicotinic Receptors and Dopamine Neurons

On the basis of various criteria (ligand binding affinity estimated by autora-
diography, desensitization kinetics estimated in electrophysiological experi-
ments, presence of a 3, subunit and sensitivity to blockade by a-bungarotoxin
and methyllycaconitine), four different nicotinic receptor subtypes have been
distinguished: type 1, containing o, subunits; type 2, containing [, subunits
either with o, (most abundant), o, o5 or with o, and B, subunits; type 3, con-
taining B, subunits with oz or os (0P, or asp,), and type 4, containing B,
subunits with o, or o (0,84, 0B4) (similar to type 3 but rapidly desensitizing)
(Zoti et al. 1998).

Cholinergic projections from pontomesencephalic cell groups (Ch5 and
Ch6) to mesencephalic dopamine cell bodies in the substantia nigra (SN)
pars compacta and ventral tegmental area (VTA) have been demonstrated
(HenpersoN and SHERRIFF 1991; OakmaN et al. 1995). Studies of mRNA
expression have shown that the dopamine neurons of the substantia nigra,
VTA and retrorubral field express mRNA for o,, o3, oy, Os, O, B, and PBs
(DenEris et al. 1989; Wabpa et al. 1989). as-like immunoreactivity has also
been demonstrated in the mesencephalic tegmentum (SEGUELA et al. 1993;
DOMINGUEZ et al. 1994; ScuiLstroM et al. 1998a). Single cell reverse tran-
scriptase polymerase chain reaction (RT-PCR) studies revealed the presence
of mRNA for o subunit in ~40% of dopamine neurons in the SN and VTA
(Kuink et al. 2001) and the strict correspondence between detection of
o;-mRNA and electrophysiological response to choline (KLINk et al. 2001)
suggests the existence of functional o,;-containing nicotinic receptors in SN and
VTA neurons. A minority (~10%) of dopamine neurons also express the B,
subunit (KrLiNk et al. 2001); double labelling studies for the assessment of
0, subunit-like immunoreactivity and tyrosine hydroxylase unequivocally
demonstrated that o, subunit immunoreactivity is present in mesencephalic
dopaminergic cells (ArRroYo-JIMENEZ et al. 1999).

VII. Actions of Nicotine on Dopamine Function

Nicotine stimulates the synthesis, metabolism and release of dopamine and the
functional activity of dopamine neurons both in vitro and in vivo. Early in vitro
studies showed that nicotine stimulates the release of [’H| dopamine from stri-
atal slices, minced tissue and synaptosomes (GOODMAN 1974; WESTFALL 1974;
ARQUEROS et al. 1978; CoNNELLY and LITTLETON 1983; GIORGUIEFF-CHESSELET
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et al. 1979; SAKURAT et al. 1982; MARIEN et al. 1983; TAKANO et al. 1983; WEST-
FALL et al. 1983). Nicotine also reportedly stimulates [*H]dopamine release
from minced nucleus accumbens tissue in a range of concentrations (4107 M
in nucleus accumbens [NAc] tissue [ROWELL et al. 1987] and 3"10” M in mouse
striatal synaptosomes [Grapy et al. 1994]), in good agreement with the con-
centration of nicotine found in the blood of smokers (ARMITAGE et al. 1975;
RussELL et al. 1980; KoGan et al. 1981).

Intracellular recording studies from ventral tegmental dopamine neurons
in vitro have shed light on the cellular mechanism of nicotine actions on
dopamine neurons. CALABRESI et al. (1989) showed that nicotine (10-100 uM)
depolarizes dopamine neurons in a tetrodotoxin (TTX) and cobalt-resistant
manner thus excluding a role of voltage dependent Na* and Ca™ channels. The
reversal potential for these actions of nicotine was 4 mV, consistent with that
estimated on the basis of the current flow through nicotinic receptor channels
in various tissues. Notably, nicotinic current was voltage-dependent, a feature
also observed in autonomic ganglia (RaNG et al. 1982). K-bungarotoxin, but
not o-bungarotoxin, blocked the current activated by nicotine, consistent with
a role of nAChRs containing o,/c4 submits but not by o, subunits (CALABRESI
et al. 1989).

The stimulant action of nicotine on dopamine neurons of the VTA was
described by GRENHOFF et al. (1986) as an increase in burst firing rather than
in total firing activity. Doses of 50-500pug/kg i.v. of nicotine increase the fre-
quency of firing of extracellularly recorded dopamine neurons in the Ay and
in the Ay, region of the mesencephalon, in paralysed, unanaesthetized rats
(MEREU et al. 1987) and, as shown more recently, also in awake, un-paralysed
animals (Fa et al. 2000). In agreement with early observations by (CLARKE
et al. 1985) after systemic nicotine in chloral hydrate anaesthetized rats and
by (LICHTENSTEIGER et al. 1982) after iontophoretic application of nicotine,
comparative dose-response studies showed that A, neurons are more sensi-
tive than Ay neurons to the stimulant action of nicotine (MEREU et al. 1987).

Systemic administration of nicotine increases in vivo dopamine function.
Thus, nicotine stimulates the synthesis, metabolism, turnover and release of
dopamine in specific brain areas. Early studies showed that nicotine, either
injected or inhaled from tobacco smoke, increases the rate of disappearance
of dopamine fluorescence after blockade of dopamine synthesis in terminal
dopamine areas, in particular in areas innervated by the mesolimbic dopamine
system such as the ventral striatum (NAc/olfactory tubercle); on this basis it
was concluded that nicotine increases the impulse flow and the release of
dopamine from mesolimbic dopamine neurons (ANDERSSON et al. 1981; FUXE
et al. 1986). A study of the effect of acute nicotine on DOPAC/dopamine ratio
in different terminal dopamine areas showed that nicotine (0.4-0.9mg/kg s.c.)
increases dopamine metabolism to a larger extent in the NAc, followed by the
antero-medial caudate-putamen but fails to do so in the prefrontal cortex and
in the latero-dorsal caudate-putamen (VEzINA et al. 1992). According to
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GEORGE et al. (1998), however, nicotine stimulates dopamine metabolism in
the prefrontal cortex at low doses (0.15mg/kg s.c.), but this effect is lost at
higher doses of the drug (0.4mg/kg s.c.).

In vivo monitoring of extracellular dopamine by microdialysis demon-
strated that nicotine acutely increases extracellular dopamine in terminal
dopaminergic areas and the preferential stimulant effects of nicotine on Ay
dopamine neurons (MEREU et al. 1987) is consistent with the preferential stim-
ulant effects of dopamine release by nicotine on the NAc shown in micro-
dialysis studies (IMPERATO et al. 1986; PonTIERI et al. 1996). Within the NAc,
a preferential stimulatory effect of nicotine (25-50pug/kg i.v.) on dopamine
release in the shell compartment compared to the core has been observed by
two different groups (PONTIERI et al. 1996; NiseLL et al. 1997). These two sub-
divisions of the NAc have been attributed different functions consistent with
their different connections (the extended amygdala for the NAc shell and the
striato-pallidal system for the NAc core) (HEMER et al. 1991). Prefrontal
cortex dopamine is released by acute nicotine in naive rats only at doses
higher than those that are fully active in releasing dopamine in the NAc shell
(Bassareo et al. 1996). Finally, nicotine stimulates dopamine release also in
the bed nucleus of stria terminalis (CarBont et al. 2000) which is at least as
sensitive to nicotine as the NAc shell, in agreement with its assignment to the
extended amygdala and with the suggestion that the NAc shell is an area of
transition from the ventral striatum to the extended amygdala (HEmER et al.
1991). Dopamine release in the NAc by nicotine is blocked by intra-VTA but
not by intra-accumbens mecamylamine (NiseLL et al. 1994a) (see Fig. 8) and
is mimicked by intra-VTA but not by intra-NAc nicotine; thus, while intra-
VTA nicotine elicits a sustained release of dopamine in the NAc, intra-NAc
nicotine elicits a transient effect (NISELL et al. 1994b). These observations
are consistent with a proximal action of nicotine on the mechanism of spike
generation in the cell body region of dopamine neurons.

VIII. Mechanism of Nicotine Actions on Dopamine Function

The mechanism by which nicotine increases dopamine transmission in the
nucleus accumbens is likely to be a complex one. The principal mechanism
might be a proximal being related to stimulation of the frequency of spike gen-
eration (firing) in dopamine neurons and to an increase in the proportion of
burst firing. This mode is most efficient for transmitter release and synaptic
transmission; dopamine neurons, in contrast to other monoaminergic neurons,
possess this modality, indicative of the ability of dopamine transmission to
respond not only tonically but also phasically to stimuli.

Nicotine elicits these changes both in vivo, as shown by extracellular
single-unit recording, as well as in vitro, as shown by intracellular recording in
mesencephalic slices.

In vitro studies have provided evidence on the receptor mechanism by
which the effects of nicotine on dopamine neurons could take place. Thus,
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Fig. 8. Temporal changes of extracellular concentrations of dopamine in the nucleus
accumbens (NAC) after local infusion of nicotine (NIC) 1,000pM alone in the ventral
tegmental area (VTA) and in the NAC, or in the NAC after injection of mecamylamine
(MEC) 1mg/kg s.c. The horizontal bar indicates the duration (80min) of NIC infusion.
(Reproduced with permission from NISELL et al. 1994)

pressure injection of acetylcholine on VTA neurons in vitro showed two
components, a fast one, peaking at about 30ms, and a slower one, peaking at
about 50 ms. These two components had different pharmacological properties
and resistance to desensitization. Thus, the fast component was sensitive to
o-bungarotoxin and methyllycaconitine blockade but not to mecamylamine
blockade and more prone to desensitization than the slower, mecamylamine-
sensitive component. These properties have lead to the assignment of the fast
component to o;-containing nicotinic acetylcholine receptors and of the slow
component to an 0,3/0, B, nicotinic acetylcholine receptor (PIDOPLICHKO et al.
1997).

Nicotinic receptors might influence the activity of dopamine neurons
also in an indirect manner, by promoting release of an excitatory transmitter
(glutamate) onto dopamine neurons through an action on pre-synaptic 0;-
containing nicotinic receptors. The evidence for this mechanism is indirect.
Thus, the ability of local intra-tegmental infusion of methyllycaconitine to
reduce nicotine-induced release of dopamine in the nucleus accumbens impli-
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cates an o-containing receptor (SCHILSTROM et al. 1998a), not necessarily a
presynaptic receptor; indeed, the o receptors demonstrated to date in rela-
tion to dopamine neurons are localized post-synaptically on the dopamine
neurons themselves rather than pre-synaptically on terminals impinging on
them [see above and PipopLicHKO et al. (1997)]. Similarly, the ability of gluta-
mate antagonists infused in the ventral tegmentum to impair nicotine-induced
release of dopamine in the nucleus accumbens is not necessarily indicative of
a presynaptic mechanism (ScHILSTROM et al. 1998b; SvENssoN et al. 1998).

Distal mechanisms, related to an action of nicotine in terminal dopamine
areas, have also been implicated in the mechanism of the stimulant action of
nicotine on dopamine transmission. Two possibilities have been envisioned,
a direct pre-synaptic action of nicotine on dopamine terminals or an indirect
action via nicotinic receptors located on terminals impinging on dopamine
neurons.

Although nicotinic acetylcholine receptors controlling dopamine release
have been demonstrated also in synaptosomes from the nucleus accumbens,
most studies, for obvious practical reasons, have been performed in whole stri-
atal preparations. Instead, in vivo studies have been performed mainly in the
nucleus accumbens (if not in its shell subdivision), given the relative insensi-
tivity of neo-striatal dopamine transmission to systemic nicotine. Because of
this, the relationship between the studies made in striatal in vitro preparations
and the in vivo effects of nicotine is obscure; this, in turn, makes difficult to
utilize in vitro dopamine release studies as a basis for explaining the mecha-
nism of the in vivo effects of nicotine on dopamine transmission.

An indirect test of the role of distal mechanisms, however, is offered by
studies on the effect of local infusion of nicotinic antagonists on the release
of dopamine in the nucleus accumbens after systemic administration of nico-
tine. In these studies, nicotine effects were impaired by intra-tegmental but not
intra-accumbens mecamylamine (NISELL et al. 1994b). However, it has been
reported that intra-accumbens o-bungarotoxin, a selective blocker of o
containing nicotinic acetylcholine receptors, reduces the release of dopamine
stimulated by systemic nicotine in this area (Fu et al. 1999). This issue, there-
fore, awaits clarification.

Among other mechanisms that might contribute to the effects of nicotine
on dopamine transmission in vivo, the possibility of an impairment of
dopamine-reuptake by nicotine, reported by (IZENWASSER et al. 1991) in vitro,
is unlikely, given the observation that the clearance of dopamine in the nucleus
accumbens in vivo is increased rather than decreased by nicotine (KsIr et al.
1995).

Thus, in light of the results of studies directly estimating dopamine trans-
mission in vivo by microdialysis, earlier reports of stimulation by nicotine of
the synthesis, metabolism and turnover of dopamine in terminal areas of the
mesolimbic system (see above) can be explained as secondary to stimulation
of its exocytotic release from the terminals of mesolimbic dopamine neurons.

‘In conclusion, nicotine acutely stimulates the release of dopamine, esti-
mated by brain microdialysis, specifically in the NAc shell/extended amygdala
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at doses that are well in the range of those self-administered i.v. by rats (around
0.05mg/kg). At higher doses, dopamine release is increased also in the dorso-
lateral caudate-putamen and in the prefrontal cortex.

The main mechanism of these acute effects appears to be the activation
of non-a;- as well as ay-containing nicotinic acetylcholine receptors with
resulting depolarization of dopamine neurons and firing of action potentials.
This primary action might be modulated at the somato-dendritic region by an
NMDA input on dopamine neurons, eventually facilitated by a pre-synaptic
action of nicotine on glutamate terminals (see above), which promotes burst
firing. An action of nicotine on pre-synaptic receptors in the terminal regions
of dopamine neurons might further modulate dopamine transmission by
affecting the efficiency of stimulus-secretion coupling rather than by directly
releasing dopamine. The notion that the primary action of nicotine on
dopamine transmission is mediated by non-o; nicotinic acetylcholine recep-
tors is indirectly confirmed by the observation of (Picciorto et al. 1998)
that mutant mice not expressing the f, subunit of the nicotinic acetylcholine
receptor (which is not known to associate with o; subunits) also do not show
a stimulatory dopamine response to nicotine both in vivo, estimated by micro-
dialysis, as well as in vitro, by electrophysiology.

C. Dopamine - Acetylcholine Interactions Outside the
Basal Ganglia

The organization of the central cholinergic systems, besides striatal interneu-
rons, has been described by MesuLaM and co-workers (1983) as organized into
Ch; to Chy, Chs and Chg nuclei. Ch—Ch, nuclei constitute the so-called basal
forebrain cholinergic nuclear complex (ScHWABER et al. 1987) that includes
along a rostro-caudal axis the medial septum, the horizontal and vertical limb
of the diagonal band of Broca and the nucleus basalis magnocellularis and
innervates the entire cortical mantle and the hippocampal formation (FIBIGER
1982; MEsuLAM et al. 1983). Chs and Chg nuclei correspond, respectively, to the
pedunculopontine tegmental nucleus and the laterodorsal tegmental nucleus,
and heavily project to all thalamic nuclei (WooLF et al. 1990; WooLr 1991) to
the SN/VTA (MEesuLrawm et al. 1983; CLARKE et al. 1987; WooLF et al. 1990, 1991;
Borawm et al. 1991; MEsuLaMm et al. 1992) and to the basal forebrain choliner-
gic nuclear complex (Ch;—Ch,) (Boram et al. 1991). Dopamine can modulate
cortical and hippocampal cholinergic function through direct projections from
the SN and from the VTA to the basal forebrain (ZABorszky et al. 1991;
ZiLLES et al. 1991) or indirectly trough projections from the nucleus accum-
bens (YANG and MoGENsON 1989; ZaBoRszkY and CULLINAN 1992) and lateral
septum (Swanson and Cowan 1979; WooLr 1991) to the basal forebrain nuclei
(see Fig. 9). Therefore, there are anatomical grounds for direct interactions
between dopamine and acetylcholine in cortical areas.

Experimental evidence points to a role of cholinergic projections to the
neocortex and the hippocampus in arousal, attention, learning and memory
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Fig. 9. Hypothetical circuitry between prefrontal cortex (PFC) and specific somatosen-
sory cortical areas via GABAergic local and projections neurons of the basal forebrain.
Cholinergic (red) and noncholinergic (black) neurons in the basal forebrain receive
identified synaptic input from the nucleus accumbens (NAc), the locus coeruleus (LC),
the substantia nigra (SN), and the mesopontine tegmentum (PPT). (Reproduced,
modified, with permission from ZaBorszky et al. 1999)

(FiBIGER 1991; RoBBINs and EVERITT 1994; WiLL1aMs et al. 1994; McCorMick
and BaL 1997; SArTER and Bru~o 2000; SARTER et al. 2001). Moreover, behav-
ioural (IngLIs and WINN 1995; OLmsTEAD et al. 1998), pharmacological and
lesion studies (BLaHA and WINN 1993; KLiTENICK and KaLivas 1994; BLAHA et
al. 1996; GroNIER and RasMUSSEN 1998; OLMSTEAD et al. 1998; GRONIER et al.
2000) indicate the existence of a functional relationship between cholinergic
neurons of the Chs—Chg nuclei (MEsuLAM et al. 1983) and dopaminergic ones
in the SN and VTA. In relation to this, it has been speculated that cholinergic
nuclei of the mesencephalic tegmentum and of the brainstem, via their pro-
jections to mesolimbic DA neurons in the VTA (BLaHA and WINN 1993; BLAHA
et al. 1996), modulate the expression of positive symptoms of schizophrenia
(SARTER 1994; SarTER and BruNo 2000), schizophrenic hallucinations (GRray
et al. 1991; YEomans 1995) and latency of rapid eye movement (REM) sleep
in schizophrenics (SILBERSWEIG et al. 1995; YEomaNs 1995).

I. Dopaminergic Regulation of Cortical and Hippocampal
Acetylcholine Transmission

Early in vivo studies, performed with the cortical cup technique showed that
d-amphetamine and other non-specific dopaminergic drugs could positively
modulate acetylcholine neurotransmission in vivo, thus indicating the exis-
tence of a dopaminergic regulation of cortical and hippocampal cholinergic
transmission (PEPEU and BarTOLINT 1968; PEPEU and MANTOVANI 1978).



Dopamine — Acetylcholine Interactions 105

Brain microdialysis studies subsequently showed that dopamine facilitates
acetylcholine release in the frontal cortex and hippocampus by acting on D;-
like receptors (DAY and FiBIGER 1992; DAy and FiBIGER 1993, 1994; AcqQuas
et al. 1994; HERrst et al. 1995; Acquas and FiBIGER 1996). D,-like receptors also
facilitate cortical and hippocampal acetylcholine release (IMPERATO et al. 1993;
IMpERATO et al. 1996); moreover, the stimulant effect of d-amphetamine on
acetylcholine release is prevented by 6-OHDA lesions of dopamine but not
noradrenaline neurons (Day et al. 1994).

Cortical and hippocampal acetylcholine neurotransmission, estimated by
in vivo brain microdialysis, has recently been proposed as a neurochemical
index of arousal and attention. In fact, cortical and hippocampal acetylcholine
release is activated by unexpected, salient or motivationally relevant stimuli
and their effect is attenuated by habituation (Moore et al. 1992; Acquas et al.
1996). Simultaneous blockade of D;-like and D,-like dopamine receptors sig-
nificantly reduces the increase of acetylcholine release in the rat frontal cortex
evoked by unconditioned sensory stimuli (AcQuas et al. 1998); the dopamine
receptors responsible for these actions might be located either onto choliner-
gic neurons of the basal forebrain, (ZaBorszky et al. 1991; ZILLEs et al. 1991)
or on GABAergic neurons in the NAc (YANG and MOGENSON 1989; ZABORSZKY
and CULLINAN 1992).

Consistent with this possibility is the finding that the stimulatory effects
of d-amphetamine on cortical acetylcholine release are inhibited by electrical
stimulation of the nucleus accumbens (CasaMENTI et al. 1986). In further
agreement with a role of the NAc, it has been shown that the increases of
cortical acetylcholine release evoked by the partial inverse agonist of benzodi-
azepines receptors, FG 7142, are blocked by local injections of D,-like antag-
onists into the shell of the accumbens (MoogE et al. 1999). However, there
are instances in which an increase of cortical acetylcholine release escapes
dopaminergic control: thus, the local application of dopamine antagonists into
the accumbens fails to prevent the effects on acetylcholine release of systemic
d-amphetamine given in combination with sensory stimuli known to activate
acetylcholine output in the cortex (MOORE et al. 1999; ARNOLD et al. 2000).

In this regard, the increases in cortical acetylcholine might also be related
to cortical and behavioural arousal and to the complex interplay between the
classically recognized arousal systems (dopaminergic, cholinergic, noradren-
ergic and serotonergic) (RoBBINs and EVERITT 1994; SARTER and BruNo 2000;
SARTER et al. 2001).
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CHAPTER 16
Dopamine - Glutamate Interactions

C. Konrapi, C. CEPEDA, and M.S. LEVINE

A. Introduction

Dopamine (DA) and glutamate interact in the brain on a number of different
levels. In this chapter we will illustrate both interneuronal and intraneuronal
interactions of the DA and glutamate neurotransmitter systems, ranging from
reciprocal release regulation of neurotransmitters to an interactive control of
membrane depolarization and gene expression. Although many of these inter-
actions are reciprocal, our approach in this review will be to consider the glu-
tamate system to function as the prime mover, while the DA system provides
a strong modulatory influence on responses mediated by glutamate release or
activation of glutamate receptors. The characteristics of the modulation by the
DA system depend on a number of factors. These include, but certainly are
not limited to, the DA and glutamate receptor subtypes involved, the baseline
activity-state of the neuron, the location of the receptors on pre- and/or post-
synaptic elements, and endogenous concentrations of glutamate and DA. In
our view a very important factor is receptor subtype. The combinations of DA
and glutamate receptor subtypes activated determines, to a large extent, the
outcome of the interaction. Thus, depending on the subtypes of DA and glu-
tamate receptors involved, the interactions can be cooperative or opposing.
This chapter will review the present knowledge of the different levels and
types of interaction between both neurotransmitter systems. Because an
exhaustive analysis of DA-glutamate interactions in different regions of the
brain is beyond the scope of this review, we are going to limit our discussion
to only a few regions. One area that is particularly well suited to illustrate the
complexity of DA-glutamate interactions in the brain is the dorsal striatum,
which will be the major focus of this chapter. Also not covered is an exhaus-
tive account of glutamate-DA interactions from a historical perspective. These
have been summarized in a previous publication (CEPEDA and LEVINE 1998).

B. Neuropharmacological Interactions
I. Dopamine and Glutamate Act Within the Same Neuronal Circuits

DA neurons which project to forebrain structures emanate predominantly
from two areas in the midbrain, the substantia nigra and the ventral tegmental
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area (see Vol. I, Chap. 3). Neurons from each area are involved in elaborate
circuits that rely heavily on glutamate neurotransmission. Neurons from the
substantia nigra project primarily to the dorsal striatum and are part of a circuit
that includes the thalamus and cortex. Glutamate-containing projections can
be found in many places within the circuit. Most directly, neurons in the
substantia nigra receive glutamate-containing inputs and these cells express
N-methyl-p-aspartate (NMDA) receptors (CouNiHAN et al. 1998; GaucHY
et al. 1994; SmitH et al. 1996). Moreover, the corticostriatal projection puts the
glutamate system in axo-axonal contact with DA terminals in the striatum.

Neurons from the ventral tegmental area project predominantly to the
nucleus accumbens, to the glutamate-containing neurons of the medial pre-
frontal cortex, and to other cortical areas. In addition, the nucleus accumbens
is innervated by glutamate-containing axon terminals emanating from the
medial prefrontal cortex (see also Vol. I, Chap. 3).

The interaction between the DA and glutamate neurotransmitter systems
takes place on so many different levels that an accurate assessment of the role
of distinct glutamate pathways in the regulation of the DA system and vice
versa can be very difficult. To gain a better understanding of the interactions
between both neurotransmitters in the various parts of the circuitry, informa-
tion from studies using brain slices, or cultured or isolated neurons have been
combined with information from studies of the intact brain.

II. Dopamine and Glutamate Receptors in the Striatum

DA receptors are distinguished pharmacologically into the D1 family of recep-
tors (Dy, Ds) and the D2 family of receptors (D,, D; and D,) (KEBABIAN and
CaLNE 1979; SEEMAN and VanN Tor 1994), and are described in detail in Chaps.
5-7 of Vol. I. In this chapter, we will use D1 and D2 to refer to receptor
families and subscript notation to refer to family members (i.e., D; and Ds).
In the striatum and the nucleus accumbens, of the five DA receptor subtypes
known, D, D,, and D5 are abundant, while D, and D;s are sparse (Bunzow et
al. 1988; Monsma et al. 1990; SokoLoFF et al. 1990; SUNAHARA et al. 1991; TIBERI
et al. 1991; Van ToL et al. 1991).

Glutamate receptors are classified into ionotropic receptors, which gate
ion channels, and metabotropic receptors, which are linked to G proteins
(HoLLMaNN and HEINEMANN 1994). Tonotropic glutamate receptors are
further subdivided into NMDA receptors, and into o-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA)/kainate receptors depending on
their affinities for specific agonists (HoLLMANN and HEINEMANN 1994). We will
refer to this latter group as non-NMDA ionotropic receptors. NMDA recep-
tors are blocked by physiologic levels of Mg and need depolarization in addi-
tion to ligand binding (glutamate and glycine) to open (MAYER et al. 1984).
The NMDA receptor is assembled from NR1 subunits with various combina-
tions of NR2 (A-D) subunits (HoLLMANN and HEINEMANN 1994). AMPA and
kainate receptors are assembled from various combinations of subunits
(GluR1-4 for AMPA and GluR5-7 and KA1-2 for kainate). The neurons
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of the striatum express NMDA, AMPA, and kainate receptors, as well
as metabotropic glutamate receptors (Baun et al. 1994; HoLLmMANN and
HEINEMANN 1994; TESTA et al. 1994).

III. Reciprocal Release Regulation of Dopamine and Glutamate by
Dopamine Receptors and Ionotropic Glutamate Receptors

Glutamate receptors on DA neurons and DA receptors on glutamate neurons
play a role in the reciprocal regulation of neurotransmitter release. While
neurotransmitter release of any neuron can be manipulated via activation of
pre- and postsynaptic receptors, receptors that are located presynaptically
on axons are particularly interesting in striatal neurotransmitter release-
regulation since DA and gilutamate axons converge in the striatum. The most
abundant presynaptic DA receptor in the striatum is the D, receptor (SEsack
et al. 1994; HerscH et al. 1995; MERcuURI et al. 1997). Of the glutamate recep-
tors, presynaptic location of metabotropic glutamate receptors is generally
accepted (PETRALIA et al. 1996), while low levels of presynaptic ionotropic
glutamate receptors were demonstrated in the nucleus accumbens, cortex,
and hippocampus (Gracy and PickeL 1996; CHARTON et al. 1999).

Functional assays that examine neurotransmitter release point to a regu-
lation of DA release by axonal glutamate receptors, and a regulation of
glutamate release by axonal DA receptors (Table 1). It has been shown that
glutamate facilitates basal DA release in the striatum (SHMIZU et al. 1990;
Desck et al. 1992). NMDA receptors mediate DA release in the absence of
Mg?* or during depolarization (DEsCE et al. 1992, 1994; MARTINEZ-FONG et al.

Table 1. Neuropharmacological interactions of DA and glutamate

Reciprocal release regulation of DA and glutamate by DA receptors and ionotropic
glutamate receptors

By: DA release
Glutamate Up
NMDA Up
AMPA /kainate Up
By: Glutamate release
DA Down
D, Up or no change
D, Down
Reciprocal regulation of receptor synthesis
By: D, receptor synthesis D, receptor synthesis
NMDA  Down Down
By: NRI1 subunit synthesis ~ NR2A subunit AMPA /kainate
synthesis receptor synthesis
DA No change Down No change
D, Up - -

D, Down - -




120 C. KoNrADI et al.

1992), while AMPA/kainate receptors mediate DA release independent of
Mg** or depolarization (IMPERATO et al. 1990; DESCE et al. 1992). AMPA /kainate
receptors also contribute to the depolarization needed to remove the Mg*
block of NMDA receptors. Ionotropic glutamate receptors are not the only glu-
tamate receptors involved in DA release, as metabotropic glutamate receptors
have been implicated in the regulation of striatal DA release as well (VERMA
and MoGHAaDDAM 1998). Finally, DA levels are attenuated after decortication,
a procedure that greatly reduces glutamate input to the striatum, confirming
the facilitatory role of glutamate on DA release (SMOLDERS et al. 1996).

The role of DA in the regulation of glutamate release is less transparent
(Table 1). In KCl-depolarized neurons, stimulation of D, receptors decreases
glutamate transmission (MAURA et al. 1989; YamaMoto and Davy 1992). Acti-
vation of D, receptors has been reported to increase glutamate transmission
or to have no measurable effect (Yamamoro and Davy 1992). Lesions of the
substantia nigra, which diminish DA levels, result in increased glutamate
release in the striatum (LINDEFORS and UNGERSTEDT 1990), affirming an overall
inhibitory role of the DA system on glutamate release.

IV. Reciprocal Regulation of Receptor Synthesis

In rats treated chronically with the NMDA antagonist MK801, a significant
increase in D;- and D,-receptor mRNA is observed in the striatum (MICHELETTT
et al. 1992; HEaLy and MEADOR-WoOODRUFF 1996). In the reversed experimental
paradigm, chronic treatment with D; antagonists decreases the expression
of the NR1 subtype of the NMDA receptor in the striatum, while chronic
treatment with D, antagonists increases the expression of NR1 in the striatum
(FrrzGerALD et al. 1995). This reciprocal regulation may be responsible for the
lack of net change of NR1 levels after DA denervation (FITzZGerALD et al. 1995;
ULas and CorMaN 1996). Of the NR2 subunits of the NMDA receptor, the
NR2A subunit is increased in the striatum after DA depletion (UrLas and
CoTMAN 1996). DA denervation has little effect on expression of striatal AMPA
receptor subtypes (FITZGERALD et al. 1995; BERNARD et al. 1996).

Taken together, NMDA receptor activation inhibits the synthesis of D,
and D, receptors, while DA receptor activation decreases expression of the
NRZ2A subunit of the NMDA receptor. Synthesis of the NR1 subunit is facil-
itated by activation of D, receptors and inhibited by activation of D, recep-
tors, leading to a net effect of no change in the presence of DA. There appear
to be no effects of DA on striatal AMPA receptor expression and the effects
of DA on kainate receptor expression have not yet been evaluated.

V. Glutamate Regulates the Synthesis of Dopamine in
Striatal Synaptosomes

When synaptosomal preparations of the striatum are treated with glutamate,
a decrease in the synthesis of DA is observed (DESCE et al. 1994). In concur-
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rence, inhibition of glutamate receptors causes an increase in striatal DA levels
(RicHARD and BENNETT 1995). The action of glutamate on DA concentrations
in the striatum is antagonistic; it increases release and decreases synthesis
(DEsck et al. 1994). However, these data were collected after acute treatment,
and to our knowledge, the effect of chronic glutamate receptor inhibition on
DA synthesis has not been investigated.

VI. Glutamate and Dopamine Are Co-released from
Dopamine Neurons

In a recent study in monkey and rat, DA neurons co-immunostained for glu-
tamate (SULZER et al. 1998). Moreover, stimulation of DA neurons in single
cell microcultures evoked rapid synaptic actions via glutamate synapses and
slower, modulatory actions via DA synapses (SULZER et al. 1998). These data
suggest that glutamate co-transmission may occur in central monoaminergic
neurons. In many instances, DA and glutamate could be simultaneously
released upon stimulation of midbrain DA neurons. This observation, if
corroborated in physiological conditions, can have important implications.
For example, simultaneous release of glutamate and DA can provide the
depolarization necessary to remove the Mg* block of NMDA receptors in
striatal neurons.

C. Intraneuronal Interactions

I. Dopamine Receptors and NMDA Receptors Cooperatively
Modulate Gene Expression

DA receptors are linked to a signal transduction cascade that regulates the
expression of various genes. Functional glutamate receptors, in particular
NMDA receptors, are a requirement for DA receptor-mediated gene regula-
tion. It has been proposed that an intraneuronal interaction between DA and
glutamate signal transduction pathways leads to the cooperative regulation of
gene expression (KonNraDI 1998).

D1 and D2 receptors are oppositely linked to second messenger pathways,
which determines their interaction with glutamate receptors. D1 receptors are
coupled to G, proteins (see Vol. I, Chap. 5). Stimulation of D1 receptors acti-
vates adenylate cyclase and increases the levels of cyclic AMP. D2 receptors
are coupled to G; proteins, inhibit adenylate cyclase, and cause a decrease in
the levels of cyclic AMP (see Vol. I, Chap. 6). Therefore, stimulation of D1
receptors or inhibition of D2 receptors leads to the activation of the cyclic
AMP signal transduction pathway. Genes that are stimulated by the cyclic
AMP pathway and that are colocalized with either receptor, such as the
immediate early gene c-fos, are induced after D, receptor activation or D,
receptor inhibition. Other genes that are colocalized predominantly with
one receptor subtype, such as prodynorphin (colocalized with D, receptors)
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or proenkephalin (colocalized with D, receptors), respond to manipulation of
the respective receptor only (TANG et al. 1983; ENGBER et al. 1992; CoLE et al.
1995). When NMDA receptors are blocked, induction of gene expression after
manipulation of D, or D, receptors is prevented (ZioLkowska and HoLrLr
1993; KonraDI et al. 1996). A closer examination reveals that the cyclic AMP-
mediated second messenger pathway that is activated by DA receptors on the
dendrites modulates NMDA receptor activity (KoNraDI et al. 1996, 1998), a
modulation that is required for DA receptor-mediated gene expression. There
is an indication that this modulation is accomplished by protein kinase A
(PKA), which is activated by cyclic AMP and which phosphorylates the
NMDA receptor (RAJADHYAKSHA et al. 1998). Phosphorylation of the NMDA
receptor seems to increase its responsiveness to ambient glutamate, possibly
by removing the Mg®* block (Konrapr 1998) (Fig. 1). Thus, manipulation of
DA receptor activity changes the response threshold of NMDA receptors to
ambient glutamate and activates an NMDA receptor-mediated intraneuronal
signal transduction pathway. The resultant change in gene expression is initi-
ated by activation of DA receptors, but mediated via NMDA receptors and,
therefore, is sensitive to NMDA antagonists. On the other hand, if gene expres-
sion is initiated by NMDA receptors, DA can act as a modulator of NMDA
receptor-mediated gene expression.

D. Electrophysiological Interactions
I. Striatal Organization

The predominant neuron in the striatum is the y-aminobutyric acid (GABA)-
containing projection neuron. These striatal neurons receive DA-containing
inputs from the substantia nigra and glutamate-containing inputs from
the cortex and the thalamus that are capable of activating both NMDA and
non-NMDA ionotropic receptors (CHERUBINI et al. 1988; SmitH and BoLam
1990; SmrTH et al.1994; LEVINE et al. 1996). The GABA-containing projection
neurons in the striatum have been roughly divided into two subpopulations,
those expressing primarily D; receptors, projecting to the substantia nigra or
internal pallidal segment and colocalizing substance P or dynorphin and those
expressing primarily D, receptors, projecting to the external segment of the
globus pallidus and colocalizing enkephalin (GERFEN et al. 1990; LEMOINE et
al. 1990, 1991). This initial dichotomy has been questioned by studies demon-
strating colocalization of D; and D, receptors to striatal output neurons
(SURMEIER et al. 1992,1993,1996). Part of the controversy is due to differences
in experimental approaches and methods of analysis of expression patterns
(SurMEIER et al. 1993, 1998). In addition, electrophysiological analyses that
support colocalization of D, and D, family receptors to striatal output neurons
tend to use pharmacological tools that do not differentiate among the sub-
types of receptors in each family. A recent study has attempted to account for
the differences by demonstrating that although D; and D, receptors do not
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Fig. 1. NMDA receptors play a crucial role in DA receptor-mediated gene expression.
The left side of the model depicts a D, receptor-expressing neuron, the right side depicts
a D, receptor-expressing neuron. Activation of D, receptors or inhibition of D, recep-
tors initiates a second messenger pathway that stimulates NMDA receptor function,
e.g., by removing the Mg*-block. Activation of NMDA receptors initiates a signal
transduction pathway that translocates to the nucleus and activates the expression of
specific genes (insert). Newly synthesized mRNA is transported out of the nucleus
and translated into protein (insert). cAMP, cyclic AMP-mediated second messenger
pathway; regulation, regulation of gene expression

appear to colocalize frequently, other members of each family do colocalize to
substance P- and enkephalin-containing neurons (Surmeier et al. 1996, 1998).
In addition to the medium-sized spiny projection neurons, the striatum
contains interneurons. These neurons are not as prevalent but have important
consequences for striatal function. There are multiple classes of interneurons
and they have been identified both by their electrophysiological properties
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and their neurochemical signatures (Kawacucht 1993). The most frequently
studied interneuron is the large cholinergic neuron. This cell type expresses
both D1 and D2 family receptors. However, recent evidence points to an abun-
dance of the D5 receptor mRNA versus D; mRNA (Yan and SURMEIER 1997).
These neurons also express both NMDA and non-NMDA ionotropic gluta-
mate receptors (STANDAERT et al. 1999). In recent experiments, we have
demonstrated that NMDA receptor-mediated current density is smaller in
these large interneurons than in the medium-sized neurons (CEPEDA et al.
2001a) while current density in response to activation of kainate receptors is
similar in the large and medium-sized cells. Unfortunately, little is currently
known about DA—glutamate interactions in the large cholinergic interneurons
or in the other subpopulations of interneurons in the striatum. We have
observed that DA receptor activation increases NMDA responses in these
interneurons (LEVINE et al. 1998); however, the subtype of DA receptor
mediating this effect remains to be determined.

II. Dopamine Modulates Glutamate Inputs

The strategic location of DA terminals on the neck of dendritic spines of the
striatal medium-sized spiny output neurons allows a tight regulation of respon-
siveness of glutamate terminals located on the head of the same spines (SMiTH
and Boram 1990). The outcome of this regulation depends in great measure
on the glutamate and DA receptor subtypes activated. A working hypothesis
of glutamate—DA interactions in the striatum has been proposed recently
(Cepepa and LEVINE 1998; LEVINE and CEPEDA 1998) (Fig. 2). Accordingly, D,
receptor activation enhances responses due to activation of glutamate recep-
tors, particularly those mediated by activation of NMDA receptors. In con-
trast, D, receptor activation reduces responses due to activation of glutamate
receptors, particularly those mediated by activation of non-NMDA receptors.
The enhancing effects of D; receptor activation appear to involve postsynap-
tic actions (at least in striatum), whereas the attenuating effects mediated by
D, receptors may involve both postsynaptic as well as presynaptic actions on
corticostriatal terminals (CEPEDA et al. 1993; LEVINE et al. 1996; CEPEDA et al.
2001b).

D; receptor enhancement of NMDA-evoked responses appears to be
mediated by multiple mechanisms, involving DA’s effects on intrinsic, voltage-
gated currents as well as more direct actions in which activation of transduc-
tion pathways changes the phosphorylation state of the NMDA receptor.
Agonists of L-type calcium channels potentiate NMDA responses and block-
ade of L-type calcium channels reduce the modulation of NMDA responses
by D, receptor activation (CepEDA et al. 1998a). Stimulation of the cyclic AMP-
PKA cascade with forskolin also enhances NMDA responses (CorweLL and
LevINE 1995; BLANK et al. 1997) and blockade of this pathway reduces the
modulation (BLANK et al. 1997). D, receptor activation phosphorylates the
NMDA NRI1 subunit (SNYDER et al. 1998). The same effect is observed after



Dopamine ~ Glutamate Interactions 125

Prediction of Direction of DA
Modulation in Neostriatum
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Fig. 2. Schematic representation of DA modulation of responses mediated by activa-
tion of glutamate receptor subtypes. Arrows indicate direction of modulation. When
D, receptors are activated, almost all responses mediated by activation of NMDA
receptors are potentiated (left upper box), while responses mediated by activation of
non-NMDA receptors can either be potentiated or attenuated, although proportion-
ately more appear to be potentiated (right upper box). When D, receptors are acti-
vated, virtually all responses mediated by activation of non-NMDA receptors are
attenuated (right lower box), while responses mediated by activation of NMDA recep-
tors can either be potentiated or attenuated, although proportionately more appear to
be attenuated (left lower box)

forskolin (RAJADHYAKSHA et al. 1998). As described above, phosphorylation of
the NMDA receptor could increase its responsiveness to ambient glutamate.
DARPP-32, a substrate for PKA that selectively inhibits protein phosphatase-
1, is also involved in this modulation (BLANK et al. 1997; FLoRES-HERNANDEZ
et al. 1999). Non-NMDA receptors can also be phosphorylated by similar
mechanisms. There is very recent evidence that protein phosphatase-1 modu-
lates striatal AMPA channels by regulation of DARPP-32 and spinophilin
(Yan et al. 1999).

The effects of DA on responses mediated by activation of glutamate
receptors are activity-state dependent. Studies in behaving animals have
demonstrated that DA may exert potentiating or attenuating effects depend-
ing on the level of cortical glutamate input onto striatal neurons (REBEC 1998).
Intracellular studies have revealed that the actions of DA are also related to
the level of membrane polarization. When the membrane is hyperpolarized
(more negative than -60mV), glutamate activates non-NMDA receptors
preferentially, and the predominant effects of DA are inhibitory. In contrast,
when the membrane is more depolarized (less than —-60mV) glutamate
can activate NMDA receptors and the effects of DA become facilitatory
(HerNANDEZ-LoPEZ et al. 1997; Cepepa and LeviNe 1998). The inhibitory
effects may involve a cooperative interaction of D, and D, receptors acting
pre- and postsynaptically (CepeEDA et al. 1993; CepEDA et al. 2001b). The facil-
itatory effects involve principally postsynaptic activation of D, receptors
(CepEDA et al. 1993; Levine et al. 1996; FLores-HERNANDEZ et al. 1999).
Activation of postsynaptic D, receptors may prevent excessive facilitation,
thus counterbalancing D, effects.
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At the cellular level, there are physiological mechanisms that allow these
differential interactions to occur. For example, the resting membrane poten-
tial of medium-spiny neurons oscillates between a depolarized and a hyper-
polarized state (WiLson and KawaGucHr 1996). The depolarization is produced
by a barrage of glutamate inputs from cortex. Such depolarization removes
the Mg block and permits NMDA receptor activation (Kira 1996). Under
these conditions the effects of DA are facilitatory. During the hyperpolarized
state DA’s actions are inhibitory. This means that if a DA signal coincides with
the depolarized state of the membrane, the glutamate signal will be potenti-
ated. In contrast, if the DA signal coincides with the hyperpolarized state, the
glutamate signal will be decreased. In addition, it has been shown that in vivo,
DA itself can produce membrane depolarizations (BERNARDI et al. 1978;
HerrLING and HuLL 1980). This depolarization can also remove the Mg** block
and allow NMDA receptor activation. How DA produces a direct membrane
depolarization is still unknown; however, enhancement of L-type calcium cur-
rents is one possibility. Another is inhibition of K* conductances or decreases
in GABA-mediated responses (FLORES-HERNANDEZ et al. 2000; SURMEIER and
Kirar 1993). Finally, if co-release of DA and glutamate (SULTzER et al. 1998)
after substantia nigra stimulation occurs under physiological conditions,
another potential mechanism for membrane depolarization in striatal cells
would be available.

Although many electrophysiological studies have shown that DA modu-
lates glutamate transmission in the dorsal striatum, others have not found such
regulation (CaLABRESI et al.1995; NicoLa and MaLENkA 1998). The reason for
these differences is not known and we have discussed potential possibilities
for lack of modulation elsewhere (see CEPEDA and LEVINE 1998).

E. Interaction of the Dopamine and Glutamate
Neurotransmitter Systems in Other Brain Areas

As shown in Chap. 3 (Vol. I), DA neurons innervate many brain areas in
addition to the striatum. In the majority of these brain areas, DA neurons
are in close contact with the glutamate-containing inputs. A cursory review
of the literature indicates that the effects of DA modulation appear to be
variable in the different brain regions. As we have pointed out in the dorsal
striatum, modulation by DA depends on the type of DA receptor, the pre-
and postsynaptic topography, the co-expression with non-DA receptors, and
the membrane potential of the neurons involved. As these parameters vary
in different brain areas, an impression of great diversity and unpredictability
is created. However, if experimental conditions are tightly controlled, the DA
system modulates the glutamate system in a consistent fashion.

In the nucleus accumbens, D; receptor activation has also been shown to
enhance NMDA responses (HarvEy and LAcEY 1997). Protein kinase C acti-
vation plays an important role in this potentiation (CHERGUI and LAcEy 1999).
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The cerebral cortex is another region where DA—glutamate interactions occur.
In human cortex, a differential modulation of excitatory inputs by DA has
been demonstrated (Cepepa et al. 1992). Here again, DA can potentiate or
reduce responses mediated by activation of NMDA or non-NMDA receptors
depending on which DA receptor subtype is activated (CepEDA et al. 1999;
ZHENG et al. 1999). D, receptor activation potentiates whereas D, receptor
activation attenuates responses.

F. Functional Consequences of the Interaction of the
Glutamate and Dopamine Systems

The interaction between DA and glutamate plays a prominent role in the
pathophysiology of drug addiction, movement disorders, schizophrenia, as well
as in the physiological processes underlying learning and memory formation.
We have suggested that differential modulation of glutamate inputs by D, and
D, receptors plays an important role as a filtering device that can effectively
alter the signal-to-noise ratio (CEPEDA et al. 1992, 1993). Thus, the DA signal
is extremely important for extracting relevant information, and could be used
as a global reinforcement signal for adapting behavior according to the
motivational value of environmental stimuli (ScHULTZ 1998). Alternatively, it
could promote the switching of attentional and behavioral resources towards
significant stimuli (REDGRAVE et al. 1999).

Diverse forms of synaptic plasticity occur in the striatum depending on
which glutamate receptor subtypes are preferentially activated. If non-NMDA
receptors are activated long-term depression is produced (CALABRESI et al.
1992; LoviNGeR et al. 1993). If NMDA receptors are unmasked, short- or
long-term potentiation is observed (CALABRESI et al. 1992; WaLsH and DUNIA
1993). Activation of DA receptors modulates these forms of synaptic plasticity
(CaLaBresI et al. 1992a). In the absence of D, receptors, long-term potentia-
tion occurs (CaLABRESI et al. 1997), and activation of D receptors facilitates
the induction of long-term potentiation (Kerr and Wickens 2001). It has also
been proposed that long-term depression in the striatum may reflect extinc-
tion and long-term potentiation the reinforcement of specific behaviors
(ArButHNOTT and Wickens 1996). In consequence, the enhancement of
NMDA responses by activation of D, receptors and the attenuation of non-
NMDA responses by activation of D, receptors becomes particularly relevant
at the behavioral level. Tt is tempting to speculate that one consequence of the
potentiation of NMDA responses by D, receptors in the striatum could be the
consolidation of motor programs.

DA—glutamate interactions in the nucleus accumbens are critically
involved in the regulation of sensorimotor gating (WaN et al. 1995). Prepulse
inhibition, a measure of sensorimotor gating, is obliterated by manipulations
affecting glutamate and DA inputs (WaN and SwerpLOW 1996). Deficits in
prepulse inhibition have been found in schizophrenia (SwerpLow and GEYER
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1998) and Huntington’s disease (SWERDLOW et al. 1995). Recently, prepulse
inhibition has also been found to be disrupted in mice that lack expression of
D, receptors (RALPH et al. 1999). In the cerebral cortex, an interaction between
D, receptor activation and glutamate inputs appears critical for the formation
of memory traces (GoLpMAN-RAKIC 1998).

On the other side of the spectrum, many DA-mediated processes are facil-
itated by activation of the glutamate system. NMDA antagonists are effective
tools for intervention in animal models of DA-mediated behavior (KARLER
et al. 1989; ScHENK et al. 1993; WoLF et al. 1994; Kim and JanG 1997). Delayed
consequences of reduced DA neurotransmission, an important factor in move-
ment disorders, can be prevented with NMDA antagonists (BoLDRy et al.
1995). If either system malfunctions, the interdependence can make it difficult
to expose the primary problem. However, the close interaction of both systems
also opens additional therapeutic avenues in that each system can be
pharmacologically adjusted to counterbalance problems of the other.
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CHAPTER 17
Dopamine — Adenosine Interactions

M. MoreLLL E. Acquas, and E. ONGINI

A. Adenosine in the CNS

Adenosine, which is formed by the purine base adenine and the ribose moiety,
is present in all tissues in the mammalian organism, where it has a variety of
important physiological functions. Linked to phosphate groups to form ATP,
adenosine is an integral part of the cellular energy system. At synapses, adeno-
sine is a mediator in many biological systems.

Adenosine originates within the cells from the hydrolysis of AMP through
the action of the enzyme ecto-5" nucleotidase. Therefore, adenosine formation
is dependent upon ATP breakdown and synthesis. Another pathway con-
tributing to intracellular adenosine formation is from S-adenosylhomocys-
teine. In the extracellular compartment, the levels of adenosine also depend
upon the rate of hydrolysis of ATP that is released from either neurons or glial
cells. Extracellularly, adenosine concentrations are kept in equilibrium by
specific reuptake mechanisms occurring through the action of specialized
transporter proteins. It is estimated that the levels of adenosine in the CNS
range between 30 and 300nM. Adenosine is then catabolized by the action of
enzymes such as adenosine kinases and adenosine deaminase.

The action of adenosine as neuromodulator occurs through the stimula-
tion of specific receptors, the adenosine receptors, located on cell membranes
which belong to the family of G protein-coupled receptors. Currently, four
adenosine receptors have been cloned and characterized, Ay, Asa, Agp, and A,
The main intracellular signaling pathways are through the formation of cAMP,
with A; and A; causing inhibition of adenylate cyclase, and A, and Ayp acti-
vating it. Other transduction mechanisms are also involved for each of the
adenosine receptor, e.g., voltage-sensitive Ca* channels. The molecular char-
acteristics of the receptors and intracellular signaling are described in detail
elsewhere (FREDHOLM et al. 1998; OLan and StiLes 2000). Their profile is sum-
marized in Table 1.

I. Receptor Distribution

Adenosine receptors are located on membranes of several cell types. There
are adenosine receptors on circulating blood elements such as platelets,
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Table 1. Adenosine receptors in the brain

Receptor  Major Receptor Selective Selective

subtypes transduction distribution agonists antagonists
mechanism

A, G; and G, Widely distributed CPA DPCPX
inhibition in cortex,
adenylate hippocampus,
cyclase cerebellum

Asn G; and Gy, High density in CGS 21680  SCH 58261,
stimulation caudate putamen, KF 17837,
adenylate nucleus accumbens, KW 6002
cyclase olfactory tubercle

Asg G,, stimulation Low density, - -
adenylate glial cells
cyclase

A G4 and G, Low density, 2-CI-IB- MRS 1220,
inhibition widely distributed MECA MRE 3008F20
adenylate
cyclase

2-HE-NECA, 2-hexyl-5’-N-ethylcarboxamidoadenosine; CGS 21680, 2-[4-(2-carbonyl-
ethyl)-phenylethylamino]-5’-N-ethylcarboxamidoadenosine; CIl-IB-MECA, chloro-
N®-(3-iodobenzyl)-5’-(N-methylcarbamoyl)adenosine; CPA, N°-cyclopentyladenosine;
DPCPX, 1,3 dipropyl-8-cyclopentylxanthyne; MRE 3008F20, SN-(4-methoxyphenyl-
carbamoyl)amino-8-propyl-2-(2-furyl)pyrazolo[4,3-¢]-1,2,4-triazolo[1,5-c]pyrimidine;
MRS 1220, 9-chloro-2-(2-furyl)-5-phenylacetylamino[1,2,4]triazolo[1,5-c]quinazoline;
SCH 58261, 5-amino-7-(2-phenylethyl-2-(2-furyl)-pyrazolo[4,3-e]-1,2,4-triazolo[1,5-
c]pyrimidine; ZM 241385, 4-(2-[7-amino-2-(2-furyl)1,2,4-triazolo[2,3-a][1,3,5]triazin-5-
ylamino]ethylphenol.

neutrophils, and lymphocytes, on smooth muscle cells, cardiac myocytes, mast
cells, and, within the CNS, on neurons and glial cells. The wide distribution of
these receptors has important implications in pharmacology, since most drugs
producing their action through receptors located in the CNS can also interact
with receptors in the periphery, which may also contribute to the overall bio-
logical activity. In this review we will examine the receptors whose function is
relevant in the CNS and, when important, we will mention any other con-
tributing action deriving from effects in periphery.

A variety of studies based on autoradiography using radiolabeled ligands,
in situ hybridization, and reverse transcription-polymerase chain reaction have
shown that A, receptors are widely distributed in the brain, whereas A, recep-
tors are abundant in discrete brain regions such as the striatum. Distribution
and density of A, and Aj; receptors are less clear.

The higher density of A, receptors is found in hippocampus, cerebral
cortex, cerebellum, and thalamic nuclei. A, receptors are also present, although
to a lower level, in the rat basal ganglia (striatum and nucleus accumbens)
(Jarvis and WiLLIAMS 1989); however, receptor number was found to be high
in basal ganglia structures in the human brain (SVENNINGSSON et al. 1997a).
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There is evidence for both presynaptic and postsynaptic localization of A,
receptors. Their presence at the presynaptic level in several neuronal pathways
appears to be responsible for A, receptor-mediated inhibition of a variety of
neurotransmitters release including glutamate, GABA, noradrenaline, acetyl-
choline (ACh), and dopamine (DUNWIDDE and FRe»DHOLM 1997).

A, 4 receptors are predominant in several basal ganglia structures such as
the striatum, globus pallidus, nucleus accumbens, and tuberculum olfactorium
(Jarvis and WiLLiaMS 1989; RosiN et al. 1998). There are A,, receptors in other
brain areas, e.g., hippocampus, cerebral cortex, and thalamic nuclei, with some
differences found between human brain and that of other animal species
(SVENNINGSSON et al. 1997a). It remains, however, that using different method-
ological approaches, all studies are consistent in describing high levels of
A4 receptors in the striatum (ONGINT and FREpHOLM 1996). With regard to
specific neuronal populations, A,, receptors are present in striatopallidal
enkephalin-expressing neurons (SCHIFFMAN et al. 1991; Fink et al. 1992). The
same cells also express dopamine D, receptors; therefore, both A,, and D,
receptors are segregated on the same neuronal pathway. In contrast, there
are no A,, receptors in neurons expressing D; receptors, substance P, and
dynorphin, which project from striatum to substantia nigra (SCHIFFMAN et al.
1991; Fink et al. 1992). It is worth noting that A,, receptors are also present
on glial cells.

A,p and Aj receptors appear to be important in the CNS, although the
lack of selective ligands has hampered the characterization of these receptors.
A,p receptors are widely distributed with low density in the brain, and they
require a high concentration of adenosine to be activated above the range
available under physiological conditions. The A; receptors are localized in
astrocytes and widespread in neurons; the function in the brain of A,p and A;
receptors, however, remains largely unknown.

II. Adenosine in CNS Pathology

The most impressive changes of adenosine metabolism occur under conditions
leading to states of hypoxia/hypoglycemia. Thus, adenosine levels rise rapidly
in the cortical area after sudden interruption of cerebral blood flow in a variety
of animal species (ONGINT and ScHUBERT 1998 for review). Elevated levels of
adenosine influence biochemical processes, e.g., excitatory amino acid release
or Ca? influx, which ultimately result in neuroprotective actions. Through
inhibition of adenosine transport, attempts have been made to create drugs
that could reduce neuronal damage. Both A, and A,, receptors appear to be
involved in neuroprotective mechanisms and several data have been gener-
ated showing that the same net result can be achieved by either stimulating
A, receptors or blocking A,, receptors (ONGINI and SCHUBERT 1998). Another
area of pathology involving adenosine is that of epilepsy. It is known that
adenosine levels in the brain rapidly increase immediately after seizure onset.
A, receptor agonists or inhibitors of adenosine kinase have been shown to
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possess anticonvulsant properties in a variety of animal models (WIESNER et
al. 1999). A,, receptors appear also to be involved, but their role in mecha-
nisms underlying seizures is less defined (Apawmi et al. 1995).

Through the modulation of either A; or A,, receptors, adenosine partici-
pates in the regulation of key processes under normal or altered conditions.
For example, whereas A, receptors appear to be relevant for pain modulation
(Sawynok 1998), A, receptors located in discrete brain areas are involved in
mediating sleep mechanisms (SAToH et al. 1999).

A critical area of CNS pathology where adenosine-related drugs may have
interesting perspectives is that of motor disorders, specifically Parkinson’s
disease (O~GINt and FReEDHOLM 1996; RicHARDSON et al. 1997). There is evi-
dence in animal models of Parkinson’s disease that motor dysfunction is
significantly reduced by blocking A,, receptors (see Sect. D, this chapter).
However, despite the great interest, currently there is no clear-cut data
showing specific changes of adenosine levels or receptors in discrete brain
regions in patients suffering from Parkinson’s disecase (MARTINEZ-MIR et al.
1991).

The recent development of genetically manipulated mice makes it possi-
ble to take a step forward in understanding the role of specific receptors. So
far, knock-out mice for A, and A; receptors have been generated (LEDENT et
al. 1997; CHEN et al. 1999; SALVATORE et al. 2000). Interestingly, mice bearing
deletion of A, receptor gene show hypoalgesia and enhanced levels of anxiety
(LEpENT et al. 1997). Most recently, it has been found that A, receptor
knock-out mice display low susceptibility to cerebral ischemia showing that
adenosine and A,, receptors are important in controlling the response to
hypoxia/hypoglycemia (CHEN et al. 1999).

B. Pharmacology of Adenosine Receptors

Of the four adenosine receptors, two of them, namely A, and A,, receptors,
have gained importance for their role in the modulation of CNS functions.
Stimulation of A, receptors by specific agonists (see Table 1) leads to a variety
of behavioral effects, ranging from sedation, anticonvulsant activity, decreased
locomotor activity, analgesia, and neuroprotection. In an opposite manner,
blockade of A, receptors through xanthine derivatives tends to produce stim-
ulatory effects such as increased locomotor activity and enhanced susceptibil-
ity to seizures. Regulation of transmitters release by A, receptors located on
neuronal terminals is considered to be the critical mechanism underlying the
various CNS effects following administration of A; receptor agonists or antag-
onists (DuNwIDDE and FREDHOLM 1997).

The A, receptors are strongly involved in mediating effects related to
the central control of motor activity. A, agonists reduce locomotor activity
whereas selective A,, antagonists enhance it. A,4 receptors appear to be also
involved in the modulation of the sleep—waking continuum. Agonists reduce
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sleep patterns in a variety of experimental conditions and attenuate seizures
in models of chemically induced convulsions (ONGINT and FREDHOLM 1996).
Blockade of A,, receptors tends to increase the level of wakefulness and also
produce neuroprotection in animal models of cerebral ischemia (ONGINI and
ScHUBERT 1998). A role of A, receptors in mediating transmitter release has
also been reported (see Sect. C.IIL, this chapter). A,, agonists stimulate the
release of excitatory amino acids and ACh in the rat striatum (SeBaSTIAO and
RiBEIRO 1996); however, other studies have not confirmed such an interaction
between ACh and A,4 receptors (DunwiDDE and FREDHOLM 1997).

Currently there are no drugs used in therapy showing selectivity either
as agonists or antagonists for adenosine receptors. While clinical trials are
ongoing to develop adenosine-related therapeutics, some compounds avail-
able show interactions with adenosine receptors in the CNS. The most known
of such drugs are the xanthines: caffeine and theophylline. These compounds
block both A; and A,, receptors in the micromolar range, and part of their
action is believed to be mediated by adenosine receptors. The recent review
by FREDHOLM et al. (1999) provides a thorough analysis of CNS pharmacology
of caffeine whose action is attributed mainly to blockade of A,, receptors
in the brain.

C. Adenosine — Dopamine Interactions

Adenosine plays a role opposite to dopamine in the mediation of psychomo-
tor behaviors originated in the dorsal and ventral striatum. Like dopamine
receptor antagonists, adenosine receptor agonists induce sedation and
catalepsy in a dose-dependent manner and inhibit the motor activating effects
of dopamine receptor agonists (VELLUcCI et al. 1993; MoORELLI et al. 1994;
Ferre 1997; RimonDINI et al. 1997). The depressant effects of adenosine recep-
tor agonists better correlate with their affinity for A, than A, receptors. Such
effects are obtained by N-ethylcarboxamide adenosine (NECA) which pref-
erentially, but not selectively, acts on A, receptors, or by the most selective
A, receptor agonist CGS 21680, following either parenteral administration
or local infusion in the dorsal and ventral striatum (DUrRcaN and MORGAN
1989; HEFFNER et al. 1989; Barraco et al. 1993).

In contrast, generic adenosine receptor antagonists, including caffeine and
related methylxanthines, produce psychomotor stimulant effects by enhancing
locomotor activity and schedule-controlled behavior (GARRET and GRIFFITHS
1997; FREDHOLM et al. 1999) whereas, as shown in Fig. 1, selective A, antag-
onists as SCH 58261 potentiate the turning behavior induced by L-dopa in 6-
hydroxydopamine (6-OHDA )-lesioned rats (FENU et al. 1997). The expression
of caffeine-induced motor behaviors largely depends upon dopamine trans-
mission as shown by the sensitization of caffeine effects obtained after
dopamine agonist administration (FENU and MoreLL1 1998; FENU et al. 2000)
or by the counteraction of locomotor and turning behavior by either reserpine
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Fig. 1. Contralateral turning behavior in 6-OHDA-lesioned rats after vehicle (veh) +
L-dopa (2mg/kg i.p.), SCH 58261 (5mg/kg i.p.) + vehicle (veh) or SCH 58261 (Smg/kg
i.p.) + L-dopa (2mg/kg i.p.). Ordinate represents the rate of contralateral rotations,
abscissa indicates the time after L-dopa administration

and o-methyltyrosine or by dopamine receptor antagonists (HERRERA-
MagrscHrTz et al. 1988; JosseLyN and BENINGER 1991; GARRETT and HoLTZMANN
1994a). In line with the dopamine dependence of xanthine-mediated motor
effects, caffeine potentiates cocaine and amphetamine discriminative effects
and produces a partial generalization to them (HARLAND et al. 1989; GAUuvIN
et al. 1990), whereas in self-administration tests, caffeine increases and rein-
states cocaine self-administration (SCHENK et al. 1994; WorLEY et al. 1994).
Moreover, rats rendered tolerant to caffeine exhibit cross-tolerance to
dopamine receptor agonists (GARRETT and HorLrzmMAN 1994b). Similarly to
what is observed with adenosine agonists, the motor stimulant effects of caf-
feine appear to be related to an action on A,, rather than A, receptors, since
drugs blocking A4 receptors such as CGS 15943 and SCH 58261 induce motor
stimulant effects, whereas the A, antagonist DPCPX does not ( GRIEBEL et al.
1991; SVENNINGSSON et al. 1997b).

I. Dopamine D, and Adenosine Receptors

Specific interactions between D; receptors and A, and A, receptors have been
described either in reserpinized mice or in 6-OHDA-lesioned rats .

A preferential antagonism of D;-mediated motor behavior by A; rather
than A,, receptor agonists has been reported in reserpinized mice, whereas in
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the presence of dopamine receptor supersensitivity, such as in 6-OHDA-
lesioned rats, A,4 receptor agonists, more efficiently than A, receptor agonists,
counteract turning behavior induced by D; receptor agonists (FERRE et al.
1994b; MoreLLI et al. 1994). Similarly, A,, receptor antagonists, more power-
fully than A, receptor antagonists, potentiate D;-mediated turning behavior in
6-OHDA -lesioned rats and increase striatal c-fos expression (JANG et al.1993;
PinNa et al. 1996; PoLLack and Fink 1996; PoroL et al. 1996; LE MoINE et al.
1997).

A, receptors are colocalized in striatal efferent neurons containing either
D, or D, receptors whereas A,, receptors are segregated in striatal neurons
which do not contain D, receptors (ScHIFFMAN et al. 1991; FINk et al. 1992).
Therefore, whereas an interaction between D; and A, receptors at the second
messenger level or directly at the receptor level may explain the behavioral
effects described above, an interaction at different basal ganglia levels and not
only in the striatum is clearly important for the D,/A,, interaction. As shown
in Fig. 2, the direct striatonigral efferent pathway containing D; receptors
and the indirect striato-pallido-nigral efferent pathway, mainly containing D,
receptors, control in an inhibitory and excitatory way, respectively, the activ-
ity of the substantia nigra, which is the most important basal ganglia output
structure. Manipulation of the indirect pathway by A,a receptor agonists or
antagonists has, therefore, similar to D, receptors, the ability of influencing
D;-mediated responses extensively (FERRE et al. 1997).

II. Dopamine D, and Adenosine Receptors

Differently from D; receptors which interact with either A; and A,4 receptors,
dopamine D, receptors exclusively interact with A, receptors in the media-
tion of motor behavior. Although A, receptors are partially colocalized with
D, receptors in striatal efferent neurons, no evidence of an interaction at either
receptor or behavioral level has been evidenced (FerrE et al. 1994b; PINNA
et al. 1996; PoroLi et al. 1996) showing that A, receptors play a marginal role
in the modulation of D,-mediated motor responses.

By contrast, A, receptor agonists effectively counteract the effects of D,
agonists on motor activity in reserpinized mice and turning behavior in 6-
OHDA -lesioned rats (FERre 1994b; MoRELLI et al. 1994). In agreement, caf-
feine or selective A, receptor antagonists potentiate bromocriptine-induced
motor activity in reserpinized mice (FErre et al. 1991a) and quinpirole-
induced turning behavior in 6-OHDA-lesioned rats (FENU et al. 1997).

At least three mechanisms might be responsible for the interaction
between A,, and D, receptors. A negative direct interaction at the receptor
level, as shown by the decrease in the affinity of the D, receptor for the agonist
in brain homogenates or in fibroblast cell lines, cotransfected with A,, and D,
receptors, after stimulation of A,, receptors (FERRE et al. 1991b; DasGupta
et al. 1996). An interaction at the second messenger level is also likely to
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Fig. 2. Schematic representation of dopamine D;, D,, and adenosine A, receptor
interaction in the nigrostriatal system. A, and D, receptors are colocalized in the indi-
rect striato-pallido-nigral y-aminobutyric acid (GABA)ergic pathway, whereas D,
receptors are localized in the direct striatonigral pathway. D, and A, receptors stim-
ulate cCAMP formation whereas D, receptors inhibit cAMP formation. Stimulation of
the direct pathway (D) or inhibition of the indirect pathway (D,) inhibits substantia
nigra activity. Stimulation of the indirect pathway (A..) disinhibits substantia nigra
activity. Blockade of A,, receptors can, therefore, potentiate dopamine-mediated
inhibition of substantia nigra activity by either a direct interaction with D, receptors at
the level of the striato-pallido-nigral pathway or by an indirect interaction with D,
receptors at the substantia nigra level where the responses mediated by the striato-
pallido-nigral and striatonigral pathway are integrated. GP, globus pallidus; ENK,
enkephalin; DYN, dynorphin; SubP, substance P

contribute to this interaction since the two receptors affect adenylate cyclase
in an opposite direction (Table 1). An indirect mechanism involving choliner-
gic transmission has also been reported to play an important role since either
atropine administered intrastriatally, or scopolamine administered parenter-
ally, reduce the inhibitory effects of CGS 21680 on dopamine receptor agonist-
induced turning behavior and c-fos induction (VELLUCCI et al. 1993; MORELLI
et al. 1995). These results are in line with the negative role played by ACh
release on dopamine-mediated responses and with the increase of ACh release
induced in the striatum and in motor nerve terminals by A, receptor stimu-
lation (Kurokawa et al. 1994; CorREIRA-DE-SA and RIBEIRO 1996). It is worth
noting, however, that in striatal slices A,, receptor agonists do not induce ACh
release although they counteract the D, receptor-mediated decrease in ACh
release (JIN et al. 1993).
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III. Modulation of Dopamine Release

Early in vitro studies on the regulation of dopamine synthesis and release by
adenosine provided the original demonstration that adenosine, acting on A,
receptors, stimulates tyrosine hydroxylase in striatal synaptosomal prepara-
tions in antagonistic manner with dopamine D, receptors (ONALI et al. 1988;
BootH and BaLpEessarinNt 1990). Similarly, in vitro analysis of the regulation
of [*H] dopamine release from striatal slices showed that adenosine (Cass
and ZAHNISER 1991) and both A; and A,, selective agonists inhibit electrically
evoked [’H] dopamine release (JiN et al. 1993).

In vivo brain microdialysis studies on the role of adenosine receptor sub-
types in the control of dopamine neurotransmission are mostly restricted to
the striatum, and the role of A, and A,, adenosine receptors has been studied
after either systemic administration or local application, by reverse dialysis,
of adenosinergic compounds. The results so far obtained, however, appear
conflicting. Whereas some groups reported a decrease of dopamine release
after A; receptor stimulation by adenosine or 2-chloro-N6-cyclopentyl-
adenosine (CCPAs) (Oxkaba et al. 1996; OkapAa and KANEKO 1998),
and by 2-chloroadenosine (2-CADO) (BALLARIN et al. 1995), others reported
no effects on dopamine release after local application of the A; agonist CPA
(GoremBIOowska and ZYLEWSKA 1997).

Similar conflicting results were obtained on the effects of adenosine
A, agonists and antagonists on dopamine release. The A,, agonist, CGS
21680, increases dopamine release in a concentration-dependent fashion
(GoLemBiowska and ZyLEwska 1997) and stimulation of dopamine release
was also described after local application of another A, agonist, CPCA, by
ZertErsToM and FILLENZ (1990). In contrast, OkADA and coworkers reported
that A,, agonists and antagonists do not affect striatal dopamine release
(OxaDa et al. 1996; Okapa and KanNeko 1998), unless agonists and antagonists
for A, receptors are given when adenosine A; receptors are previously
blocked, in which case they could, respectively, increase and decrease striatal
dopamine release (Okapa and KANEKO 1998).

Among the few in vivo microdialysis studies that investigated on
dopamine-adenosine interaction in other brain areas, a recent one showed that
the intravenous administration of caffeine (0.0625-5mg/kg) fails to affect
dopamine release in the core subdivision of the nucleus accumbens (a brain
area anatomically related to the dorsal striatum) (TaNDa et al. 1998). These
data are in agreement with the finding that systemic administration of caffeine
(in a range of behaviorally relevant doses, 5-10mg/kg) fails to stimulate
dopamine release in the dorsal striatum (G. Di Chiara, unpublished observa-
tions). It is interesting to observe that, whereas intravenous administration of
caffeine and the selective antagonists for A; and A,4 receptors, DPCPX and
SCH 58261, fails to affect dopamine release in the core and the shell of the
nucleus accumbens (Acquas et al. 1999), they stimulate, dose-dependently,
dopamine release in the medial prefrontal cortex (Tanpa et al. 1998; Acquas



144 M. MORELLI et al.

et al. 1999). Thus, the failure of caffeine to stimulate dopamine release in the
mesolimbic system might be related to its lack of addictive properties (D1
CHiARA 1999). On the other hand, the ability of caffeine, DPCPX, and SCH
58261 to stimulate dopamine release in prefrontal cortex might account for
its reinforcing psychostimulant properties and also suggests that caffeine’s
actions on prefrontal dopamine arise from blockade of both A; and A,A
adenosine receptors.

D. Therapeutic Implications

The critical role played by the dopamine system in pathological conditions
such as schizophrenia and Parkinson’s disease has suggested that its modula-
tion by adenosine receptor agonists and antagonists may be beneficial in the
treatment of these diseases (FERRE et al. 1997; RicHARDSON et al. 1997). The
demonstration that dopamine-innervated areas have abundant adenosine A4
receptors, whereas these receptors are rarely expressed outside these areas,
supports this hypothesis and underlines the importance of A,, receptors in the
interaction with the dopamine system. The possible utilization of adenosine
agonists and antagonists in pathologies correlated to the dopamine system has
been highlighted only recently with the introduction of selective A, receptor
agonists and antagonists.

After an initial suggestion that the adenosine A;/A,, receptor antagonist
caffeine could be useful in the treatment of Parkinson’s disease (MALLyY and
STONE 1996), a recent clinical survey has shown that heavy caffeine drinkers
have a low risk to develop Parkinson’s disease (Ross et al. 2000). Experimental
studies, using antagonists with high affinity and selectivity for the A,, recep-
tor have shown an improvement in motor disabilities in Parkinson’s disease
rodent and primate models (PINNA et al. 1996; PoLLAck and Fink 1996; FEnu
et al. 1997, KANDA et al. 1998; GRONDIN et al. 1999). The A,, antagonist SCH
58261 potentiates the contralateral turning behavior induced by threshold
dose of L-dopa (Fig. 1) or dopamine receptor agonists in unilaterally 6-OHDA-
lesioned rats, an effect accompanied by an increase in Fos-like-immunoreac-
tivity in neurons of the lesioned striatum (PINNA et al. 1996; Fenu et al. 1997).
Likewise, another A,, receptor antagonist, 3,7-dimethyl-1-propargylxanthine
(DMPX), antagonizes catalepsy induced by haloperidol in the rat (MANDHANE
et al. 1997), whereas in non-human primate models of Parkinson’s disease, the
xanthine derivative KW 6002 reduces rigidity and improves the disability score
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated marmoset
(KanDA et al. 1998) and cynomolgus monkeys (GRONDIN et al. 1999). Chronic
administration of L-dopa in parkinsonian patients is accompanied by severe
side effects such as dyskinesia and motor fluctuations. A,, antagonists, in con-
trast to L-dopa, revert motor disability score and are less likely to reproduce
dyskinesia (KaNDa et al. 1998). At this stage, A,, antagonists are one of the
most promising pharmacological treatments for Parkinson’s disease.
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In an opposite manner, A,, receptor agonists were shown to reduce the
psychomotor stimulant effect of dopamine agonists like amphetamine at doses
not inducing catalepsy (FERRE 1997; RiMONDINI et al. 1997). These effects and
those on experimental models of schizophrenia such as pre-pulse-inhibition
(HauBer and Kock 1997), conditioned avoidance responding (MARTIN et al.
1993) and climbing assay (KaFka and CorBeTT 1996) were also shared by A,
receptor agonists; however, whereas A,, agonists display a clear separation
between doses inducing sedation and motor incoordination, A; agonists induce
ataxia and sedation at similar doses. The motor depressant effects of A,s
agonists are therefore qualitatively similar to those induced by dopamine
antagonists. Further indications of the close relationship between drugs which
block the dopamine receptors and A,, receptor agonists can be found in the
modifications at the level of adenosine receptors after chronic neuroleptic
administration and in the interaction between haloperidol and A,, receptor
antagonists on c-fos induction (Parson et al. 1995; BoeGMAN and VINCENT
1997; PINNA et al. 1999).

Of relevance in respect to these effects is the preferential activity of CGS
21680 in the ventral striatum, since the nucleus accumbens has been shown to
play a fundamental role in the therapeutic effects of antipsychotics. Studies
examining the pattern of induction of Fos-like-immunoreactivity after CGS
21680 have shown a preferential induction in the nucleus accumbens rather
than the dorsal striatum (P1nNa et al. 1997), whereas dialysis studies on GABA
release have reported a preferential effect of CGS 21680 in ventral rather than
dorsal striatum (FERRE et al. 1994a). These studies, together with receptor
binding studies showing a stronger interaction between A,, and D, receptor
in the ventral than in the dorsal striatum (FERRE et al. 1997), have suggested
that the postulated antipsychotic activity of CGS 21680 closely resembles that
of atypical antipsychotics. Atypical neuroleptics, in fact, preferentially affect
the activity of the nucleus accumbens shell, whereas classical neuroleptics also
influence the dorsal striatum. In line with these results is the antagonism of
clozapine-induced Fos-like-immunoreactivity by blockade of A,, receptors
with SCH 58261 (PinnNa et al. 1999). However, despite these promising results
in experimental animals, A,, receptor agonists such as CGS 21680 are known
to induce marked hypotension, an effect which has limited the clinical devel-
opment of these compounds (Casati et al. 1995).

Thanks to the interaction with the dopaminergic system, compounds
which either stimulate or block A,, receptors have the potential to become
new drug candidates for the treatment of CNS disorders such as schizophre-
nia and Parkinson’s disease.
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CHAPTER 18
Dopamine — GABA Interactions

M.-F. CHESSELET

A. Introduction

In contrast to y-aminobutyric acid (GABA )ergic neurons which are ubiqui-
tous in the brain, dopaminergic systems are restricted to a few well-
characterized pathways. Dopaminergic cell bodies are for the most part
concentrated in the mesencephalon and give rise to three main pathways: the
nigrostriatal (or mesostriatal) system, innervating the caudate putamen (or
striatum) and other regions of the basal ganglia, the mesolimbic system, inner-
vating the nucleus accumbens and other parts of the limbic system, and the
mesocortical pathway, innervating the prefrontal cortex (see CHESSELET 1999).
All these dopaminergic systems interact with GABAergic neurons both at the
level of their cell bodies and in their terminal regions. However, the mesos-
triatal system has been more extensively studied because the loss of these
dopaminergic neurons leads to Parkinson’s disease, and GABAergic neurons
normally controlled by nigrostriatal dopamine are thought to play a critical
role in the symptoms of the disease (see CHESSELET and DELFs 1996).

This review will highlight some aspects of GABA-dopamine interactions
in brain with a particular focus on the nigrostriatal system.

B. The Anatomical Relationship Between Nigrostriatal
Dopamine and GABAergic Neurons

I. Substantia Nigra

The cell bodies of the nigrostriatal neurons are concentrated in the substan-
tia nigra pars compacta. This region is immediately adjacent to the substantia
nigra pars reticulata containing the cell bodies of GABAergic neurons pro-
jecting to the thalamus, superior colliculus, and reticular formation (DENIAU
and CHEVALIER 1992). Both regions of the substantia nigra interact directly by
way of the dendrites of dopaminergic neurons, which extend deeply into the
pars reticulata where they release dopamine (CHErRAMY et al. 1981). Con-
versely, collaterals of GABAergic neurons of the pars reticulata synapse onto
dopaminergic neurons (TeppER et al. 1995). In addition, the dopaminergic
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neurons receive inputs from GABAergic neurons originating in the striatum
and forming the striatonigral pathway (SMITH et al. 1998).

I1. Striatum

The main targets of nigrostriatal neurons are the GABAergic efferent neurons
of the striatum. These GABAergic neurons represent approximately 95% of
striatal neurons and form two distinct populations based on their terminal field
and the neuropeptides co-localized with GABA (see CHESSELET 1999). Stri-
atal neurons containing enkephalin project exclusively to the external pal-
lidum (often referred to as the globus pallidus in rats). In contrast, striatal
neurons that contain substance P and dynorphin, although they project mainly
to the internal pallidum and substantia nigra pars reticulata, also send axon
collaterals to the external pallidum, at least in rats (KawagucHi et al. 1990).
Therefore, the two GABAergic output pathways of the striatum are not as
strictly separated as previously thought (ALBIN et al. 1989).

From the point of view of dopamine-GABA interactions, a main differ-
ence between the two systems is that enkephalin-containing GABAergic
neurons express primarily dopamine D, receptors, whereas substance P-
containing neurons express primarily D;-like receptors (GERFEN et al. 1990),
although more recent evidence suggests that the segregation of these recep-
tor subtypes is not absolute (SURMEIER et al. 1996).

In addition to these numerous GABAergic efferent neurons, the striatum
contains several classes of GABAergic interneurons. Among these, a popula-
tion of neurons characterized by the presence of the calcium-binding protein
parvalbumin is particularly remarkable because it expresses very high levels
of GABA and of the GABA-synthesizing enzyme glutamic acid decarboxy-
lase (GAD) M, 67,000 (GAD67) (SoGHOMONIAN et al. 1992; KAwAGUCHI et al.
1995). These neurons also express parvalbumin (SoGHOMONIAN et al. 1992;
KawagucHr et al. 1995) and the Shaw-like potassium channel Kv3.1 (LENZ
et al. 1994). These neurons have rapid firing rates (KawaGucHI et al. 1995),
suggesting that they may contribute to a significant amount of the GABA
released in the striatum.

III. Other Basal Ganglia Regions

GABAergic neurons also form the main output pathways of both the exter-
nal (globus pallidus in rats) and internal (entopeduncular nucleus) pallidum.
It has long been thought that dopaminergic control of these GABAergic
neurons was mostly indirect, by way of the striatal output neurons. However,
it is now clear that both pallidal segments contain dopaminergic receptors, and
recent evidence suggests that they receive collaterals from the nigrostriatal
dopaminergic system, suggesting the possibility of direct dopamine-GABA
interactions in these regions (see CHESSELET 1999).

The subthalamic nucleus, which is anatomically and functionally part
of the basal ganglia, does not contain intrinsic GABAergic neurons but it
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receives both GABAergic inputs from the globus pallidus and dopaminergic
collaterals from the nigrostriatal pathway (PARENT and HazraTI 1995). There-
fore, GABA and dopamine are likely to interact in the control of the output
neurons of the subthalamic nucleus, which are glutamatergic.

C. Functional Interactions Between GABA and
Nigrostriatal Dopaminergic Neurons

1. Striatum

1. Effects of GABA on Dopaminergic Neurons

The N-methyl-p-aspartate (NMDA)-induced release of dopamine is increased
by GABA antagonists, particularly in the striosomal compartment of the stria-
tum (KrEBs et al. 1993). A tonic inhibition of dopamine release by endoge-
nous GABA in the striatum is also suggested by evidence that GABA
antagonists increase extracellular levels of endogenous dopamine in vivo
(GruenN et al. 1992). An inhibitory effect of GABA on endogenous dopamine
release in vivo has been further suggested by positron emission tomography
(PET) studies in humans (DEWEY et al. 1992).

It has been proposed that GABA influences the spontaneous release of
endogenous dopamine by a direct action on presynaptic GABA B receptors,
whereas GABA A receptors may be primarily post-synaptic and their effects
on dopamine release mostly indirect (SMOLDERs et al. 1995). However, GABA
and GABA A agonists inhibit the evoked release of preloaded *H-dopamine
in striatal synaptosomes, suggesting a direct presynaptic effect (RONKEN et al.
1993).

2. Effects of Dopamine on GABAergic Output Neurons

Measuring GABAergic function in the basal ganglia is particularly difficult
because most regions of the basal ganglia contain both intrinsic GABAergic
neurons and GABAergic afferents. Biochemical measurements of levels of
GABA or GAD activity are not very informative because they do not distin-
guish between different GABAergic systems (CHESSELET and DELFs 1996;
CaLoN et al. 1999). For this reason, investigators turned to the measurement
of receptor binding sites, which are usually regulated in the opposite direction
as that of the neurotransmitter input, and of GAD mRNA, which is expressed
in neuronal cell bodies and not axon terminals.

Lesions of the nigrostriatal dopaminergic pathway cause an increase in
GAD activity in the striatum, and elevate the level of expression of the mRNA
encoding GAD67 (but not GAD65) in rats (SoGHOMONIAN et al. 1992;
ConsoLo et al. 1999), and of both GAD67 and GAD M, 65,000 (GAD65) in
primates (SOGHOMONIAN et al. 1994; PEDNEAULT and SOGHOMONIAN 1994). This
effect does not require stimulation of NMDA receptors (Hanr et al. 1996).
Increases in GAD mRNA after nigrostriatal dopamine lesions are paralleled
by increases in GAD immunoreactivity (SOGHOMONIAN et al. 1992; SEGovia et
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al. 1990) and GAD activity. This suggests that dopamine normally exerts an
inhibitory effect on striatal GABAergic efferent neurons. Supporting this
hypothesis, dopaminergic lesions increase GABA release in the striatum and
in the globus pallidus, the brain region that contains the axon terminals of a
subpopulation of striatal GABAergic efferent neurons (TossMAN et al. 1986;
Linperors et al. 1989). An increase in GABA release from striatopallidal
neurons after dopaminergic lesions is also supported by binding studies.
Indeed, GABAergic binding sites decrease in the globus pallidus of both rats
(PaN et al. 1985) and primates (RoBERTSON et al. 1990) with lesions of nigros-
triatal dopaminergic neurons.

Studies of peptides, however, suggest that dopamine may differentially
affect striatal efferent neurons projecting to the globus pallidus and entope-
duncular nucleus/substantia nigra. Specifically, measurement of peptides and
their mRNA indicate that dopamine inhibits efferents to the globus pallidus
by acting on D, dopaminergic receptors whereas it stimulates neurons
projecting to the entopeduncular nucleus and substantia nigra through a D;-
mediated mechanism (see CHESSELET 1999). In agreement with a dual effect
of dopamine in the regulation of GAD mRNA, indirect evidence discussed in
SoGHOMONIAN et al. 1992, suggested that the increase in GAD67 mRNA
observed after 6-hydroxydopamine lesions was limited to a subset of striatal
neurons. This hypothesis has been supported by recent double-label in situ
hybridization studies showing that the blockade of dopamine D, receptors
increased GAD67 mRNA selectively in those striatal neurons projecting to
the globus pallidus (LAPRADE and SOGHOMONIAN 1995). When dopaminergic
lesions were performed in the neonate, GAD67 was also increased in
enkephalinergic neurons. However, in this case, GAD65 was increased in
enkephalin-negative neurons, presumably neurons projecting to the internal
pallidum/substantia nigra (LAPRADE and SOGHOMONIAN 1999).

Supporting a role for D, receptors in the increase in GAD67 mRNA
observed after dopaminergic lesions, the neuroleptic haloperidol, adminis-
tered at a dose that preferentially blocks the D, receptor, also increased
GAD67 mRNA in rat striatum (DELFs et al. 1995a). Conversely, D, agonists
decrease both GAD67 and enkephalin mRNA in rat striatum (CABOCHE et al.
1991). In contrast, administration of D; agonists to adult rats selectively
increased GAD65 mRNA in striatal neurons projecting to the internal pal-
lidum and substantia nigra pars reticulata (LAPRADE and SOGHOMONIAN 1997)
whereas D; antagonists decrease both GAD67 and enkephalin mRNA in rat
striatum (CABOCHE et al. 1991).

The striatum is the main target of nigrostriatal dopaminergic neurons, and
alterations in striatal output neurons are usually thought to be critical for the
symptoms of Parkinson’s disease, a neurodegenerative illness characterized by
the progressive loss of nigrostriatal neurons. Transplants of dopamine-
producing cells in the striatum, which improve motor behavior after dopami-
nergic lesions, also reverse the increase in GAD activity induced by the lesion
(Secovia et al. 1989). However, a direct link between changes in striatal
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GABAergic transmission (as evidenced by changes in GAD activity and GAD
mRNA) and motor symptoms remains unclear. Indeed, changes in GAD
mRNA in the striatum do not parallel the time course of haloperidol-induced
catalepsy, a motor symptom similar to the akinesia of patients with Parkinson’s
disease (OsBORNE et al. 1994; DELFs et al. 1995a). Furthermore, L-dopa, which
improves motor deficits secondary to nigrostriatal dopamine lesions, not only
does not reverse but rather potentiates the increase in GAD67 mRNA in rat
striatum (ConsoLo et al. 1999). Similarly, administration of D, agonists further
increases GAD67 mRNA in the striatum after neonatal lesions (LAPRADE
and SoGHOMONIAN 1999). These data suggest that although changes in
striatal GABAergic transmission are likely to contribute to the symptoms of
Parkinson’s disease, the effects of dopaminergic lesions on other neuronal
systems may also be critical. Identifying these effects and their mechanisms
will be crucial in developing better treatments for Parkinson’s disease.

3. Dopaminergic Regulation of Striatal GABAergic Interneurons

An intriguing consequence of unilateral lesions of the nigrostriatal pathway
in rats is that, while it increases GAD67 mRNA 1in striatal efferent neurons,
it decreases GAD67 mRNA in parvalbumin-containing striatal GABAergic
interneurons (SOGHOMONIAN et al. 1992). These interneurons are likely to
perform critical functions in the striatum. Indeed, evidence suggests that
the fast-firing GABAergic interneurons mediate the feed-forward inhibition
of striatal efferent neurons by the cerebral cortex (PLENZ and Kitar 1998).
Therefore, a decreased GABA production in these interneurons, as suggested
by the decrease in GAD mRNA, could contribute to the increased activity of
GABAergic efferent neurons after dopaminergic lesions described earlier. The
effects of selective dopaminergic antagonists and of L-dopa on these interneu-
rons have yet to be elucidated.

4. Dopaminergic Regulation of Striatal GABA Release

As expected from alterations in striatal GABAergic neurons after dopamin-
ergic lesions, dopamine affects striatal GABA release. This effect is complex,
however. Recent studies showed that a dopamine uptake inhibitor, nomifen-
sine, increased GABA release, an effect attenuated by either D, or D, antag-
onists (Expdsito et al. 1999), suggesting that endogenous dopamine may
stimulate GABA release. This effect is at odds with observations made after
dopaminergic lesions (LINDEFORS et al. 1989). Extensive studies of dopamin-
ergic modulation of GABA release in vitro have indeed shown that multiple
dopaminergic receptors are involved in this complex regulation. Specifically,
stimulation of D, receptors increases GABA release in striatal slices; however,
D, antagonists have no effect, arguing against a role of D, receptor in a tonic
regulation of GABA release by dopamine in the striatum (WANG and JOHNSON
1995; HarsING and ZiGMoND 1997). In contrast, D, agonist decrease while D,
antagonists increase GABA release, suggesting a tonic regulation of GABA
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release by D,-mediated mechanisms (MAYFIELD et al. 1996; HarsiNG and
Z1G6MoND 1997).

Interactions between dopaminergic and GABAergic mechanisms in the
striatum could be of particular importance for the management of cocaine
abuse. Increased dopamine release by cocaine is thought to be critical for drug
addiction. Repeated cocaine use decreases the function of striatal GABA A
receptors (Peris 1996) and cocaine-abusing subjects show an increased sen-
sitivity to benzodiazepines (VoLkow et al. 1998). Interestingly, increasing
GABA levels by inhibiting its catabolism attenuates the ability of cocaine
to induce dopamine release. This led to the hypothesis that increasing
GABAergic function in the striatum could be beneficial in the treatment
of cocaine addiction (DEwEY et al. 1997).

II. Dopamine — GABA Interactions in the Globus Pallidus

The basal ganglia comprise a succession of GABAergic neurons contribut-
ing to the regulation of motor output by way of the thalamus, superior col-
liculus, and reticular formation. Therefore, although the major target of the
nigrostriatal pathway is the striatum, direct and indirect effects of dopamine
on non-striatal GABAergic neurons are likely to be functionally important
as well.

As indicated previously, dopamine lesions increase GABA release in the
globus pallidus (TossmaN et al. 1986), which is likely due to an increased
GABA outflow from striatal output neurons. Indeed, it is difficult to distin-
guish between GABA originating from afferents and from collaterals of intrin-
sic neurons in release studies. Measurements of GAD mRNA with high
cellular resolution in intrinsic GABAergic neurons of the pallidum strongly
suggest that alterations in dopaminergic transmission also affect intrinsic pal-
lidal GABAergic neurons. Indeed, unilateral lesions of the nigrostriatal
pathway increase GAD mRNA in neurons of the external pallidum in rats and
non-human primates (Kincamp et al. 1992; SogHoMONIAN and CHESSELET 1992;
SocHOMONIAN et al. 1994). This effect was blocked by 1.-dopa administration
in monkeys, probably explaining why it was difficult to detect in post-mortem
brains of patients with Parkinson’s disease (HERRERO et al. 1996). This suggests
that increased GAD mRNA in the external pallidal neurons may reflect
changes in GABAergic transmission that are directly related to the motor
symptoms of Parkinson’s disease.

In support of this hypothesis, changes in GAD mRNA in the globus pal-
lidus in rats parallel the motor symptoms induced by short- and long-term
administration of neuroleptics (DELFs et al. 1995a,c). Indeed, short-term
administration of haloperidol at a dose that preferentially blocks dopamine
D, receptors increased GAD67 mRNA in the globus pallidus in rats (DELFs
et al. 1995a). In contrast, long-term treatments, which induce orofacial dyski-
nesia instead of akinesia, decreased GAD67 mRNA in the same region (DELFs
et al. 1995c). Furthermore, blockade of haloperidol-induced catalepsy by the
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cholinergic muscarinic antagonist scopolamine, did not block GAD67 mRNA
increases in the striatum, but abolished changes in GAD mRNA in the globus
pallidus (DELFs et al. 1995a). A decrease in GAD mRNA in the globus pal-
lidus has been recently reported after higher doses of haloperidol (MAVRIDIS
and BEesson 1999). However, as indicated earlier, increases in GAD67 mRNA
correlate well with catalepsy. Furthermore, increases in GAD67 mRNA were
also observed in the globus pallidus after dopaminergic lesions both in rats
and in primates. Taken together, these observations suggest that the increase
in GAD67 mRNA observed after low doses of haloperidol in neurons of the
external pallidum is more relevant to Parkinson’s disease.

Changes in activity of GABAergic neurons in the globus pallidus, as evi-
denced by changes in GAD mRNA levels, may contribute to the functional
consequences of dopamine depletion or dopaminergic receptor blockade. The
mechanisms by which decreased dopamine transmission induces these effects
is not fully elucidated. A major input to the globus pallidus is formed by
the GABAergic, enkephalin-containing striatal ouput neurons. As indicated
earlier, all evidence points to an increased activity of this pathway after nigros-
triatal lesion or short-term blockade of dopaminergic D, receptors (see Sect.
C.IL, this chapter). This has led to the hypothesis that one of the main con-
sequences of nigrostriatal dopaminergic lesions is a decreased activity of
neurons in the globus pallidus (ALBIN et al. 1989; DeLonG 1990). Electro-
physiological recordings have confirmed a decrease in spontaneous firing in
neurons of the globus pallidus after dopaminergic lesions (PAN and WALTERS
1988; FiLLIoN et al. 1991). However, the firing pattern of these neurons is also
altered, with an increase in bursting activity (PaN and WALTERs 1989; FiLLION
et al. 1991). Changes in neuronal patterns are increasingly recognized as crit-
ical for synaptic transmission, and bursting patterns are associated with an
increased neurotransmitter release (SUuAUD-CHAGNY et al. 1992). Therefore,
changes in firing patterns in neurons of the globus pallidus could account for
the increase in GAD67 mRNA observed in the globus pallidus after dopamin-
ergic lesions.

Changes in the firing pattern of these neurons after dopaminergic lesions
could result from the combined effect of several inputs to the globus pallidus.
Indeed, in addition to GABAergic inputs from the striatum, the globus pal-
lidus receives glutamatergic inputs from the subthalamic nucleus (PARENT and
Hazratt 1995). It is known that a major consequence of dopaminergic lesions
is an increase in the firing rate and bursting pattern of subthalamic neurons,
suggesting that this input could play a critical role in the regulation of palli-
dal neurons after dopamine depletion (BERGMAN et al. 1990). Supporting this
hypothesis, lesions of the subthalamic nucleus abolish the increased GAD67
mRNA expression in the globus pallidus in rats with lesions of the dopamin-
ergic nigrostriatal pathway (DELFs et al. 1995b).

Long-term administration of L-dopa, the main treatment for Parkinson’s
disease, can induce invalidating dyskinesia. This severe motor side effect can
also occur after long-term neuroleptic treatment. The mechanism of dyskine-
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sia remains poorly understood. However, recent evidence suggests an involve-
ment of pallidal output neurons. Indeed, dyskinesia resulting from long-term
treatment with classical antipsychotic agents, such as haloperidol, are accom-
panied by a decrease in GAD mRNA in the globus pallidus (DELFs et al.
1995a) and an increase in GABA A binding in the substantia nigra pars retic-
ulata (SEE et al. 1990; SHTRAKAWA and TaMMINGA 1994). These two effects are
compatible with a decreased GABAergic output from pallidonigral neurons
in dyskinetic rats.

III. GABA - DA Interactions in the Internal Pallidum

The internal pallidal segment (entopeduncular nucleus in rats) constitutes,
with the substantia nigra pars reticulata, the main output pathway of the basal
ganglia (see CHESSELET 1999). The output neurons of the internal pallidum are
GABAergic and project mainly to the thalamic motor nuclei (Kurras-ILINSKY
et al. 1983). Classically, it has been considered that the main GABAergic input
to the entopeduncular nucleus originates in the striatum (see SOGHOMONIAN
and CHESSELET 1999). However, the internal pallidum also receives GABAer-
gic afferents from the external pallidum (SmiTH et al. 1998). The anatomical
organization of these inputs suggests that they exert a powerful effect on
pallidal neurons. Indeed, they primarily synapse onto the initial segments of
dendrites and neuronal soma, whereas GABAergic inputs from the striatum
and glutamatergic inputs form the subthalamic nucleus terminate on distal
dendrites (SmrtH et al. 1998).

The mechanisms by which dopamine influences GABAergic neurons of
the internal pallidum are not completely understood. Clearly, dopamine reg-
ulates GABA output from the internal pallidum through its effects on D;-
bearing striatal neurons that project directly to the internal pallidum (GERFEN
et al. 1990). This projection has received the name “direct pathway” in basal
ganglia circuitry (ALBIN et al. 1989). However, this is not the only way
dopamine interacts with GABAergic neurons in this region. Dopamine also
influences D,-bearing neurons that project directly to the external pallidum
(or globus pallidus) as described above. By regulating the GABAergic neurons
of the external pallidum, dopamine indirectly affects the internal pallidum by
way (1) of the direct GABAergic connection between external and internal
pallidum and (2) of the indirect connection between the two pallidal segments
that involve a relay in the subthalamic nucleus, and glutamatergic subthalamic
inputs to the internal pallidum. In addition, the internal pallidum contains a
high concentration of dopaminergic D, receptors and also some D,-binding
sites (see CHESSELET 1999).

The majority of D, receptors are located presynaptically on striatopalli-
dal inputs and are likely to control the release of GABA from these neurons.
Although the direct dopaminergic innervation of the internal pallidum may
be minimal, dopamine released from collaterals of the nigrostriatal pathway
terminating into the internal pallidum is likely to be the endogenous ligand at
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these receptors (Lavoik et al. 1989). The net effect of a loss of nigrostriatal
dopaminergic neurons on GABAergic neurons of the internal pallidum is an
increased activity, which is thought to play a critical role in the resulting aki-
nesia (ALBIN et al. 1989; DELoNG 1990).

IV. DA - GABA Interactions in the Substantia Nigra

The substantia nigra comprises two adjacent and closely interrelated regions,
the pars compacta and the pars reticulata. The pars compacta contains the cell
bodies of dopaminergic nigrostriatal neurons. Electrophysiological studies
have described different properties of “principal neurons,” probably dopami-
nergic, and “secondary neurons” in the substantia nigra pars compacta (LACEY
et al. 1989). Although the neurotransmitter of the “secondary neurons” has
not been identified in these studies, the data clearly indicate that the substan-
tia nigra pars compacta does not exclusively contain dopaminergic neurons.
Indeed, in the rat, GABAergic neurons are intermingled with the dopamin-
ergic neurons in the pars compacta (EBERLE-WANG et al. 1997; RoprR’GUEZ and
GonzaLes-HERNANDEZ 1999). It is possible that some of these GABAergic
neurons project to the striatum because a GABAergic nigrostriatal pathway
has been described (RoDR’GUEZ and GONZALES-HERNANDEZ 1999). However,
some evidence suggests that they may also project to the thalamus, as do
GABAergic neurons of the pars reticulata (HERKENHAM and Nauta 1979).

Whether a direct relationship exists between these two populations of
neurons (dopaminergic and GABAergic) in the substantia nigra pars com-
pacta is not known. However, powerful GABAergic influences on nigrostriatal
neurons at the level of the substantia nigra are well documented. Dopamin-
ergic neurons receive GABAergic inputs from the striatum and from the
globus pallidus (Boram and SmitH 1990). Furthermore, they receive inputs
from collaterals of GABAergic pars reticulata neurons (TEPPER et al. 1995).
GABAergic neurons from the striatum and globus pallidus exert a direct
inhibitory influence on nigrostriatal dopaminergic neurons (PALADINI et al.
1999). However, by way of their input on GABAergic pars reticulata neurons,
they also modulate dopaminergic neurons indirectly.

Dopaminergic neurons express GABA A receptors, mostly including the
alpha3/4beta2/3gamma3 subunits (Guyon et al. 1999). Stimulation of GABA
A and GABA B receptors differentially modulate the firing of dopaminergic
neurons. In vivo experiments showed that GABA A antagonists induce burst
firing in dopaminergic neurons, suggesting that dopaminergic neurons are
tonically inhibited by GABAergic afferents through an action on GABA A
receptors (PaLADpINT and TepPER 1999). GABA B agonists decrease firing rate,
regularize firing rhythm, and decrease burst activity in dopaminergic neurons
in vivo (ERHARDT et al. 1998). These effects on firing pattern of dopaminergic
neurons were observed at much lower doses than firing inhibition (ENGBERG
and NissBraNDT 1993). However, GABA B antagonists only produce a modest
shift to a more regular pattern of firing in half the neurons (PaLApint and
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TePPER 1999), suggesting that control of dopaminergic neurons by GABA B
mechanisms is not tonic in vivo. This may be due to the fact that GABA B
receptors exert their major role in the substantia nigra pars reticulata as pre-
rather than postsynaptic receptors (CHAN et al. 1998). Accordingly, GABA B
receptors may primarily regulate the firing pattern of dopaminergic nigral
neurons by mediating the effects of pallidonigral inputs, because their effects
can be mimicked by lesions of the pallidum (TeppER et al. 1995). The com-
plexity of interactions between GABA inputs and dopaminergic neurons in
the substantia nigra may explain why GABA A agonists applied into the sub-
stantia nigra can exert disinhibitory effects on dopaminergic neurons and actu-
ally increase dopamine release in the striatum (SPERBER et al. 1989; SANTIAGO
and WESTERINK 1992). Yet, GABA A antagonists also increase dopamine
release, and GABA B agonists decrease it (SANTIAGO and WESTERINK 1992),
as does intranigral injection of GABA (REID et al. 1990).

Interactions between GABA and dopamine in the substantia nigra are
reciprocal. Dopamine D; receptors are present on GABAergic afferents
from the striatum and dopamine alters GABA release form these neurons.
Although some studies have suggested an inhibitory effect of dopamine on
nigral GABA release (MARTIN and Waszczak 1994), most evidence points to
a facilitatory effect of dopamine on GABA release in substantia nigra through
a Dj;-mediated action (FrLoran et al. 1990; CaAMERON and WiLLIAMS 1993;
TmMMERMAN and WESTERINK 1995; BYRNES et al. 1997; Garcia et al. 1997;
RapNikow and MisGeLD 1998; MaruszewicH and Yamamoro 1999). Regula-
tion of GABA release by stimulation of D; receptors in the substantia nigra
indirectly alters the release of acetylcholine in the striatum (ABERCROMBIE
and DEBOER 1997) and may be involved in the circling behavior induced by
intranigral administration of D; agonists (STARR and Starr 1989).

D, agonists applied into the substantia nigra attenuate the inhibitory
response of pars reticulata neurons to GABA (MarTIN and Waszczak 1996),
and decrease the stimulated release of GABA (MATUSZEWICH and YAMAMOTO
1999) suggesting an opposite effect of dopamine by way of D; and D, recep-
tors in the substantia nigra, as demonstrated in the striatum. D, agonists
applied into the substantia nigra increase GABA release in the superior col-
liculus, which receives GABAergic inputs from the substantia nigra (LANTIN
LE BouLcH et al. 1991) consistent with an inhibitory effect of D, agonists on
GABA release within the substantia nigra. It should be noted that D, recep-
tors have been detected by immunohistochemistry in the primate substantia
nigra (MrzLIAK et al. 1996). Therefore, some of the effects of D,/D, agonists
and antagonists could be due to an action at the D, receptors.

V. Functional Implications of GABA - DA Interactions Within the
Basal Ganglia

In conclusion, dopamine and GABA interact directly and indirectly at all
levels of the basal ganglia. The complexity of the anatomical substrates for
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these interactions and the multiplicity of receptors involved explain that con-
tradictory results have sometimes been obtained in experimental studies. This
complexity offers the possibility of subtle interactions between these neuronal
systems for the control of movement. In pathological conditions, this equilib-
rium is compromised. The best-documented case is that of Parkinson’s disease,
characterized by the loss of dopaminergic nigrostriatal neurons. In this situa-
tion, the dual control of GABAergic output neurons of the striatum is altered
and dopaminergic regulation of pallidal and nigral GABAergic neurons, both
directly and by way of the subthalamic nucleus, is lost (ALBIN et al. 1989;
DEeLonG 1990). This resuits in an increased GABAergic output from the basal
ganglia, causing akinesia, and an alteration in the firing pattern of these
neurons, which may be critical for tremor and dystonia. By elevating the level
of remaining dopamine, L-dopa therapy corrects these defects to a certain
point, but sensitization of dopaminergic responses and/or the lack of appro-
priate timing of dopaminergic control may eventually result in invalidating
dyskinesia.

A situation analogous to that of Parkinson’s disease is observed after treat-
ment with classical antipsychotic drugs that block dopamine receptors, such as
haloperidol. Repeated low doses of haloperidol produce the same effects on
GABAergic neurons of the basal ganglia as dopaminergic lesions. Chronic
treatments, however, induce dyskinesia. Despite these opposite behavioral
effects, short- and long-term haloperidol treatments produce similar effects
on GABAergic neurons of the striatum but they have opposite effects in
the globus pallidus, suggesting that dopaminergic regulation of GABAergic
neurons in this region may be critical for the generation of dyskinesia.

D. DA - GABA Interactions in the Mesolimbic Pathway

Dopaminergic neurons of the mesolimbic system originate in the ventral
tegmental area and project to the nucleus accumbens. As in the pars compacta,
these neurons are intermingled with GABAergic neurons that also project to
the nucleus accumbens (Karivas et al. 1990). Regulation of dopaminergic
neurons of the mesolimbic system has been examined in great detail because
evidence suggests that dopaminergic mechanisms in this pathway play a crit-
ical role in reinforcement mechanisms (MCBRIDE et al. 1999), drug addiction
(Henry and WHITE 1995), and the rewarding properties of ethanol (DiaNa
et al. 1993).

The anatomical organization of the mesolimbic system presents many sim-
ilarities with that of the basal ganglia. Notably, the ventral tegmental area
receives GABAergic inputs from the nucleus accumbens and output neurons
of the nucleus accumbens shell are GABAergic. These project onto GABAer-
gic neurons of the ventral pallidum, which in turn influence both the ventral
tegmental area and the cerebral cortex by way of the thalamus. In this case,
however, the main thalamic relay nucleus is the mediodorsal nucleus (BERGER
et al. 1991).
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GABA agonists in the ventral tegmental area inhibit mesolimbic
dopaminergic neurons (SAUD-CHAGNY et al. 1992; WESTERINK et al. 1996)
whereas GABA antagonists disinhibit these neurons, leading to an increase in
dopamine release in the shell of the nucleus accumbens (WESTERINK et al.
1996; IxemoToO et al. 1997). In agreement with evidence for a role of dopamine
release in nucleus accumbens in addiction, GABA antagonists in the ventral
tegmental area have reinforcing properties (IkEmoro et al. 1997). These data
suggest that mesolimbic dopaminergic neurons are tonically inhibited by
GABAergic neurons at the level of the ventral tegmental area. Other studies,
however, have shown that GABA A agonists injected into the ventral tegmen-
tal area increase both dopamine release in the nucleus accumbens and loco-
motor activity, an effect mediated by increased dopamine in the nucleus
accumbens (KaLivas et al. 1990). In this study, pharmacological characteriza-
tion of the effects suggested a direct inhibitory effect of GABA by way of
GABA B receptor stimulation but an indirect disinhibition of mesolimbic
dopamine by stimulation of GABA A receptors in the ventral tegmental area
(Karwvas et al. 1990). GABAergic regulation of mesolimbic dopaminergic
neurons may also mediate the complex regulation of these neurons by mu-
opioid agonists in the ventral tegmental area (KALIvas et al. 1990; DEVINE
et al. 1993).

Increased dopaminergic transmission in the nucleus accumbens induces
locomotor activity (EssMaN et al. 1993). Evidence suggests that this effect is
mediated by an inhibitory action of dopamine on GABAergic output neurons
from the nucleus accumbens to the ventral pallidum (YANG and MOGENSON
1989; BourpeLals and KaLivas 1992). Dopaminergic inhibition of GABAer-
gic projections from the nucleus accumbens to the ventral pallidum may also
mediate dopamine-induced sensorimotor gating deficits of acoustic startle
(SwerDpLOW et al. 1990).

A tonic inhibitory effect of dopaminergic neurons on GABAergic output
neurons of the nucleus accumbens core is supported by the increase in GAD67
mRNA observed in the core and the anterior part of the nucleus accumbens,
but not the shell, after lesions of the mesolimbic dopaminergic pathway in
adult rats (RETAUX et al. 1994). In contrast, acute cocaine increased GAD
mRNA in nucleus accumbens shell, suggesting a differential interaction
between dopamine and GABAergic neurons in nucleus accumbens core and
shell (SorG et al. 1995).

Dopamine — GABA interactions in the nucleus accumbens are likely to
be mediated in part by dopamine D, receptors which are located in the den-
drites and perikarya of both GABA-immunoreactive spiny neurons with the
morphology of output neurons, and interneurons (DELLE DONNE et al. 1997).
Interestingly, a greater abundance of D, receptors was found on GABA-
immunoreactive terminals in the nucleus accumbens shell than in the dorsal
striatum, suggesting a significant presynaptic effect of dopamine on GABAer-
gic transmission in this region (DELLE DoNNE et al. 1997). In addition to D,
receptors, GABAergic neurons in the nucleus accumbens respond to stimula-
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tion of D; dopaminergic receptors, an effect that displays sensitization after
repeated administration of drug of abuse such as cocaine (HENRY and WHITE
1995) or morphine (SCHOFFELMEER et al. 1995). In slices of the nucleus accum-
bens, stimulation of D; dopamine receptors increases GABA release, an effect
attenuated by concurrent activation of adenosine Al receptors (MAYFIELD
et al. 1999).

A presynaptic effect of GABA on dopamine release in the nucleus accum-
bens has been less well documented than in the striatum. However, evidence
exists in favor of either a stimulatory or an inhibitory effect of GABA on
dopamine release, probably because either direct or indirect mechanisms pre-
dominate depending on the conditions of the experiment. However, modafinil
decreased GABA release in the nucleus accumbens and induced an increase
in dopamine release that is blocked by phaclofen, an antagonist of GABA B
receptors (FERRARO et al. 1996). These data suggest that GABA may inhibit
dopamine release in the accumbens. In support of this, local applications of
the GABA agonist muscimol inhibits dopamine release in the nucleus accum-
bens (YosHiDa et al. 1997). Furthermore, GABA A antagonists in the nucleus
accumbens increase locomotor activity through a mechanism that requires
dopamine, also suggesting a tonic inhibition of dopamine in the nucleus
accumbens by GABA (Won et al. 1991). However, the increase in dopamine
release induced by local applications of the neuropeptide neurotensin in the
nucleus accumbens (which also increases GABA release) is blocked by the
GABA antagonist bicuculline suggesting that GABA can increase dopamine
release in the nucleus accumbens through a presynaptic mechanism
(TANGANELLI et al. 1994).

These data suggest an interaction between GABA and dopamine within
the nucleus accumbens, with a net effect depending on the experimental con-
ditions and the systems involved. For example, it has been proposed that the
disinhibition of mesolimbic dopaminergic activity by infusion of muscimol into
the nucleus accumbens may involve an indirect effect at the level of the cell
bodies of these neurons because this treatment increases the immediate early
gene c-fos in tyrosine-hydroxylase positive neurons of the ventral tegmental
area (YosHIDA et al. 1997).

E. DA - GABA Interactions in the Mesocortical System

Dopaminergic projections to the prefrontal cortex also originate in the ventral
tegmental area (BERGER et al. 1991). Although restricted to discrete cortical
regions in rats, this mesocortical projection is more extensive in primates.
Dopaminergic neurons of the ventral tegmental area are intermingled with
GABAergic neurons that project to the same area of the prefrontal cortex
that is innervated by dopaminergic mesocortical neurons (STEFFENSEN et al.
1998; PiroT et al. 1992). The prefrontal dopaminergic system is regulated by
GABAergic mechanisms in the mediodorsal nucleus of the thalamus. Indeed,
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GABA antagonists in the mediodorsal nucleus activate dopaminergic trans-
mission in cortical regions that receive inputs form this thalamic nucleus
(Jongs et al. 1988), whereas GABA agonists have the opposite effect
(CHURCHILL et al. 1996).

The mesocortical dopaminergic pathway is selectively activated by stress
(DruTCH et al. 1991) and has been shown to play a role in working memory
(GoLDMAN-RAKIC 1999; ROMANIDES et al. 1999). It can also control locomotor
activity and movement, and the subcortical response to stress, by controlling
dopaminergic mechanisms in subcortical structures such as the striatum and
nucleus accumbens (CHURCHILL et al. 1996; KaRLER et al. 1998; DonertY and
GratTON 1999). It has been proposed that GABAergic mechanisms play a role
in the activation of the mesocortical dopaminergic system by stress. Indeed,
benzodiazepines, which have GABA antagonistic effects, block stress-induced
increases in cortical dopamine release (DEUTCH et al. 1991; FINLAY et al. 1995).
However, this effect is due to a decrease in basal concentration of dopamine
and the net outflow of the amine is not reduced (FINLAY et al. 1995). Handling
stress also increases dopamine release in the prefrontal cortex, an effect atten-
uated by infusion of the GABA B agonist baclofen in the ventral tegmental
area (ENrico et al. 1998).

In the prefrontal cortex, dopamine can regulate pyramidal neurons not
only directly, but also by way of its effects on GABAergic interneurons
(KevERNE 1999). Expression of dopaminergic receptors has been detected
in subpopulations of cortical GABAergic interneurons. In particular, D,
dopaminergic receptors are not only present in pyramidal neurons, but also
in parvalbumin-positive GABAergic interneurons (LE MoINE and GasPAR
1998). They are present on the plasma membrane of distal dendrites of these
interneurons (MuLy et al. 1998). In addition, they are present presynaptically
on axon terminals forming asymmetric synapses, thus presumably inhibitory.
D, dopamine receptors are also primarily found in the parvalbumin-positive
GABAergic neurons, whereas only a small subpopulation of calbindin-
containing GABAergic interneurons express D; dopaminergic receptor (MuLy
et al. 1998). There is also ultrastructural evidence for direct synaptic contacts
between dopaminergic nerve terminals and parvalbumin-positive GABAergic
interneurons in the prefrontal cortex (SEsack et al. 1998). These GABAergic
interneurons correspond to the wide arbor and chandelier neurons that target
pyramidal cell soma and axon initial segments, respectively.

Lesions of dopaminergic afferents to the prefrontal cortex decrease
GAD67 mRNA in GABAergic interneurons located in deep cortical layers,
suggesting a tonic excitatory effect of dopamine on these interneurons
(RETAUX et al. 1994). It is interesting to note that lesions of dopaminergic
output neurons from the ventral tegmental area (VTA) increases GAD67
mRNA in efferent GABAergic neurons of the nucleus accumbens but
decreases GAD67 mRNA in GABAergic interneurons of the cerebral cortex
(RETAUX et al. 1994). This dual effect of dopamine on output versus interneu-
rons is reminiscent of observations in the striatum after lesions of the nigros-
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triatal system, which leads to increased GAD mRNA in efferent neurons
and decrease of the mRNA in interneurons of the striatum, respectively
(SoGHOMONIAN et al. 1992).

Local application of dopamine into the prefrontal cortex of rats inhibits
most cortical efferent neurons. This effect is blocked by D, and GABA A
antagonists, suggesting it is mediated by stimulation of cortical GABAergic
interneurons through an action of dopamine on D, dopaminergic receptors
(Prror et al. 1992). Although electrically evoked release of GABA in vitro was
decreased by D, agonists (RETAUX et al. 1991a) through a synergistic stimula-
tion of D; and D, receptor activation (Retaux et al. 1991b), D, agonists
increase spontaneous GABA release in slices of rat prefrontal cortex (RETAUX
et al. 1991) and in vivo (GroBiN and DeuTcH 1998). In agreement with a stim-
ulatory effect of dopamine on GABAergic interneurons in prefrontal cortex,
dopamine enhances inhibitory neurons excitability through depolarization
and increased frequency and amplitude of spontaneous inhibitory postsynap-
tic currents in both interneurons and pyramidal cells in the absence of
tetrodotoxin (Zuou and HaBLITZ 1999).

By stimulating GABA interneurons in the cerebral cortex, dopamine may
inhibit cortical output neurons and influence subcortical structures. A recent
study suggests that, by acting on GABA B receptors, GABA released by
dopamine in prefrontal cortex inhibits dopamine release induced by stress in
the nucleus accumbens (DoHERTY and GratTON 1999). Similarly, increased
dopamine in the prefrontal cortex in response to administration of ampheta-
mine or cocaine decreases dopaminergic and glutamatergic activity in the
striatum by way of the activation of GABAergic neurons in the cerebral cortex
(KaRLER et al. 1998).

In conclusion, a general theme that emerges from the numerous studies
that have examined GABA-DA interactions is that these neurotransmitters
are engaged in complex mutual regulations involving a variety of receptors,
often leading to opposite effects.
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CHAPTER 19
Dopamine - Its Role in Behaviour and
Cognition in Experimental Animals
and Humans

T.W. RosBiNs and B.J. EVERITT

A. Introduction

The importance of dopaminergic transmission for normal behaviour has been
evident since the initial characterization of the organization and functioning of
the dopamine (DA) pathways, as well as the subsequent discovery and mapping
of the DA receptor systems, comprising the D;-like receptors (i.e. Dy, D, and D5
receptor subtypes) and the Dy;-like receptors. The search for functional cor-
relates of DA function has been given great impetus by its undoubted involve-
ment in Parkinson’s disease, in the mediation of reinforcing effects of drugs
of abuse such as the amphetamine-like psychomotor stimulants and in the
anti-psychotic effects of neuroleptic drugs. The purpose of this chapter is to
build upon the syntheses provided by several previous reviews and to reach
conclusions about the nature of the contribution of DA neurotransmission to
behaviour, with particular emphasis on its possible role in cognition.

The preponderance of the dopaminergic innervation of the basal ganglia
(i.e. striatum) in the mammalian brain has highlighted its neuromodulatory
effects on motor function. However, it is becoming increasingly clear that the
striatum subserves important functions in sensorimotor integration. Such inte-
gration can occur at many functional levels, from the organization of reflexes
to that of complex response sequences which entail the formation and inte-
gration of plans, motor programmes and goal-directed behaviour. Moreover,
the fact that DA-containing neurons also innervate the prefrontal cortex
(PFC), as well as other structures with potential roles in learning, (e.g. the
amygdala) has further raised the possibility of additional functions in higher
cognitive functions for DA which intervene between the processing of sensory
input and motor output such as learning, working memory and aspects of
attentional functioning.

Previous reviews have focused on the importance of DA in gain-
amplification processes that contribute to the preparatory phases of respond-
ing to external incentive or reinforcing stimuli and also to the production
of efficient responses to specific stimuli (as occurs, for example, in reaction
time situations) (BLACKBURN et al. 1992; RoBBiNs and EveritT 1992). These
processes can be considered as parallel modulations of functions dependent,
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respectively, on the ventral (including the nucleus accumbens) and dorsal
(including the caudate-putamen) striatum (RoBBINs and Everirr 1992).

Both the aforementioned reviews considered the possible role of striatal
DA in plastic processes, including associative learning. For example, the
enhancement of response set, that process by which predispositions to respond
to a particular stimulus with a particular response are increased, could poten-
tially facilitate stimulus-response learning. Moreover, the evident role of DA
in reinforcement mechanisms within the nucleus accumbens suggests that
stimulus-reward learning may occur at this site, as also posited by other
authors (WHITE 1989). More recently, there has been increasing interest in the
possible contribution of DA to reinforcement learning. This has been given
impetus by a combination of electrophysiological findings and computational
modelling approaches (Houk et al. 1995; MONTAGUE et al. 1996; ScHULTZ et al.
1997). These investigations have made clear that the critical issue is not that
DA contributes to reinforcement per se, but in specifying its exact role in asso-
ciative learning.

B. Electrophysiological and
Neurocomputational Approaches

Precise data concerning the possible coding of reinforcement by DA neurons
have been obtained from experiments in which their activity is recorded in
alert monkeys while they perform in situations where their behaviour earns
food rewards (Scuurrz 1992). In such experiments DA neurons in the
midbrain ventral tegmental region respond with short, phasic activity when
monkeys are presented with appetitive stimuli. DA neurons are also transiently
activated by novel stimuli that elicit behavioural orienting over the first few
presentations. However, it has been shown that at least some aversive stimuli,
such as air puffs to the hand, or drops of saline to the tongue, do not generally
elicit firing. When repeated presentations of food reward are reliably predicted
by other cues such as lights or noises, the activity of the DA neurons is advanced
temporally to the time of onset of these conditioned stimuli (CS) and respond-
ing to the reward stimulus itself is no longer present. However, if the reward is
omitted then the activity of the DA neuron is depressed at exactly the point in
time at which it would normally have occurred, suggesting that it contributes to
an internal representation of the reward.

These results are consistent with theories of associative conditioning such
as that of REscorLa and WAGNER (1972), which place emphasis on the impor-
tance of the predictability of the unconditioned reinforcer. Learning occurs as
a consequence of reducing error feedback signals, such that when reward is
completely predictable no further learning occurs. The activity of the DA
neurons appears to provide a “teaching signal” that provides information
about the expected time and magnitude of reinforcement (MONTAGUE et al.
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1996; Scuurrz et al. 1997). These teaching signals potentially can alter the
synaptic weights of neural networks within terminal structures such as the
striatum. Theorists have also speculated how the delay of reinforcement could
be mediated by biochemical changes in striatal neurons initiated by the
binding of DA to its receptors (Houk et al. 1995). It is important to note,
however, that there is no evidence that dopaminergic activity represents
sensory properties of the reinforcer (e.g. its precise visual or olfactory nature),
which are presumably encoded by other neural networks in non-striatal struc-
tures (for example, the orbitofrontal cortex).

Whilst it appears that there is ample circumstantial evidence for a role for
central dopaminergic mechanisms in neural plasticity and mechanisms of
appetitive learning, this hypothesis must be considered in the light of existing
evidence that DA has other, more immediate, functions that directly affect
processing in its terminal regions, producing, for example, general changes in
locomotor activity (e.g. in the rat, KELLy et al. 1975). This consideration is also
relevant to the locus of the inferred changes in learning, plausibly in the dorsal
and ventral striatum, or in the prefrontal cortex. The second major issue that
has to be raised is the extent to which the electrophysiological and neuro-
computational findings are supported by direct evidence that DA plays a
causal role in learning and memory processes. It is possible that the changes
in activity in DA neurons reflect plastic changes occurring elsewhere, being
consequences rather than causes of learning. As such, the changes in DA activ-
ity would still play a crucial role in behaviour, but may not, for example, be
necessary for learning to occur. For example, REDGRAVE et al. (1999) have
recently suggested that the changes in DA activity might function as a signal
to switch from one form of behaviour to another (e.g. from lever pressing to
food consumption), consistent with established roles for striatal DA in the
control of behavioural orienting, (see below). At the neurobiological level of
analysis, there is also no convincing evidence that dopaminergic activity in the
ventral striatum is necessary for, or augments, processes of neuronal plastic-
ity, as exemplified for example, by long-term potentiation (LTP) (PENNARTZ
et al. 1994, 1995). It is of interest that other, possibly DA-dependent, forms of
neuronal plasticity have been demonstrated within the dorsal striatum (includ-
ing long-term depression, CALABRESI et al. 1995) but their possible relevance
to behavioural learning is only just beginning to be explored (GRAYBIEL 1995).
This issue could be resolved by evidence that pharmacological interventions
that reduce or enhance DA activity should produce predictable changes in
learning — impairment or facilitation, respectively. In fact, as will be seen, the
apparently important roles that DA has in behavioural performance means
that it is more difficult to provide this decisive evidence of its role in learning
than might at first be thought. Converging lines of evidence are required to
resolve these issues, including tests which isolate causal relationships between
DA and behaviour.
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C. Neuropharmacological Evidence for a Role for
Dopamine in Learning

There are two major neuropharmacological approaches for investigating the
functions of DA. The first approach monitors the fluctuations in extracellular
DA that occur in behavioural situations using in vivo dialysis or voltammetry.
The levels change as a consequence of altered release and re-uptake mecha-
nisms and of course do not only reflect synaptic concentrations, but also
gradients of local concentrations distal from the synapses themselves. These
techniques thus potentially provide important converging evidence for the
role of DA neurons in associative processes, although over a longer time scale
(minutes in the case of in vivo dialysis) than in the case of electrophysiologi-
cal recording from identified DA neurons. Microdialysis offers the consider-
able advantage over voltammetry of chemical specificity, but the disadvantage
of poor temporal resolution. This means that the capacity to establish tempo-
ral precedence of the effect of one event over another is diminished, and thus
compromises the use of the technique for establishing causal relationships
between behavioural contingencies and chemical events. Moreover, the lack
of temporal resolution also means that the sign of any change might reflect
“rebound” or compensatory processes that overwhelm the immediate effect
of the discrete event.

The second, classical approach for demonstrating a selective role for a
neural structure or neurotransmitter pathway in associative learning is to show
a specific effect of a given manipulation on acquisition, but not pre-established
performance. This pattern of results would normally indicate that the
manipulation has probably interfered with processes of associative learning
rather than other non-associative processes inevitably confounded with learn-
ing, including perception, attention, motivation and motor function. As a
facilitation of learning is always a more impressive demonstration than its
impairment, this provides the gold standard for interpretations of specific
effects on learning. Of course, if a given manipulation affects performance as
well as learning, then parsimony dictates that a non-associative effect can
account for both sets of findings. Alternatively, it is plausible that the manip-
ulation separately interferes with both associative and non-associative factors;
however, for that interpretation to hold, it might be expected that the effect
on learning would be quantitatively greater than any effect on performance.
With these general points in mind, it is evident in reviewing the experimental
literature that it is still quite difficult to find consistent evidence for a specific
role in learning for brain DA systems that matches predictions from the elec-
trophysiological evidence.

I. Overview of Results from In Vivo Monitoring Studies

DA neurons appear to be responsive to a variety of stimuli and states, as well
as pharmacological challenges. These responses cannot be reviewed com-
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pletely or in detail because of limitations of space. However, consistent with
Scaurrz’ electrophysiological data in monkeys, presentation of food or water
to rats can lead to increases in extracellular DA, sometimes in the dorsal as
well as the ventral striatum (see review by BLACKBURN et al. 1992). Moreover,
the responses are greater if food is presented in an intermittent, periodic
manner than all at once (SALAMONE et al. 1994). However, there is evidence
that foot shock can also increase extracellular striatal DA, and that some
stimuli (e.g. loud noises) leading to startle responses (HuMBY et al. 1996) and
aversively conditioned taste stimuli (MARK et al. 1991) produce reductions in
ventral striatal DA. Also consistent with some of ScHULTZ’ evidence is that
DA neurons show changes in activity to previously neutral environmental
stimuli (e.g. lights and auditory tones) which are conditioned to important
events such as food delivery (BLACKBURN et al. 1992). These latter effects can
be elusive, however, and may depend on precise conditions of food depriva-
tion (WiLsoN et al. 1995).

A particularly revealing study (Bassereo and D1 CHiara 1999) has
shown that the medial, so-called shell region of the nucleus accumbens
responds to novel presentations of novel palatable food with increased con-
centrations of extracellular DA, a response which habituates even though the
rat may be consuming more food with repeated presentation. This is strong
evidence that the response may be related to the salience of the food, and
possibly, at a behavioural level, to the motivational excitement likely to occur
in the presence of a highly appetitive reinforcer. DA levels in the medial
prefrontal cortex also increase, but fail to show such clear-cut habituation
(Bassareo and D1 CHiara 1997). Conditioned stimuli (largely olfactory) pre-
dicting the presentation of the food also increased DA in the medial prefrontal
cortex, a response not initially seen in the nucleus accumbens (BAssareo and
D1 Chiara 1997). However, the later study (Bassareo and D1 CHiara 1999)
clarified the situation by showing how the conditioned stimuli led to increases
in DA concentrations in the core region of the nucleus accumbens, but inhib-
ited the response to food itself in the shell. These experiments suggest that the
mesolimbic-cortical DA system is modulating different aspects of appetitive
behaviour; possibly aspects of the representation of the unconditioned rein-
forcer in the shell, and those of the conditioned stimulus or reinforcer in the
core regions of the nucleus accumbens. The latter results are broadly con-
sistent with the electrophysiological data of ScHuLrz, in showing some con-
nection between associative mechanisms and striatal DA transmission, even
though the methods employed are probably monitoring different temporal
modes of dopaminergic transmission, in terms of tonic (steady-state) extra-
cellular levels and phasic release, associated with burst firing patterns (MOORE
and GraAce 1999).

However, we re-iterate that it is difficult to resolve the question of whether
such changes are causally involved in the associative process itself, as they
could reflect the expression of some behavioural correlate of learning. An
alternative way of addressing this issue is to utilize preparations of Pavlovian
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aversive conditioning, which lead to behavioural suppression rather than
locomotor activation. Several studies have been able to show increases in
DA concentrations within the ventral striatum as a consequence of such
conditioning (YOouNG et al. 1993; BessoN and LouiLot 1995; SAuLsKayA and
MARrsDEN 1995) although so far none have addressed whether the changes are
related to specific accumbens sub-regions. A related study by WILKINSON et al.
(1998) has investigated parallel changes during acquisition and extinction of
aversive conditioning in rats of DA in the nucleus accumbens and medial
prefrontal cortex. This study showed greater changes initially during acquisi-
tion in the medial prefrontal cortex, but then subsequently greater responses
in the nucleus accumbens that appeared to map onto the changes in behavi-
oural freezing seen as a consequence of such conditioning and extinction in
these rats.

Of particular interest is the study by Youna et al. (1998), which utilized
sensory preconditioning. Initially, dialysis showed increased overflow of
ventral striatal DA in response to a pairing of motivationally neutral visual
and auditory stimuli. Then, one of the stimuli (e.g. tone) was paired with an
aversive foot-shock, after which the response to tone and light was measured
separately, in the absence of the shock. The impressive finding was that accum-
bens DA was elevated in response to the light when it had been previously
paired with the tone, but not when it had been unpaired. This suggests that
associative conditioning does lead to an increase in accumbens DA in a situ-
ation in which it is far from clear that the effect can be explained simply in
terms of an orientational behavioural response to the light (although that
cannot be entirely excluded). An earlier study had shown, in fact, that the
latent inhibition of aversive conditioning to a tone by its previous non-
reinforced exposure to the animals produced parallel reductions in extracel-
lular accumbens DA (YouNG et al. 1993). In general, it appears that the work
from the in vivo monitoring of DA by dialysis and other neurochemical tech-
niques is supportive of a role for DA in aversive, as well as appetitive behav-
iour. This is in line with other evidence from a variety of sources, indicating
that DA turnover is increased tonically during stress, particularly in the medial
prefrontal cortex, but also in striatal regions, such as the nucleus accumbens
shell (KaLivas and Durry 1995).

II. Psychopharmacological Evidence of Specific Actions of
Dopamine on Learning and Memory

The fact that the release of DA can function as a reinforcing event, as inferred,
for example, from studies on the self-administration of dopaminergic drugs
(reviewed by other contributors), suggests that it has some role in learning, if
only by contributing to the affective representation of the unconditioned rein-
forcer. In general, psychopharmacological evidence showing a specific role for
DA in learning is rather limited because drugs have generally been adminis-
tered to animals exhibiting steady-state performance. There is no doubt that
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drugs such as amphetamine, as well as more specific DA agonists and antag-
onists, have profound effects on performance in a variety of appetitive and
aversive situations. However, such effects potentially confound an analysis of
their possible effects on learning. It is clear, for example, that the acquisition
of responding with conditioned reinforcers is potentiated by amphetamine-
like drugs via DA-dependent mechanisms of the nucleus accumbens that
include the shell region (RoBBINS et al. 1989; PARKINSON et al. 1999; review by
Surton and BENINGER 1999). However, it is more dubious that this potentia-
tion reflects a facilitation of associative learning rather than a potentiation of
instrumental responding produced by exaggerations of the efficacy of the con-
ditioned reinforcer. Thus, neither mesolimbic DA depletion achieved via 6-
hydroxydopamine (6-OHDA) lesions of the nucleus accumbens (TayLor and
RoBBiNs 1986) nor intra-accumbens infusions of selective DA D; or D, recep-
tor antagonists (WOLTERINCK et al. 1993) in themselves appear to impair the
acquisition of a new instrumental response for a conditioned reinforcer, as
distinct from blocking the potentiative effects of d-amphetamine.

A similar analysis can be applied to the symmetrical issue of selective
impairments in the acquisition of active avoidance behaviour produced by
neuroleptic drugs and the role of negative conditioned reinforcers (see
BLACKBURN et al. 1992). In one early experiment (BENINGER et al. 1980),
systemic pimozide was shown to have its normal disruptive effect on signalled
avoidance behaviour. However, the additional, revealing finding was that
when the capacity of the signal to act as a fear signal was assessed indepen-
dently, animals receiving pimozide during the Pavlovian conditioning phase
nevertheless exhibited normal levels of conditioned suppression to the CS
on a food-reinforced baseline, thus demonstrating intact associative fear
conditioning.

Another early experiment by BENINGER and PHiLLps (1980) focused on
appetitive associative learning by showing that systemic injections of the DA-
receptor antagonist pimozide may have impaired the acquisition by rats of an
association between a specific CS and food presentation. When the rats were
subsequently tested in the undrugged state in a situation requiring the new
learning of a response to produce the CS as a conditioned reinforcer, this effect
was attenuated in the rats previously treated with pimozide. However, it is dif-
ficult to be sure that some unmeasured effects of the drug (e.g. to change eating
rate) actually did not interfere with the associative process indirectly. As with
effects on active avoidance acquisition (see BLACKBURN et al. 1992) it is unclear
that the drug effect does not simply reflect an effect on motor performance
(see also SALAMONE 1994).

On the other hand, in the investigation of systemic effects of a low and a
high dose of the D,/D;receptor agonist quinpirole, NADER and LEDoux (1999)
have recently employed an inactive response (defensive freezing) and a
sophisticated design which separates basic effects on associative learning and
sensory processing via a comparison of groups of rats subjected to second
order fear learning or sensory preconditioning. They found that when



180 T.W. RossIns and B.J. EVERITT

quinpirole was administered prior to the CS1-CS2 pairing stage, there
was a subsequent block of aversively-motivated freezing behaviour in the
quinpirole-treated rats, suggesting an attenuation of the retrieval of the fear
associated with the CS that is hypothetically mediated via a reduction of DA
neurotransmission through D;-like post-synaptic mechanisms in unspecified
anatomical structures. The lack of effect on sensory preconditioning is
somewhat surprising in view of the demonstration by Young et al. (1999)
of an elevation of nucleus accumbens DA during CS1-CS2 sensory precondi-
tioning, employing stimuli of neutral motivational salience.

Experiments using the neurotoxin 6-OHDA to produce selective and pro-
found depletions of DA in certain regions, such as the nucleus accumbens or
caudate-putamen, have also been shown to impair instrumental visual dis-
crimination learning (EVENDEN et al. 1989; Rosgins et al. 1990). However, in
most of these experiments, impairments produced by such DA-depleting
lesions are also seen in control experiments, using previously trained rats. A
case might then be made for some effects of DA loss on memory retrieval, but
there are also ancillary actions, for example on attentional function, to take
into account. In fact, as will be seen below, distinguishing effects on attention
from those on associative factors is a particularly difficult problem.

We will therefore focus on studies in which these potentially confounding
effects on learning are minimised by post-training administration. There is,
in fact, a considerable literature showing that post-trial administration of
amphetamine under certain conditions can subsequently enhance memory
when retention is tested several days later, for both appetitively and aversively
motivated tasks (e.g. Krivanek and McGaucH 1969 — see Table 1). For a while,
it was thought that such actions were largely mediated peripherally, as the
“memory-enhancing” effects could be blocked by adrenalectomy (MARTINEZ
et al. 1980). However, experiments by Carr and WHiTE (1984) and others have
shown that a central, probably, caudate site could at least contribute. In further
extensions of the work, intracaudate administration of the D,/D; agonist quin-
pirole produced enhanced retention of a conditioned suppression task. In
theory, such effects could still be explained if, for example, the drug directly
strengthened the unconditioned stimulus (US), i.e. increased the subjective
sensation of the shock for the animal. However, ingenious experiments seem
to have excluded this possible interpretation. For example, WHITE and ViauD
(1991) also varied not only the site of infusion within the caudate but also the
sensory modality of the CS. When the dopaminergic agent was infused into
that anatomical region of the rat caudate-putamen known to receive input
from visual areas, it only subsequently enhanced learning of the visually cued
learning; the same was true of the enhancement of olfactory cued aversive
learning. Therefore, the enhancement only occurred when the DA agonist
interacted with the that region of the stratum processing the CS, and also only
affected the response to this stimulus if it had been contingently related to
the shock US - suggesting some specific modulation of post-trial associative
processing.
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Table 1. Dopamine and memory consolidation: landmark studies in rodents

Study Paradigm Post-training Conclusions

manipulation

KrivaNEK and Y-maze appetitive Amphetamine Improved

McGauch 1969  discrimination (systemic) retention

Carr and Conditioned Intra-caudate Improved

WhITE 1984 suppression d-amphetamine retention
(aversive)

WHITE and Conditioned Intra-caudate Modality/region

Viaub 1991 suppression d-amphetamine, enhanced retention

PACKARD and

(visual or olfactory)

Radial maze

D,,D, agonists
posteroventral or
ventrolateral sites

Intra-caudate or

D, agonists

Enhanced win-stay

WHITE 1991 (win-stay and -hippocampal (intra-caudate),
win-shift food- infusions of enhanced win-shift
foraging tasks) d-amphetamine (hippocampus)

or DA agonists
SeTLOW and Morris water-maze Intra-accumbens Deficit

McGaucGH 1999  spatial learning sulpiride

(D, antagonist)

This technique of post-trial manipulation of the modulation by DA of
memory consolidation processes has now been extended to forms of memory
mediated by other terminal domains. PAckaRD and WHITE (1991) showed that
post-trial administration of d-amphetamine, or the D,; agonist quinpirole, or
the D, receptor agonist SKF-38393 to the caudate (but not the hippocampus)
all enhanced subsequent retention of an appetitive “win-stay” task carried out
in a radial maze, whereas similar administrations to the hippocampus (but not
the caudate) enhanced learning of a “win-shift” procedure in the same appa-
ratus. These effects seem very difficult to explain simply in terms of general
performance-altering effects of the drug.

A possible role for DA in modulating longer-term spatial memories
known to depend on hippocampal functions has been extended to the nu-
cleus accumbens. PLOEGER et al. (1994) were initially able to show that intra-
accumbens haloperidol impaired acquisition of the Morris water maze escape
task, but a yet more significant demonstration is that of SETLow and McGaAuGH
(1998) with immediate post-trial administration of the DA D, receptor antag-
onist sulpiride, leading to a retention deficit 2 days later. Delayed infusions or
immediate post-trial infusions of sulpiride, using an externally cued version of
the task, failed to affect retention, suggesting a specific effect on the consoli-
dation of long-term spatial memory. These authors speculate on the basis of
other results that these DA-dependent processes of the nucleus accumbens
are only implicated in consolidation of the memory and not in its storage. The
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consolidation of long-term spatial memory, however, is unlikely only to involve
the ventral and not the dorsal striatum. In a follow-up experiment, the same
authors (SETLow and McGaucH 1999) reported on results obtained following
post-trial sulpiride infusions into the posteroventral caudate-putamen, which
they interpreted to reflect memory for procedural aspects of the task. Specif-
ically, sulpiride-treated rats spent less time swimming in the vicinity of the pre-
viously trained platform, while reaching the platform location with a normal
latency. Thus dopaminergic processes appear to modulate several aspects of
memory associated with this task in different regions of the striatum that are
in receipt of different limbic-cortical afferents. The dopaminergic influences
may also include projections within such limbic structures themselves. Thus,
the above results have been extended by the demonstration that post-trial
infusions of amphetamine into the amygdala modulate retention of both a
cued and a spatial version of the Morris water maze (PACKARD et al. 1994),
potentially via dopaminergic mechanisms.

A parallel set of experiments has now been completed that analyse the
effects of specific manipulations of dopaminergic transmission on the consol-
idation of stimulus-reward learning or “emotional memory”. HITCHCOTT et al.
(1997a) first found that intra-amygdaloid, post-trial amphetamine enhanced
the acquisition of a discriminative approach response to sucrose solution. To
follow this, HrrcHcortT et al. (1997b) examined effects of the DA receptor ago-
nists SKF-398393 (D,), quinpirole and 7-OH-DPAT (both D,/D5). Significant
enhancement of discriminative approach was found at certain doses of 7-OH-
DPAT. However, the precise locus of this effect within the amygdala (e.g.
central nucleus or basolateral amygdala) is somewhat unclear, although pre-
sumably the greater density of D,/D; receptors in the central nucleus impli-
cates that structure, possibly through its known involvement in Pavlovian
appetitive conditioning (PARKINSON et al. 2000).

III. The Possible Complication of a Role for Dopamine in
Attentional Function

Unilateral striatal DA depletion in the rat was originally reported to produce
behavioural symptoms in addition to the well-known effects on rotational
behaviour that were interpreted as forms of attentional or “sensori-motor”
neglect (UNGERSTEDT 1971; MARSHALL and TErrELBAUM 1977). Studies utilizing
primates (Schneider 1990; Annett et al. 1992) have found analogous symptoms.
Detailed analysis in rats of the “neglect” syndrome has shown that it is mainly
attributable to DA depletion from the dorsal striatum (caudate-putamen) and
that it may result from impairments in such processes as the preparatory readi-
ness of orienting responses (see review by RoBBiNS and BRowN 1990; WARD
and BrownN 1996).

Three other main paradigms have been utilized that also bear on possible
attentional dysfunction following manipulations of dopaminergic function:
latent inhibition, prepulse inhibition (PPI) and continuous performance (the
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S-choice serial reaction time task) — all notable for their correspondence to
parallel tests for human subjects. Curiously, for each of these paradigms, the
main emphasis of investigations has been on mesolimbic rather than mesos-
triatal systems.

Latent inhibition (LI) refers to the retardation of conditioning that occurs
following non-reinforced pre-exposures of the CS (MackintosH 1983). This
behaviour is impaired following systemic doses of d-amphetamine, so that
learning is actually facilitated in the pre-exposed condition. These effects,
however, are apparently restricted to the learning rather than the pre-
exposure stages of the test, to the use of low and intermediate doses of the
drug, and are more readily obtained following chronic administration (WEINER
et al. 1984, 1987; WEINER 1990). Similar effects are also much more difficult to
obtain following treatment with DA receptor agonists such as apomorphine.
Thus, from the perspective of dopaminergic function, more impressive evi-
dence derives from effects of systemically administered DA receptor antago-
nists, which consistently facilitate LI in rats. The position in humans is a little
more equivocal. One study (WiLLIAMS et al. 1997) has reported enhancement
of LI using a visual task following low i.v. doses of haloperidol. However, the
same group have also now reported the opposite result in young volunteers
with an auditory paradigm — namely impaired LI (WiLLiaMs et al. 1998).
This is a particularly important result, as schizophrenics naive to neuroleptic
medication were shown not to have the usual deficits in LI associated with
chronic (and medicated) schizophrenia. The implications appear clear. DA
receptor antagonism may impair LI, possibly via attentional factors. But the
deficits in LI in schizophrenia may arise, at least in part, as side-effects of such
medication.

Original theorizing focused on the likely role of the nucleus accumbens
in mediating effects of dopaminergic drugs on LI, but this conclusion remains
controversial. Specifically, KiLLcross and Rosains (1993) found that intra-
accumbens infusions of d-amphetamine, while impairing aversive condition-
ing per se, did not differentially affect pre-exposed versus non pre-exposed
stimuli, in a within-subject design. Systemic treatments with either d-
amphetamine or a neuroleptic drug (alpha-flupenthixol) did produce the com-
monly found effects. However, these were later shown to depend on apparent
drug-reinforcer interactions. Amphetamine appeared to enhance conditioning
by enhancing the impact of the reinforcers (electric shock or sucrose). By con-
trast, the neuroleptic had the opposite type of effect on the reinforcers, possi-
bly accounting for its contrasting effect on LI. Consistent with the findings of
KiLLcross and RoBBins (1993), ELLENBROEK et al. (1997) found impaired LI
following dorsal rather than ventral striatal infusions of amphetamine, but
they employed a taste aversion procedure for assessing LI.

In the original study, SoLoMoN and Staton (1982) demonstrated impaired
LI following chronic ventral rather than dorsal striatal infusions of ampheta-
mine, though using an active avoidance rather than a conditioned suppression
procedure. Other authors have found that mesolimbic DA depletion appears
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to facilitate LI, apparently consistent with the results of microdialysis studies
and the effects of DA receptor antagonists, described above (Gray et al. 1995).
Perhaps it is safest to conclude at this juncture that effects of intra-accumbens
manipulations on LI may depend on the chronicity of treatment, the precise
nature of the behavioural paradigm employed for measuring LI, and possible
side-effects of the drug on the impact of the reinforcer. An over-riding con-
sideration is that effects on LI may not arise directly from actions on atten-
tional processes but instead reflect effects on the unconditioned reinforcer, or
as has been argued previously (KILLcRross et al. 1994a,b), memory retrieval
processes based on contextual processing. Specifically, drugs such as amphet-
amine, which enhance the effectiveness of the reinforcer, might increase the
difference in context between the pre-exposure and testing stages of the LI
paradigm, which would of itself attenuate LI. DA receptor antagonists could
be expected to have the opposite effect.

A probably distinct form of attention is likely exemplified by the phe-
nomenon of PPI, in which a less-intense surrogate stimulus reduces the mag-
nitude of the acoustic startle response to an intense loud noise (BRAFF and
GEYER 1992) — paralleling its apparent action to protect against the reduction
in extracellular DA levels produced by such a startle stimulus (HumBy et al.
1996). DA-dependent mechanisms of the nucleus accumbens are certainly
implicated in this response, although deficits in this “sensori-motor gating”
process are produced by both DA D, receptor agonists and antagonists
(SwerpLOW et al. 1994). Recent studies with transgenically modified mice have
confirmed a possibly key role for the DA D,, rather than the D; or Dy, recep-
tor (RaLpH et al. 1999). However, there are evidently considerable strain dif-
ferences in the role of D, receptors within the nucleus accumbens for the PPI
response in the rat (KINNEY et al. 1999). WaN and SwerbpLow (1998) have
further provided evidence that this form of “sensorimotor gating” is mediated
by DA-glutamate interactions within both the core and shell sub-regions of
the nucleus accumbens.

To date there have been relatively few direct comparisons of PPI and LI,
but one such was made in a study that investigated the responses of rats reared
in social isolation, which have elevated levels of extracellular striatal DA
(WILkINSON et al. 1994). The main finding of interest is that social isolation
impaired PPI, but not LI The PPI deficit is of considerable interest, not least
because of possible relevance in schizophrenia, and may illustrate how
descending forebrain influences, including the nucleus accumbens, modulate
the tone of a set of reflexes organized in the brain stem. This alteration of
“tone” may be but one consequence of reinforcing events that produce
changes in dopaminergic function.

Possible effects of DA on attentional functions have also been investigated
using a number of tasks which require animals to detect signals over a pro-
tracted period of stable performance. For reasons of space these cannot be
reviewed in detail here. One such paradigm, the 5-choice serial reaction time
task, was developed by analogy from human studies (see RoBBiNS 1998 for
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review). Rats are required to detect brief visual stimuli that are presented ran-
domly in one of five locations in a specially designed apparatus. The temporal
predictability of the stimuli can also be varied, as well as their detectability
via manipulations of stimulus illuminance and duration. Initial experiments
focused on neuropharmacological probes of mesolimbic DA function. Deple-
tion of mesolimbic DA using 6-OHDA had little effect on the accuracy of stim-
ulus detection under any experimental conditions. However, the latency of
responding was lengthened, errors of omission were increased and premature
responses reduced (CoLE and RoBBins 1989). This pattern of effects is consis-
tent with effects of mesolimbic DA on the invigoration of behaviour, perhaps
via motivational influences, rather than a disruption of attention. Comple-
mentary effects were obtained when d-amphetamine was infused into the
nucleus accumbens; again there were no effects on choice accuracy, but pre-
mature responses were greatly increased in frequency (CoLE and RoBBINS
1987).

These early results have now been augmented by parallel studies of
6-OHDA-induced lesions of the mesostriatal and mesocortical DA systems
(RogBaiNs et al. 1998; Baunez and RoBpins 1999). Both studies produced
results that were different from those of mesolimbic DA loss, in that there
were impairments in choice accuracy when the visual stimuli were presented
in a temporally unpredictable manner. Following mesocortical DA loss, there
were few other impairments in this task, but the specific deficit in accuracy
might just have been attributable to the almost unavoidable depletion of nora-
drenaline from the prefrontal cortex following such 6-OHDA lesions. Further
specific evidence for a role of DA receptors in attentional accuracy is provided
by recent results following infusion of specific DA receptor agonist and antag-
onists into the prefrontal cortex. Intra-cortical infusions of the D; DA recep-
tor antagonist SCH-23390, but not the DA D, receptor antagonist sulpiride,
produced selective impairments in the accuracy of responding, whereas similar
infusions of the partial D, receptor agonist SKF-38393 actually improved
choice accuracy under some conditions (Granon et al. 2000).

The impaired choice accuracy resulting from mesostriatal DA depletion
was found in the context of many other behavioural deficits, including slowed
responding and large increases in response latency (similar to those seen fol-
lowing mesolimbic DA loss, see above). However, despite these effects, no
deficits in accuracy were observed under baseline conditions. The selective dis-
ruption produced by the variable inter-trial intervals may be related to the
basic impairments in the readiness to respond described in earlier studies on
simple and choice reaction time (BRowN and RoBains 1991).

IV. Models of ADHD

The phenomenon of attention deficit hyperactivity disorder (ADHD) and the
ameliorative effects of methylphenidate (Ritalin) and amphetamine have led
some investigators to attempt to produce animal models of this syndrome and
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the apparently paradoxical effects of psychomotor stimulants in reducing high
levels of locomotor activity (see RoBBINS and SAHAKIAN 1979; SEIDEN et al.
1989). This has proved to be an elusive problem which has recently, however,
capitalized on genetic technology. The DA transporter knockout (DAT) mouse
has elevated dopaminergic tone, is hyperactive and also exhibits deficits in
tests of spatial memory (GAINETDINOV et al. 1999). Methylphenidate antago-
nized this hyperactivity, although possible beneficial actions on spatial or other
forms of cognition were not apparently investigated (in common with most
of the studies in this field). The mechanisms of action of methylphenidate in
this model, and indeed in ADHD itself, are unclear. They could include an
action on another neurotransmitter such as serotonin (SEIDEN et al. 1989;
GaINETDINOV et al. 1999). Hyperactivity in DAT knockout mice could also be
treated with chronic fluoxetine, a selective serotonin reuptake blocker, but this
by itself does not establish how methylphenidate itself works. The reader is
referred to a more detailed discussion in a book devoted to this topic (SOLANTO
et al. 2001).

An overall evaluation of the role of DA in attentional function in exper-
imental animals may be premature. It seems difficult to maintain that DA,
within subcortical regions at least, has a direct role in selective attentional
functions. Rather it appears that manipulations of DA may affect, perhaps
phasically, the salience or impact of intense stimuli or reinforcers and, on a
more tonic basis, states of activation that modulate basic behavioural refiexes,
including the orienting response. Further research in this area is important
because it bears on processes related to attention that have been linked espe-
cially to prefrontal cortical DA function, namely working memory, in which
stimuli are maintained “on-line” for further processing after their initial detec-
tion and selection.

D. Working Memory

When used in the animal literature, this construct generally refers to the capac-
ity to hold information “on-line” in a period during which the eliciting stimu-
lus is no longer present. According to GoLpmaNn-Rakic (e.g. 1987), therefore,
this form of working memory thus has a crucial role in the intermediate stages
of stimulus processing, to provide input to brain structures that form repre-
sentations of the world. A related perspective is that of Orron (e.g. OLroN et
al. 1979) based on his distinction of performance by rats in radial mazes
between behavioural contingencies based on recently acquired information
and those based on permanent, long-lasting “response rules”. Thus, within a
single set of trials, perhaps with interpolated delays, rats will learn systemati-
cally not to return to recently baited arms within the maze, this “win-shift”
tendency exhibiting what he denotes as “working memory”. On the other
hand, they will consistently avoid arms never baited with food over repeated
test sessions (“reference memory”).
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These concepts, therefore, have something in common with the more
extended concept of working memory in human cognition introduced by
BapDELEY (1986), which includes two distinct short-term memory stores (the
“articulatory loop”, a form of sub-vocal rehearsal mechanism, and a “visu-
ospatial sketchpad”, a short-term memory buffer for visuospatial imagery).
Both of these stores, in a sense, hold stimuli “on-line” for further processing.
The additional, and most controversial, element of BADDELEY’s scheme is
the positing of a “central executive” system which co-ordinates processing
between the various dedicated satellite systems. This is commonly related to
the functioning of the prefrontal cortex, although a simple mapping of psy-
chological processes onto anatomical structures is, of course, not viable. In fact,
the “central executive” system of BADDELEY (1986) has much in common with
another possible model of frontal lobe functioning termed the “supervisory
attentional system”, in which control over instrumental choice behaviour is
exerted through “attention to action” (SHALLICE 1982). This concept is partic-
ularly relevant to paradigms such as the spatial delayed response task in which
there are other cognitive requirements besides “holding stimuli on-line”. For
example, the animal has to inhibit making repeated responses to prepotent
stimuli (D1amMoND 1996), and this potentially is also under dopaminergic mod-
ulation regardless of whether one considers the inhibitory function to be
dependent on working memory or alternatively to be a relatively independent
form of executive function.

The partial correspondence of concepts of working memory in animal
research, with those from the domain of human cognitive psychology, there-
fore, provides many opportunities for misunderstanding, especially in the
context of the functioning of the prefrontal cortex (RoBERrTs et al. 1998). As
we have seen, the debate centres around the interpretation of behavioural
processes required for tests of “working memory” function in experimental
animals such as the delayed response task, used mainly for primates, but also
the delayed alternation task, which has analogies with the radial arm maze
paradigm of Orron described above and is more often used when testing
rodents.

There is little doubt that the pharmacological manipulation of DA, prob-
ably within mesostriatal as well as mesofrontal domains, has profound effects
on performance in these situations in both rodents and monkeys (see Table
2). For example, early work (reviewed by LEMoaL and SmvoN 1991) demon-
strated that 6-OHDA-induced lesions of the mesoaccumbens or mesostriatal,
as well as the mesocortical DA projections, led to impaired delayed alterna-
tion performance in rats. However, there is a question of whether the capac-
ity to hold “on-line” the location of the previous goal or choice response has
been impaired or whether other behavioural capacities, such as the inhibition
that is normally required for the spontaneous alternation of choices is
disrupted.

In monkeys, a landmark study on the role of DA in working memory func-
tion was that of Brozoskr et al. (1979). These investigators used a delayed-
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Table 2. Dopamine and working memory: landmark cross-species studies

Study Paradigm/species Manipulation Conclusions
Brozoski et al. 1979 Spatial delayed DA depletion from  Impaired
response/monkeys PFC by 6-OHDA
SAHAKIAN et al. 1985 Delayed DOPAC/DA Behavioural/
alternation/rats measures neurochemical
relationship
SawacgucHi and Delayed Iontophoresis of Selective D,
GoLpMAN-RAkICc 1991  saccade/monkeys  selective D,/D, impairment
antagonists
ARNSTEN et al. 1995 Delayed Systemic D, Low-dose
response/monkeys  agonist deficit, high-
dose benefit
Luciana et al. 1992 Delayed Oral D, agonist Improved
saccade/normal bromocriptine
humans
WiLLiAMS and Delayed Iontophoresis- Enhanced firing
GoLpMAN-RAkic 1995  saccade/monkeys selective DA with D,
antagonists antagonist
ZAHRT et al. 1997 Delayed Intra-PFC D, Impaired
alternation/rats agonist
SEamANS et al. 1998 Win-shift task/rats  Intra-PFC DA Impaired
antagonist
MULLER et al. 1998 Spatial working DA agonists Improved
memory/normal (mixed Dy/D,)
humans

response-type procedure to show that 6-OHDA-induced depletion of DA in
the vicinity of the principal sulcus of the dorsolateral prefrontal cortex in
macaques produced an impairment every bit as profound as ablation of the
region itself. Depletion of either noradrenaline or 5-hydroxytryptamine (5-
HT) in the prefrontal cortex had little effect. Further evidence for a specific
role of DA came from additional evidence that the deficits could be remedi-
ated by systemic treatment with drugs such as apomorphine and r-dopa. In a
follow-up study, ARNSTEN et al. (1994) have shown beneficial effects of
systemically administered DA D, receptor agonists in aged macaques and
catecholamine-depleted younger animals.

Mindful of the possible behavioural interpretation that these effects might
reflect some possible action of dopaminergic manipulations on the perfor-
mance of “mediating responses” which obviate the necessity to hold specific
information “on-line”, GoLbMAN-RAKIC and collaborators have more latterly
employed a “delayed saccade” procedure in which monkeys have to hold fix-
ation of a central spot before shifting making an eye-movement to the loca-
tion of a brief visual stimulus presented a few seconds previously. Selective
disruptions in the accuracy of the “memory saccades” were produced by ion-
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tophoretic application to the PFC of doses of DA D,, but not D,, receptor
antagonists (e.g. SAwaGucHr and GoLpMAN-Rakic 1991). These findings have
been supported by experiments with a delayed response procedure in mar-
mosets which removed the possibility of mediating responses by distracting
the animal to the back of the testing chamber during the delay period
(RoBERTS et al. 1994). Once again, DA depletion from the PFC was found to
impair the acquisition of a spatial delayed response task, though not to quite
the same extent as an excitotoxic lesion of most of the PFC itself. However,
the key finding from a further study (CoLrins et al. 1998) was the sparing, fol-
lowing mesocortical DA depletion, of the capacity to self-order responses
without perseveration, which was markedly impaired by excitotoxic lesions.
Thus, it appeared from this study that DA normally modulates mnemonic
functions associated with the working memory task rather than the “execu-
tive” operations of producing the optimal response sequence.

In monkeys, investigators have been rather slow to test the hypothesis of
possible striatal involvement in working memory function, as measured by
delayed response performance. ARNSTEN et al. (1995) found some significant
benefit in delayed response performance in young macaques, following sys-
temic treatment with high doses of quinpirole, but impairment at low doses
(probably acting at pre-synaptic autoreceptors) consistent with a possible stri-
atal role, in view of the much greater density of D,-like receptors in this region
as compared with the prefrontal cortex. These effects were blunted in aged
monkeys, possibly due to a loss of D, receptors. SCHNEIDER (1990) has tested
spatial delayed response in monkeys following treatment with the neuro-
toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a notable model
of Parkinson’s disease, and found significant deficits. A recent paper
(FernaNDEZ-RuUIZ et al. 1999) has shown beneficial effects of L-dopa treatment
on MPTP-treated monkeys in the spatial delayed response task. However,
MPTP produces DA lesions, which are not restricted to the striatum nor indeed
to DA itself. CoLLINS et al. (2000) have nonetheless recently produced selective
lesions of the caudate DA system, using infusions of 6-OHDA in the terminal
fields, and also found evidence for a delayed response deficit.

However, the precise nature of these deficits remains unclear. Demon-
stration of a role for DA in performance of an object retrieval task is partic-
ularly germane, as this paradigm emphasizes to a much greater extent the role
of response inhibitory rather than working memory functions. TayLOR et al.
(1990) showed clearly that treatment of monkeys with MPTP, leading to pro-
found central DA loss, also impaired the ability of these animals to inhibit
reaching through a transparent barrier rather than making a more effective
“detour reach” — although it is unclear to what extent this deficit depends on
striatal or cortical DA loss. A future challenge will be to delineate the relative
contributions of prefrontal and striatal DA to spatial delayed response per-
formance in monkeys.

One way forward in this endeavour has been indicated by the recent series
of elegant studies by SEAMANS et al. (e.g. 1998) on the role of DA D, recep-
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tors in mediating foraging performance by rats in a number of radial 8-armed
maze tests. Microinjections of the D; receptor antagonist SCH-23390 (but not
the D, receptor antagonist, sulpiride) into the prelimbic region of the PFC dis-
rupted performance of a delayed version of the task (similar to that used by
Packarp and WHrTE 1991) in which spatial information acquired during a train-
ing phase was used prospectively 30min later to guide responses, but had no
effect on choice performance in the maze without the delay. These effects were
further shown probably to depend on the modulation of hippocampal inputs
to the PFC. The authors’ hypothesis was that the information may be held
within the hippocampus until required for formulating a subsequent plan to
guide action. Thus, DA hypothetically modulates a circuitry including the hip-
pocampus at the level of the PFC that affects spatial working memory func-
tioning, including its “executive aspects”.

The issue of the possible contribution of the striatum to working memory
was also examined by these authors following intra-accumbens infusions of
haloperidol (FLorEsco et al. 1996). This treatment did not affect performance
on the delayed task described above, but did impair performance on the
non-delayed, random foraging task in which rats have to retrieve within a
single session four pellets from four different arms of the 8-armed maze.
Haloperidol increased errors to both previously baited and non-baited arms.
They attributed the deficits to the processing of information from hippocam-
pus to the nucleus accumbens normally implicated in the organization of
foraging behaviour. These data should also be interpreted in the light of
evidence of a role for DA in the consolidation of long-term spatial memories,
for example in the Morris water maze escape task (SErLow and McGAUGH,
1998) considered above.

I. Problems of Interpretation of the Role of the PFC in
Working Memory

The effects on working memory processing shown following PFC infusions
of a D; receptor antagonist (SEAMANS et al. 1998) can usefully be compared
to other findings in rats produced by similar infusions, but using a delayed
matching-to-position operant procedure (BROERSEN et al. 1995). The effects of
the DA receptor antagonist were not clearly delay-dependent in this latter
study, unlike those of the muscarinic receptor antagonist scopolamine. The
very different nature of the tasks and concepts of working memory, compared
to those used by SEaMANS et al. (1998) may have contributed to this apparent
discrepancy. Whereas the SEaAMANS et al. study looked at how DA modulation
modulated choice on the basis of retrieval of a memory occurring some 30 min
previously, BROERSEN et al. attempted more faithfully to reproduce the
repeated short-term spatial memory requirements, in terms of seconds rather
than minutes, of the delayed response or delayed alternation task. Further
work is required to resolve this issue, particularly as there is additional evi-
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dence for a form of spatial attentional deficit following intra-PFC SCH-23390
(RoBBINs et al. 1998a; Granon et al. 2000), which might be related to the
results found by BROERSEN et al. (1995).

A further complication for the hypothesis of an enabling role for PFC DA
in working memory comes from findings that increments in DA function can
lead to decrements in working memory performance. This has come from a
variety of sources. Elevated PFC turnover produced by environmental or
pharmacological stressors can disrupt working memory performance in rats in
the delayed alternation paradigm, effects that can be remediated by treatment
with D, receptor antagonists (MURPHY et al. 1996). Moreover, intra-PFC infu-
sion of a full DA agonist can also impair delayed alternation performance,
accompanied by perseverative responding, an effect which is also blocked by
the D; receptor antagonist (ZAHRT et al. 1997). Finally, it has been reported
that performance of a group of normal rats in this task is inversely related to
DOPAC/DA indices of DA utilization or turnover within the cortex, but not
the nucleus accumbens or dorsal striatum (RoBBiNs 1985; SAHAKIAN et al.
1985). Thus, variations in DA turnover produced by stress in the normal pop-
ulation hypothetically modulate working memory performance. These findings
have been related to a hypothetical inverted U-shaped function relating per-
formance to level of D, receptor stimulation and the concomitant modulation
of pyramidal cell functioning within the PFC (ARNSTEN 1997; ZaHRT et al.
1997).

Significantly, a similar complication has arisen in work with primates, as
SCH-23390 and other D, receptor antagonists have been shown to enhance,
rather than degrade, processing of single units in delayed saccade paradigms
when administered iontophoretically (WiLLiaMs and GoLDMAN-Rakic 1995).
Presumably, the earlier apparent discrepancy with the work of SawacucHhr and
GoLpMaN-Rakic (1991) arose because of the larger doses employed in that
study. Nevertheless, WiLLiaMs and GoLbMAN-RAkiIc (1995) clearly conclude
that, under many conditions, blockade of D, receptors can potentially enhance
spatial working memory performance. Overall, as with experiments on the
effects of intra-PFC infusions of D; agonists in rats, it does seem as though the
effects of DA manipulations will depend on the underlying state of the animal
and its baseline level of performance, rather than simply the dose of agent
administered. There is thus the potential for DA D, receptor agonists and
antagonists alike to exert opposite effects on performance, i.e. facilitation as
well as impairment, depending on such conditions.

Recent evidence comparing the effects of prefrontal cortical DA deple-
tion in monkeys on different aspects of cognition all known to be dependent
on intact prefrontal functioning has extended the notion of a Yerkes-Dodson
type inverted U-shaped curve by showing that the effects are task-dependent.
Thus, mesofrontal DA loss does indeed impair delayed response performance,
but it is also associated with an enhancement of extra-dimensional shift per-
formance, a paradigm tapping a form of selective attention in which respond-
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ing has to be switched from one perceptual dimension to another (ROBERTS et
al. 1994). Additionally, such DA loss has no effect on the actual sequencing of
spatial responses in a working memory paradigm in a task on which frontal
lesions profoundly disrupt performance by inducing perseverative responding
(CoLLiNs et al. 1998). This has led to the notion that fluctuations in mesofrontal
DA activity, possibly representing a central correlate of enhanced stress
or activation, impact upon behaviour in ways depending on environmental
demands and the nature of the task at hand. An important related issue to be
resolved is the exact relationship of cortical to subcortical DA function, as
levels of frontal and striatal DA activity quite often appear to be inversely
related, at least in functional terms (e.g. see ROBERTs et al. 1994).

These considerations are important when considering complex behaviour
or higher cognitive functioning in which a variety of different capacities have
to be co-ordinated effectively, as originally envisaged in the BADDELEY (1986)
“working memory” model. So, for example, the effective planning of goal-
directed behaviour requires identification and attention to one of several
goals, the capacity to compute the optimal route to the goal (involving working
memory) and the selection and the execution of the appropriate response
sequence leading to that goal. Each of these processes may be best performed
in different forebrain regions under different optimal levels of dopaminergic
modulation. Thus pharmacological modification of DA is likely to affect per-
formance in different ways. Even a relatively simple procedure such as the
spatial delayed response test is known to be subject to demands of attention
and response inhibition, as well as “holding stimuli online”. Consequently,
it is unsurprising that other components of performance can potentially be
affected by prefrontal DA loss, and for example, the attentional lability of the
animal with prefrontal DA loss must be taken into account. Such lability is
often deleterious to good performance; however, it may aid performance of
tasks requiring attentional disengagement, such as the extra-dimensional shift-
ing task.

E. Evidence for a Role for Dopamine in Cognition
in Humans

Not surprisingly, the analysis of the role of DA in human cognition has been
somewhat dominated by the history of the extensive research in experimen-
tal animals of the functions of cortical DA in working memory, although there
are now signs of more broadly based analyses. The critical evidence derives
from two main sources: studies of patients with disorders that implicate
the DA system; and studies on the effects of dopaminergic drugs in normal
subjects. Such work is beginning to be augmented by the use of functional
neuroimaging, generally employing positron emission tomography (PET) but
most recently functional magnetic resonance imaging (fMRI), to measure
interactions between task and drug effects on regional cerebral blood flow.
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I. Dopamine and Cognition in Clinical Disorders: Parkinson’s
Disease, Schizophrenia, A cute Brain Injury and ADHD

Restorations of underactive (or alternatively, reductions in overactive) dopa-
minergic transmission are generally assumed to be beneficial for cognitive
function and motivate attempts to treat such diverse disorders as Parkinson’s
disease, schizophrenia, ADHD, and more recently, acute brain injury.

There is little doubt that there is a cognitive deficit syndrome in idiopathic
Parkinson’s disease, even early in its course (TayLor et al. 1986; OWEN et al.
1992) and also following MPTP-induced parkinsonism (STERN and LLANGSTON
1985). Many of these deficits are similar to those seen after PFC dysfunction,
and include impairments in working memory, planning and set-shifting
(RosBINs et al. 1998b) in the relatively early stages of the disease, although
a range of other memory and learning impairments are also evident (e.g.
KnowLTON et al. 1996). However, it is more difficult to be sure which, if any,
of these deficits are linked specifically to the loss of central DA function,
because of the multivariate nature of the neurochemical pathology of this
neurodegenerative disease.

A certain amount can be inferred from a cross-sectional comparison of
patients that are initially unmedicated and then treated with L-dopa or related
dopaminergic preparations, including DA receptor agonists such as apomor-
phine, bromocriptine or pergolide. The cognitive deficits seen in Parkinson’s
disease patients medicated with mild clinical disability may even be less than
those seen in patients earlier in the course of the disease and yet to receive
medication (DownEs et al. 1988; OWEeN et al. 1995). And inferences can also
be made on the basis of longitudinal studies, in which the effects of medica-
tion are assessed prior to and following medication, as long as one assumes
that the disease itself pursues an unremitting course of further deficit. In one
such large-scale study, GRowDON et al. (1998) reported that 1.-dopa improves
motor function without impairing cognition in mild, nondemented Parkinson’s
disease patients; in fact, performance in tests of executive function, supposed
to be sensitive to frontal lobe dysfunction, showed some benefit of medica-
tion. However, potentially the most informative evidence is that in which
Parkinson’s disease patients have their medication removed in a controlled
manner. In one study of this type, LANGE et al. (1992) showed that 1-dopa
withdrawal from a small group (n = 10) of Parkinson’s disease patients selec-
tively impaired their performance in tests from the Cambridge Neuropsy-
chological Test Automated Battery (CANTAB) of spatial working memory,
planning and varieties of visual discrimination learning. However, it was not
possible to assess performance in this relatively severely affected group of
patients on tests of extra-dimensional set-shifting because of the low number
of patients attempting this task. Of interest was that the latency and accuracy
of thinking on the planning task were both affected in this group, seemingly
paralleling the beneficial effects of medication on bradykinesia in Parkinson’s
disease.
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Dopaminergic medication does not always have beneficial effects on cog-
nition in Parkinson’s disease. There is now quite extensive evidence of psy-
chosis-inducing effects of dopaminergic medication including hallucinations
(VeErHOEVEN and TuiNier 1993), presumably related to the extensive older lit-
erature on psychotic effects of amphetamine and related drugs. Moreover,
Gornau et al. (1988) provided evidence that certain aspects of cognitive per-
formance in Parkinson’s disease could actually be worsened by L-dopa. They
proposed a hypothesis that related the effects of L-dopa to the pattern and
course of DA loss within the striatum in Parkinson’s disease. Those regions
suffering extensive DA depletion, such as the putamen, would have their func-
tions optimally titrated by DA medication. By contrast, those regions that were
relatively spared in the early stages, such as the caudate and ventral striatum,
would potentially be disrupted by medication, as the level of DA function
would presumably be set supra-optimally by the drug. This hypothesis thus
invokes the same inverted U-shaped function as used above to explain the
deleterious effects of excessive DA activity in the PFC. Deleterious, as well as
beneficial, effects of L-dopa treatment have also been reported in a subset of
Parkinson’s disease patients in which the motor response to therapy is showing
signs of “wearing-off” (KULISEVSKY et al. 1996). Further evidence to support
the GotHAM et al. (1988) hypothesis comes from a recent study by SwaINSON
et al. (2000) which showed mild medicated Parkinson’s disease patients to
perform poorly in tests of probability reversal learning probably associated
with ventral striatal and orbitofrontal function — whilst the same Parkinson’s
disease patients were relatively improved on tests of spatial memory function.
A potentially related study by CHARBONNEAU et al. (1996) demonstrated that
medicated Parkinson’s disease patients were impaired in stimulus-reward but
not stimulus—stimulus learning; they hypothesized that the precise timing of
DA release necessary for learning would be disrupted in Parkinson’s disease
by the disease itself, despite, or possibly because of, the medication.

The use of dopaminergic medication in other forms of neurological dis-
turbance is more limited, but case study reports and experimental studies (e.g.
McDoweLL et al. 1998) are suggesting possible applications for brain-injured
patients. McDoweLL et al. (1998) examined the effects of a low dose of the
DA D, receptor agonist bromocriptine on working memory and other execu-
tive forms of cognitive function in individuals with traumatic brain injury in a
double-blind cross-over trial with placebo. Consistent with the findings for
Parkinson’s disease, bromocriptine improved performance on some but not all
tasks thought to be subserved by the PFC. Also consistent with the Parkin-
son’s disease literature, no effects were observed for control tasks not thought
to be subserved by the PFC. More controversially, and seemingly at odds with
both the animal literature and that on normal individuals to be reviewed
below, bromocriptine exerted no effects on working memory tasks with
minimal additional demands on executive function.

Making inferences about the functions of DA in cognition is less promis-
ing in the case of schizophrenia, as anti-psychotic medication may produce
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indirect effects on performance by the remediation of disruptive positive
symptoms. Additionally, neuroleptic drugs, as we have seen above (e.g.
WiILLIAMS et al. 1998) can impair cognitive functioning (KiNG 1990). In a com-
prehensive review, MorTIMER (1997) concluded that much remained unclear
about whether neuroleptic treatment affected the cognitive deficit syndrome
present in schizophrenia. The effects of conventional neuroleptics are quite
small, often being beneficial and related to the remission of psychosis. The pos-
sibility that the so-called atypical neuroleptics such as clozapine exert “cogni-
tive facilitatory” as well as “cognitive sparing” effects needs to be resolved
using more sophisticated neuropsychological methods and study designs.

The potential complexity of this area can be gauged from a functional
neuroimaging study using positron emission tomography (PET) to measure
regional cerebral blood flow (rCBF) in normal and unmedicated schizophrenic
subjects following challenge with apomorphine or placebo (DoLaN et al. 1995)
- extending an analogously-motivated study of the effects of d-amphetamine
in schizophrenia (DANIEL et al. 1991). DorLaN et al. found that rCBF was
enhanced in the anterior cingulate cortex in the schizophrenic patients under
the conditions of a verbal fluency task. However, one problem of interpreta-
tion with these is assessing whether the effects of apomorphine depended on
an enhancement of DA neurotransmission, or alternatively on reductions, via
its pre-synaptic action at D, receptors. Another problem of interpretation is
posed by the lack of reported data on verbal fluency performance in that study;
so although the therapeutic implications may be evident, the actual impact on
cognition of cortical actions of apomorphine in the schizophrenic or normal
individuals, is a little unclear.

Similar uncertainties about whether treatment is “damping down”
unwanted activity or boosting deficient functioning also hinder our under-
standing of the basis of the apparently effective strategy of treating ADHD
with methylphenidate and amphetamine-like compounds (MEgHTA et al. 2000;
SoranTo et al. 2000). Converging evidence implicates the dopaminergic system
and the prefrontal and nigrostriatal regions in the pathophysiology of
childhood ADHD and prefrontal dopaminergic dysfunction in adult ADHD
(Ernsrt et al. 1998), but it remains unclear to what extent the beneficial ef-
fects of drugs such as methylphenidate (Ritalin) depend on modulation of
dopaminergic or noradrenergic neurotransmission, or both. The neural site of
such effects is also unclear. Vabya et al. (1998) have recently employed fMRI
in a “Go/No Go” functional imaging paradigm to show that methylphenidate
attenuated blood flow in the basal ganglia of normal children, but increased
blood flow in children with ADHD. On the other hand, equivalent degrees of
frontal activation were seen in both groups. Improvements in behavioural per-
formance were also seen in both groups following the drug, but it is difficult
to be sure at which neural loci the stimulant is acting to produce these effects.
Studies by Mattay et al. (1996) and MEHTA et al. (2000b) on the effects respec-
tively of d-amphetamine and methylphenidate in normal volunteers, implicate
cortical networks that include the dorsolateral PFC. These latter experiments
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also utilized tasks that normally require PFC functioning (respectively, per-
formance on the Wisconsin Card Sorting Test [WCST] and self-ordered spatial
working memory tasks, respectively), and so the identity of the neural net-
works upon which stimulant drugs exert their effects on performance - for
both normal and clinical populations — may hinge on the nature of the task
under study.

II. Effects of Dopaminergic Drugs on Cognition in Normal
Human Volunteers

The early literature showing that amphetamine-like drugs had bene-
ficial effects on vigilance functions has generally been supported by more
recent work (KoeELEGAa 1993). Despite its use in ADHD, the effects of
methylphenidate on other aspects of cognition until recently have not
been widely investigated. Crark et al. (1986) showed that methylphenidate
(0.65mg/kg po) reversed impairments in a dichotic auditory attention task pro-
duced by the neuroleptic droperidol. By itself, however, methylphenidate had
little effect except to enhance subjective increases in elation, energy and alert-
ness. It was not possible to attribute significant improvements of a similar oral
dose in CANTARB tests of self-ordered spatial working memory and planning
function (ELLioTT et al. 1997), which were limited mainly to the first test
session. Indeed, when taken on a second session, the drug sometimes increased
the speed of responding on certain tests at the expense of reduced accuracy.
Also evident were effects to enhance retrieval of certain aspects of perfor-
mance, consistent with other data (Evans et al. 1986). A more recent study
(Rogers et al. 1999) has shown that methylphenidate (at the same dose to that
employed by ErriorT et al. 1997), can improve performance on an extra-
dimensional set-shift task, similar to that employed in monkeys by ROBERTS et
al. (1994), but at the cost of slowing performance and increasing errors in the
control test of intra-dimensional set-shifting. These results are important in
showing that it is possible to demonstrate improvements in normal individu-
als treated with methylphenidate, as well as patients with ADHD. However,
consistent with the animal and clinical data reviewed above, other functions
may also show impairment. Thus, drugs such as methylphenidate (and pre-
sumably also amphetamine) seem to place the subject into an altered mode
of functioning that is optimal for certain forms of performance, such as
working memory, memory retrieval functions and responding to previously
irrelevant stimulus dimensions, though at the cost of other capacities. The
challenge now is to determine the contribution of DA itself to these effects
and also to identify the neural loci of the drug-task interactions in the intact
brain.

The most direct means of addressing this challenge is to study the effects
of specific dopaminergic agonists and antagonists on human cognition, ideally
also incorporating a functional imaging approach where feasible. Unfortu-
nately, the lack of suitably selective compounds that are also suitable for
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administering to normal human volunteers (e.g. without emetic and dyskinetic
side-effects) has somewhat retarded progress. DA D, receptor antagonists
generally impair cognitive function in normals. However, the impairments are
not simply linked to sedative actions, as for example, sulpiride produces rela-
tively little effect on tests of sustained attention and associative learning that
are sensitive to benzodiazepines such as diazepam (MEHTA et al. 1999b). In
the same study, however, sulpiride (400mg po) did produce a pattern of
impairments that is qualitatively similar to that seen in Parkinson’s disease,
including deficits in spatial but not visual pattern recognition memory, plan-
ning performance and attentional set-shifting — again reflecting capacities
mediated by fronto-striatal systems.

The preponderance of D, receptor binding in striatal as distinct from cor-
tical regions implicates the striatum as a probable site of action of many of
these effects. This is consistent with evidence of correlations between DA D,
receptor binding in both normal volunteers and patients. For example, VoLkow
et al. (1998) found several significant correlations between performance mea-
sures (on tasks administered outside the scanner) and indices of D, receptor
binding using ["'C]-raclopride. Although these were greatest for motor tasks
such as finger tapping, significant correlations were also found for measures
of cognitive function, including performance on Raven’s Matrices, and the
Stroop and WCST (categories attained measure) tests, even after correcting
for the considerable decline in D, receptor binding that occurs with normal
ageing. Additionally, LAWRENCE et al. (1998) found that several aspects of per-
formance on spatial working memory and planning tasks exhibited significant
correlations with indices of striatal D, receptor binding in patients at various
stages of Huntington’s disease. An exciting prospect would be to attempt to
confirm such findings using functional imaging paradigms to effect DA recep-
tor displacement — in other words, directly to relate DA release to cognitive
performance in conscious human subjects. Some progress in attaining this goal
has been made in what promises to be a seminal study by Koeppet al. (1998).
They were able to show that performance in a motivating video game could
be used to reduce binding of raclopride to DA receptors in the region of the
ventral striatum, presumably because of striatal DA release engendered by the
task. Whilst the nature of the cognitive operations engaged by this task within
the striatum could not be identified from this study alone, it nevertheless offers
considerable promise for making future advances, particularly if used in com-
bination with the other approaches we have surveyed.

Most impressive of all would be the demonstration of significant facilita-
tion in aspects of cognitive function following specific DA receptor agonists.
For the most part, it has only proven feasible to assess performance-altering
effects of DA D, receptor agents such as bromocriptine, or alternatively, of
mixed D;-D, agents such as apomorphine and pergolide. Even though only a
handful of studies have emerged so far, significant improvements in certain
aspects of cognitive performance have been seen in most of these. The main
reported exception used a rather different cognitive task: GrRAsBY et al. (1992)
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showed that the effects of apomorphine (5 and 10ug s.c.) to impair learning
of an auditory-verbal word list in a PET-scanning paradigm were related to
its effects to reduce prefrontal cortical regional cerebral blood flow.

The improvements in cognitive function have mainly been observed in
visuospatial working memory tasks. Luciana et al. (1992) were the first to
demonstrate that bromocriptine (2.5mg p.o.) enhanced the accuracy of per-
formance in a delayed saccade task. Luciana et al. (1997) extended the result
to show improvement of memory for spatial but not object cues at a lower
dose of bromocriptine (1.25mg), and they further demonstrated pharmaco-
logical specificity by demonstrating opposed effects of a serotoninergic drug
(fenfluramine) (LuciaNa and CoLLINs 1998). By contrast, MULLER et al. (1998),
using a rather different delayed matching, working memory task in which sub-
jects had to match the location of a complex visual pattern within a spatial
frame of reference, failed to find significant improvement with bromocriptine
(2.5mg). They were able, however, to demonstrate significant benefits of the
mixed DA agonist, pergolide, which they attributed potentially to its D; recep-
tor agonist properties. Further light has been thrown on the variables con-
trolling these effects from the findings of KimMBERrG et al. (1997) that the effect
of bromocriptine (2.5mg) in normal young adults depended on their baseline
working memory capacity. High-capacity subjects performed more poorly on
a range of executive and working memory tasks whereas low-capacity subjects
performed better after this dose. This is reminiscent of the inverted U-shaped
Yerkes-Dodson-like functions already shown above to be important for deter-
mining the effects of dopaminergic manipulations. although KiMBERG et al.
(1997) invoke more computationally rigorous applications of the sigmoid acti-
vation function (SERVAN-SCHREIBER et al. 1990). KiMBERG et al. thus failed
to replicate Luciana’s (1992) effects with a task that was slightly different
from that used by her, in its inclusion of a central distractor condition. While
KIMBERG et al. suggest that the discrepancy between their results and those of
Luciana might reflect differences in the baseline working memory capacities
of their subject samples, another plausible explanation is that the less-complex
visuospatial form of the memory task, requiring memory for only the location
of a simple stimulus at a single spatial location, may be more sensitive to
improvement than the more complex forms of this task. Mehta et al. (2001)
have shown that a lower dose of bromocriptine (1.25mg) improves perfor-
mance of the CANTAB spatial span task but not its self-ordered spatial
working memory equivalent.

Evidently, the effects of dopaminergic agents such as bromocriptine are
quite weak and subtle, depending on both the nature of the task under study
as well as on baseline capacities of normal individuals. One issue to be resolved
is whether a direct agonist is the most effective way of enhancing normal
function, as compared to a drug that modulates neurotransmitter release.
Nevertheless, the data are exciting in helping to remove the prospect of
“cognitive-enhancing” drugs for normal individuals from the realms of science
fiction. However, it already seems quite clear that enhancement is only likely
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to be achieved in certain situations and only at the possible cost of inefficiency
in other domains, The apparent susceptibility of individuals low in baseline
working memory capacity to cognition-enhancing effects of bromocriptine
may be a useful portent for the use of D, agonists in clinical applications.
The study of effects of dopaminergic drugs on other aspects of learning and
memory, including, for example, acquisition and retrieval in procedural and
semantic memory, has been somewhat neglected. This is surprising, given the
considerable interest in the roles of the basal ganglia themselves in procedural
memory and the promising animal research in this area reviewed above (WHITE
1989; GraysieL 1995). An interesting recent example of dopaminergic effects
on associative thought processes, based partly on semantic network theory,
concerns the effects of oral L-dopa in normal volunteers tested in a lexical deci-
sion paradigm in which direct semantic priming (e.g. by a word such as “black”
for the response “white”) and indirect semantic priming (e.g. “summer” and
“snow”, mediated indirectly by associations with the word “winter”) were
directly compared KiscHka et al. (1996). The significance of these two types
of priming is that direct versus indirect priming represents the spread of
activation within semantic networks that encode these associative semantic
relationships. Thus, higher signal-to-noise ratios, hypothetically produced by
dopaminergic activity within the cortex, are equivalent to more focused acti-
vation and a greater degree of direct versus indirect priming. By contrast, low
signal-to-noise ratios represent the opposite type of profile. In fact, L-dopa pro-
duced evidence of more selective reductions in indirect priming. These results
obviously have possible relevance for understanding how associative thought
processes might be influenced by DA, and how, for example, schizophrenic
thought disorder might implicate more indirect forms of semantic priming,
associated with possible reductions in prefrontal dopamine function. However,
as the effects of L-dopa were quite subtle, the specificity of these results should
be substantiated using a more detailed pharmacological analysis that includes
dose-response functions and comparisons with DA receptor blockers.

F. Conclusions and Future Directions

Now it is apparent that brain DA has important roles in many aspects of cog-
nition as well as overt motor behaviour, it is timely to bring into focus future
research priorities. These priorities include understanding the relative contri-
butions of the striatal and cortical (mainly frontal) DA systems to behavioural
and cognitive functioning, and the extent to which sometimes they appear to
be co-ordinated in enabling such functions, but also sometimes opposed,
through counter-balancing influences (see Fig. 1). One way of formulating this
question is to consider the possibility that the behavioural activation produced
by tonically enhanced sub-cortical DA activity normally functionally opposes
the modulation of mnemonic and selection functions mediated by neocortical
structures. Two of the principal aspects of such behavioural activation in the
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Fig. 1. Schematic diagram to indicate functional relationships between mesocortical
and subcortical dopamine systems based on the “two arousal scheme” of BROADBENT
(1970), as adapted by Ropains (1984). In this diagram, the activation of mesofrontal
dopamine systems is seen as a form of “corollary discharge” of the general state of
activity in the subcortical systems that helps to modulate the descending influence of
the prefrontal cortex (PFC) on behavioural regulation, which provides executive
control over action selection and performance. Thus, the reinforcement learning
systems that are informed and modulated by signals from the subcortical dopamine
systems are subject to “top-down” influences of the prefrontal cortex, engaged, for
example, during times of stress, or when novel contingencies arise NA = noradenaline

rat include effects on general locomotor activity and also on reinforcing func-
tions, possibly including long term memory consolidation. Such functions, com-
monly associated with behavioural responses to potent reinforcers, may be
suboptimal for “on-line” processing in working memory and the formulation
and selection of optimal response sequences or “plans” and better suited
for the efficient performance of well-learned or routine actions or habits.
Improved understanding of this question will come from a greater knowledge
of the relative roles of the PFC and striatum themselves, within the same
corticostriatal circuitry. An interesting possibility is that the mesofrontal pro-
jection represents in part a sort of “corollary discharge” of the level of activ-
ity of the subcortical dopaminergic systems (Fig. 1) Potent reinforcing events
(including rewards, novelty and also aversive stimuli), probably mediated via
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diffuse inputs to activate the midbrain DA cells, thus impact on those regions
of the ventral and dorsal striatum implicated in the preparation and initiation
of goal-directed behaviour. However, this behaviour has to be performed in
an optimal manner, for example, without perseveration and not so rapid as to
lead to inaccurate performance. Such regulation requires “executive” or “top-
down” adjustments from regions such as the prefrontal cortex — especially
when, for example, new routines have to be developed and old ones inhibited,
in the manner suggested by SHALLICE and NoRMAN’s theoretical scheme of the
supervisory control over the “contention scheduling” of actions (see SHALLICE
1987).

The scheme shown in Fig. 1 is based on a previous conceptualization that
the different chemically identified neurotransmitters of the reticular core of
the brain, including the catecholamines DA and noradrenaline, as well as their
separate cortical and subcortical projections, have roles in optimizing differ-
ent forms of processing occurring in the various domains they innervate (see
Rogains 1984). This scheme incorporates the view that there are “upper” and
“lower” arousal mechanisms (BROADBENT 1970) that control different aspects
of processing, but which are also interactive. Thus, in a previous scheme, cor-
tical noradrenaline was seen as contributing powerfully to the “upper” mech-
anism by preserving attentional selectivity under conditions of high levels of
behavioural arousal of the “lower” mechanism. The scheme presented in Fig.
1 suggests that prefrontal DA, as also pointed out by ARNSTEN (1998), might
fulfill an analogous role. However, we must now attempt to differentiate more
clearly the specific roles of these distinct catecholamine projections to the pre-
frontal cortex (see also ARNSTEN 1998).

The relationship between subcortical and cortical DA function needs to
be understood in the context of human cognition, as well as animal behaviour.
To some extent the study of the role of DA in reinforcement processes, and
in cortically mediated functions such as working memory, has proceeded inde-
pendently and in separate species. However, this may well change as a conse-
quence of the extensive effort now being devoted to drug abuse, and the
realization that chronic drug treatment can impact on cognitive function (e.g.
JENTSCH et al. 1997; JENTscH and TavyLoR 1999; RoGErs et al. 1999b). Another
promising direction is that of relating DA-mediated reinforcement learning to
more complex decision-making processes in humans (e.g. EGELMAN et al.
1998).

We have identified the possibility of identifiable “states” or “modes” of
function associated with low or high levels of DA release (e.g. those associ-
ated with elevated “stress” or states associated with the expectation and pro-
cessing of reinforcers), which optimize different patterns of cognitive as well
as behavioural outputs. Here, an improved specification of the genetic, devel-
opmental and (perhaps above all) the environmental influences that normally
drive DA activity would undoubtedly be useful in understanding why certain
cognitive functions (e.g. spatial working memory) appear to be more suscep-
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tible to modulation by fronto-striatal DA systems than others. On the other
hand, it should be evident from this review that DA modulates a vast range
of different aspects of behaviour and cognition, possibly by virtue of its func-
tions within subcortical as well as cortical regions.

We are aware that this chapter has several limitations. While pointing in
the Introduction to the diversity of DA receptor types, we have been able to
pay only a little attention to their respective roles, mainly because of the lack
of suitably selective agents, especially in humans. In similar vein, we have men-
tioned as a possible approach the use of computational modelling, (e.g. via
models of reinforcement learning or constrained neural networks) but we
have not been able to invoke it to tackle these residual problems directly.
Given the consistency of certain types of finding (e.g. seemingly ubiquitous
inverted U-shaped dose-response functions and baseline-dependent effects),
nevertheless, it seems likely that such modelling will eventually help to clarify
our ideas about the underlying processes, especially when further data have
been collected. Nor has there yet been sufficient exploitation of transgenic
animals to provide unambiguous extensions of existing knowledge about DA
and cognition: this also depends on the development of sensitive tests for such
functions in mice, if they can be convincingly demonstrated.

Above all comes the suspicion that it is ultimately simplistic to consider
the functions of DA in a single circumscribed area of cognition or behaviour.
The role of DA systems in a wide range of behavioural functions, from simple
movements through reinforcement mechanisms to advanced planning cogni-
tion, suggests that we need to know more about how the “building-blocks” of
behaviour are integrated to produce complex behavioural or cognitive output.
And the importance of DA in processes that enable rapid responding in the
current context has also to be weighed against its possible role in feedback
mechanisms leading to information storage — therefore invoking mechanisms
of neuronal plasticity. The various modes of functioning of the DA systems
(e.g. phasic versus tonic) may best be understood in this context simply in
terms of the homeostatic regulation of the activity of this system within nar-
rowly defined limits. In considering both the role of DA in humans as well as
for other animals, evolutionary factors come to the fore. We do not consider
it appropriate, for example, to consider that DA modulates only simple forms
of motor expression in rodents and exerts influences on cognition only in
human subjects. Either of these stances would render impossible, for example,
the development of animal models of mental illness, and would hinder our
understanding of basic cognitive mechanisms. From the commentary we have
provided here, however, we hope that the comparative approach, including the
identification of behavioural homologies and the utilization of cognitive
theory derived from human experimental psychology to neuroscientific
endeavours, will continue to be stimulating and productive.
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CHAPTER 20
Molecular Knockout Approach to the Study of
Brain Dopamine Function

G.F. Koos, S.B. CaINE, and L.H. GoLb

A. Introduction

Excellent pharmacological tools are available for manipulation of various
neuropharmacological components of the dopamine system. However, a major
drawback of the pharmacological approach is that almost all drug antagonists
or agonists have multiple sites of action, certainly at higher doses. A molecu-
lar biological approach provides a means of selectively manipulating the genes
that encode the proteins responsible for a given neuropharmacological site
with little concern of crosstalk or pharmacological interaction. The cloning
of the genes responsible for encoding dopamine receptors and transporter
proteins, as well as the proteins responsible for the synthesis of dopamine,
has provided the molecular information necessary to decrease or eliminate
these proteins and assess function. Such a knockout approach has a number
of advantages over traditional pharmacological approaches but also a number
of disadvantages.

The present chapter will briefly describe what constitutes the molecular
pharmacological approach, define knockouts, and review the results obtained
to date with this approach. Evidence exists for phenotypes produced by
knockout of the D;, D,, D3, D,, and D5 dopamine receptor subtypes, knockout
of DARPP-32 (dopamine and cAMP-regulated phosphoprotein of molecular
weight 32,000), knockout of the dopamine transporter, and knockout of tyro-
sine hydroxylase. A “knockout” or knockout mouse will refer in this review to
mice carrying a specific mutation through the process of gene targeting by
homologous recombination.

In the knockout approach, specified changes are introduced into the
nucleotide sequence of a chosen gene, and through either insertions or dele-
tions the gene becomes inactivated resulting in a consequent absence of the
gene product. To produce such an inactivation for a gene of interest, a DNA-
targeting vector is employed to generate a chromosome with the targeted gene
mutation through the process of homologous recombination. Here, DNA
molecules with identical sequences line up next to each other, are cut, and sub-
sequently spliced at the cut ends. This results in homologous regions of the
genomic DNA in the vector replacing the original gene in the chromosome
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and then transferring the modified genetic material (responsible for inactiva-
tion of the normal protein) into the genome of a living cell (see Fig. 1). Two
types of vectors can be used either where the endogenous sequence is replaced
by an exogenous sequence or where the entire vector DNA sequence is
inserted. A neomycin resistance gene also is inserted to serve as a positive
marker to identify which chromosomes have received the vector. A negative
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selection marker such as the thymidine kinase gene is attached to one end of
the vector to identify cells that have incorporated the targeting vector at a
random location (see Fig. 1). The vector is transfected, or passively introduced
into embryonic stem cells that are maintained in culture. Cells possessing
the random insertions then are removed by exposing the culture to an agent
such as ganciclovir that kills the cells bearing the negative selectable marker.
Cells in which the cloned gene has replaced the targeted sequences in the
chromosome are selected by exposing the culture to neomycin, since the
neomycin resistance gene is incorporated into the vector with the desired
knockout sequence.

The embryonic stem cells often are derived from the 129 strain mouse (a
brown mouse) and then are microinjected into embryos usually derived from
the C57BL/6 mouse (a black mouse) at the blastocyst stage. These embryos
are then implanted into surrogate mothers. The offspring can be sorted by coat
color and the chimeric males are crossed with females from the C57BL/6
strain. Progeny with brown coats then are screened for inheritance of the
targeted mutation (some brown coats will not be mutants). Offspring with the
targeted mutation are identified by analysis of genomic tail DNA. Subsequent
mating of the males and females carrying the mutation will result in some
mice (25%) that possess two copies of the mutated gene (for reviews of the
theoretical and methodological aspects of knockout technology see CAMPBELL
and Gorp 1996; PHiLLIPS 1996; TECcOTT and BaronNDEs 1996; Picciorro and
WickMAN 1998; MULLER 1999).

Fig. 1. Generation of knockout mouse mutants by targeted gene replacement. A tar-
geting vector is constructed in which a neomycin resistance (neo-R) gene is inserted
into a protein-coding region of the gene of interest. Attached to one end of the tar-
geting vector is a thymidine kinase (tk) gene from a herpes simplex virus that will serve
as a negative selectable marker. The vectors are introduced into embryonic stem (ES)
cells by exposing the cells to a brief pulse of electrical current, called electroporation.
This transiently opens pores in the cell membranes, permitting passage of the vectors
into the cells. The vectors then line up with the chromosomes allowing exchange of
identical regions of the chromosomes and the targeting vector, termed homologous
recombination. Homologous recombination results in chromosomes that possess the
targeted insertion, and thus are resistant to neomycin analogues. Also associated with
homologous recombination is a loss of the terminal tk gene, thus eliminating the sus-
ceptibility to ganciclovir. Random insertion events may take place in non-target genes
and result in a retention of the tk gene, and likewise ganciclovir sensitivity. In situa-
tions where the vector does not become integrated at all, the chromosome will lack
both the neo-R and tk genes. Taking advantage of these positive and negative selec-
table markers by treatment of the ES cells with a neomycin analogue and ganciclovir
eliminates those cells that do not possess a neo-R gene and those that retain the tk
gene. The ES cell population is thus enriched for cells carrying the targeted mutation.
These cells are injected into a blastocyst stage embryo derived from a second mouse
strain. Chimeric male mice bearing cells from both mouse strains are bred with wild-
type mice. The heterozygous offspring, possessing one copy of the mutated gene, then
are mated. The genotype of the progeny is determined by analysis of tail DNA to be
either wild-type (w/f), heterozygous (Het) or homozygous (Hom) for the targeted
mutation. (With permission from Gorp 1996)
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B. Limitations of the Knockout Approach:
Compensation and Epistasis

The promise of the knockout approach is to reveal the in vivo function of a
gene of interest because the mutant organism resulting from gene targeting
completely lacks the gene product in question, in this chapter a dopaminergic
function. One of the major advantages of the knockout approach is that the
targeted protein is completely removed and in effect represents a complete
lesion. Thus, the hypothesis that a given phenotype is only manifested by a
specific genotype can be readily tested. Also, the complete removal of a given
receptor conveys a means of assessing the selectivity of allegedly selective
neuropharmacological agonists and antagonists.

However, there are a number of potential problems that arise from using
the traditional knockout approach and they center on two major issues: (1)
there may be compensatory changes in response to the primary effects of the
mutation that produce the phenotype, and (2) the phenotype may be masked
or exaggerated by the nature of the genetic background. First, it is clear that
mutations can lead to an “avalanche of compensatory processes” (up- or
downregulation of gene products; GERLAI 1996). Thus, phenotypical changes
might not be directly related to the mutation at a functional level but may
reflect secondary changes. Clearly, the use of selective pharmacological agents
in combination with gene targeting can help resolve some of the discrepan-
cies (see Sect. E.). As with the lesion approaches of earlier decades, a conflu-
ence of information using various techniques will be required to confirm any
hypotheses regarding function from the knockout approach. Compensatory
changes are presumably more likely to occur for mutations that are critical for
survival of the species, and the absence of effects of a knockout on any par-
ticular dependent variable may reflect redundancy in the system in question
or possible compensatory changes in other systems. Perhaps most conse-
quential for interpreting the effects of knockouts is the variability in genetic
background that contributes to the mutant mouse. Phenotypic variations in
the parental strains also may mask the expression of an underlying mutation,
a phenomenon known as epistasis.

Gene targeting has been carried out largely by using embryonic stem cells
from the mouse 129 strain. Chimeras are mated to wild-type mice, which are
invariably a different strain C57BL/6 (see below). The offspring are not only
heterozygous for the null mutant but also have one set of genes from the 129
strain and one set from C57BL/6. The F-2 generation then provides the null
mutants in 25% of the animals according to Mendelian genetics. However,
there are three problems with this approach that derive from the segregation
of a population from two parental mouse strains with recombinant genotypes
(GErLAI 1996). First, the recombination pattern (that is, which gene locus
contains 129 alleles and which gene locus contains C57BL/6 alleles) may be
different between littermates, thus suggesting that even wild-type littermates
may not be a good control population. Second, the genetic variation resulting
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from the hybrid background may mask significant effects. Finally, there may
be a problem of gene linkage where the alleles that are near the targeted locus
will be 129-type in the null mutant mice and C57BL/6 in the wild-type mice.
Because the probability of genetic recombination is inversely related to the
distance from two genes, the 129-type alleles of the embryonic stem cells that
are close to the locus of the mutated gene will remain with the mutated allele
of the knockout gene (GERLAI 1996). These problems cannot be readily dis-
missed, because a number of recent studies have shown that knockout effects
depend on the background phenotype (SmBiLiA and WAGNER 1995; OrsoN
et al. 1996). Certainly, the differences in the phenotypes of D;- and D,-null
mutants generated from different laboratories may be explained by such
factors (see below).

Solutions to these background problems could include classical genetic
approaches and some additional molecular physiology (BANBURY CONFERENCE
1997). For example, backcrossing the mutant hybrid animals to a strain of
choice would effectively eliminate many of the above concerns. However,
complete elimination of the genes associated with the embryonic stem cell 129-
strain could take more than 12 generations (2 years of breeding). Alternatively,
rescue experiments could be conducted where the missing protein product
is delivered chronically to the animal or by introducing a transgene that
expresses the protein in question. Other alternatives would be knockin mice
in addition to knockout mice, where homologous recombination is used to
insert a small DNA marker flanking the gene of interest without altering the
gene of interest’s function. These knockin mice would have the full function
of the gene in question but the same linkage associations of the knockout mice,
providing an excellent control { GERLAT 1996; CRAWLEY 1996). Other solutions
might be the generation of null mutant mice with a pure genetic background.
Nevertheless, the significant genetic differences between inbred strains that
are well established in the literature will have to be considered carefully in
choosing an appropriate strain for the gene target in question (PLoMIN et al.
1990). At the very least, steps can be taken to ensure that knockouts do not
genetically drift away from their wild-type controls (PHILLIPS et al. 1999). For
example, periodic interbreeding of mutant and control populations to yield
heterozygotes that serve as a renewed source of knockout and wild-type off-
spring restores the commonality of the genetic backgrounds. Exclusive het-
erozygote breeding, though inefficient, is an even more rigorous approach to
maintaining similar genetic backgrounds of knockout and control populations.
Future manipulations that can complement the standard knockout approach
will be attempts to rescue the phenotype of a knockout by gene transfer,
the use of conditional knockouts, the use of tissue-specific knockouts, and the
use of multiple knockouts and pharmacological probes to assess potential
compensatory changes. A convergence of evidence using multiple approaches
will provide a powerful means of utilizing the knockout technique to its
fullest potential, a conceptual position not unlike that considered for lesion
studies.
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C. Overview of the Midbrain Dopamine System in Motor
Behavior and Reward

Dopamine neurons that project to the forebrain long have been associated
with initiation of behavior, reward, and motivational processes. The cell bodies
of origin of the forebrain dopamine projections can be found in the ventral
part of the midbrain, and they project to the forebrain in two major functional
systems. The nigrostriatal dopamine system projects from the substantia nigra
to the corpus striatum, and degeneration of this system is the primary basis
for many of the motor dysfunctions associated with Parkinson’s disease
(Moore and Broom 1978). The nigrostriatal dopamine system also is im-
plicated in the focused repetitive behavior, called stereotyped behavior,
associated with high doses of stimulants (CReese and IVErSenN 1974). The
mesocorticolimbic dopamine system, in contrast, projects from the ventral
tegmental area to the limbic forebrain (nucleus accumbens, olfactory tuber-
cle, amygdala, and frontal cortex; Moore and Broom 1978). The mesocorti-
colimbic dopamine system has been implicated in activation and locomotor
behavior, psychostimulant-induced locomotor behavior, drug reward, and
non-drug motivational attributes (KELLy et al. 1975; Le MoaL and Simon 1991;
Koos 1996).

Pharmacological manipulations which increased or decreased dopamin-
ergic function provided some of the early evidence for a role of the midbrain
dopamine systems in reward. Pharmacological activation of dopamine synap-
tic activity produced behavioral activation, facilitated responding for many
reinforcers, and decreased reward thresholds (LE MoaL and SimoN 1991; Koos
1992; RosBINs and Everirt 1992). Blockade of dopamine function produced
decreases in responding for both positive and negative reinforcers (Wise 1978,
1980, 1982). In addition, electrophysiological studies have shown that unpre-
dictable appetitive stimuli and conditioned reward-predicting stimuli activate
the actual physiological firing of midbrain dopamine neurons. In studies of
responses to stimuli of specific motivational valence, only appetitive events
and not aversive events activated dopamine neurons in the mesocorticolimbic
dopamine system of monkeys (MirRENowicz and ScHuLTZ 1996). Such hedonic
selectivity of the activation of these neurons also provides an intriguing insight
into the conceptualization of what constitutes positive rewards or incentives.
One interpretation of these results is that midbrain dopamine neurons may be
part of the process by which rewards motivate or guide behavior (incentive
motivation). Changes in positive incentives would, through an activation of
the mesocorticolimbic dopamine system, allow or actually release species-
specific approach responses or changes in direction toward these larger incen-
tives. The mechanism for this enabling function could be hypothesized to be
through additional activation of the central motive state (in addition to
primary drives) or by feeding directly to motor routines in the extrapyramidal
motor system or both (Koos 1996).
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D. Overview of the Dopamine Receptor Subtypes in
Motor Behavior and Reward

Five different dopamine receptors, D; through Ds, have been identified
through which dopamine may act to produce its functional effects (SOKoLOFF
and ScHwARTZ 1995). Most pharmacological studies have been performed
using agonists and antagonists for the D, and D, receptors because selective
agents for these receptors have been available. D; and D, receptors are widely
distributed throughout the terminal areas of both the mesocorticolimbic and
nigrostriatal dopamine systems, but D; receptors are localized to specific sub-
regions of the mesocorticolimbic dopamine system of the rat, namely the shell
subdivision of the nucleus accumbens and the Islands of Calleja (SOKOLOFF
et al. 1990). Interestingly, few D, receptors are found in these subregions, but
these subregions are rich in D; receptors (SokoLoOFF et al. 1997).

Dopamine D, and D, antagonists in general block motor activity and
block the locomotor activation associated with psychostimulant drugs that are
direct or indirect dopamine agonists (ARNT 1985; AMALRIC et al. 1986), and in
general, agonists for the Dy and D, dopamine receptors produce locomotor
activation and arousal (Morroy and WADDINGTON 1984; WADDINGTON et al.
1994). However, dose-effect functions and more selective compounds for the
dopamine receptors have revealed some functional distinctions. Low doses of
D, antagonists can block the locomotor activation produced by d-ampheta-
mine without producing motor effects such as catalepsy or increases in reac-
tion time in a sensitive reaction time task (AMALRIC and Koos 1993; AMALRIC
et al. 1993; SmritH et al. 2000). In contrast, D, antagonists at very low doses
effectively block reaction time performance, whereas D; and Dj; selective
antagonists are ineffective (AMALRIC et al. 1993; SmiTH et al. 2000). D; recep-
tor antagonists actually produce increases in locomotor activity at low doses,
an effect attributed to a subset of postsynaptic receptors mediating tonic
behavioral inhibition (WATERs et al. 1993; SAUTEL et al. 1995). However, D;
receptors also may act synergistically with D, receptors to produce locomotor
sensitization (BORDET et al. 1997).

All three major dopamine receptor subtypes have been implicated in
psychostimulant drug reward (Koos et al. 1996). Antagonists of D;, D,, and D;
receptors dose-dependently decrease the interinjection interval for intra-
venous cocaine self-administration in rats (MoreroN 1991; CaiNe and Koos
1994; HuBNER and Koos et al. 1996; CAINE et al. 1997). Both D, and D, antag-
onists have been shown to shift dose-effect functions for cocaine to the right
(BErRGMAN et al. 1990; CAINE and Koos 1995). D, and D; agonists potentiate
or supplement the reinforcing and discriminative stimulus effects of cocaine,
and these drugs also maintain self-administration behavior when substituted
for cocaine (WoOLVERTON et al. 1984; CAINE and Koos 1993, 1995; LaMas et al.
1996; NADER and MAcH 1996; SPEALMAN 1996). D, agonists appear to have a
more complex profile — these drugs are self-administered under some condi-
tions (SELF and STEIN 1992; WEED and WoOLVERTON 1995; GrEcH et al. 1996)
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but not others (GRecH et al. 1996; CaINE et al. 1999). Moreover, unlike D, and
Dj; agonists, D, agonists do not “prime” reinstatement of cocaine self-admin-
istration (SELF et al. 1996; BARRETT-LARIMORE and SPEALMAN 1997), nor do they
shift the dose-effect function for cocaine self-administration leftward (CAINE
et al. 1999, 2000).

E. D; Receptor Knockouts

Studies with knockouts of dopamine receptor subtypes have provided two
major and important sources of information on the functioning of the mid-
brain dopamine systems. First, they have provided new insights into the
functional role of these dopamine effector systems, and second, they provide
a means of evaluating the pharmacological specificity and selectivity of
purported selective ligands.

Two groups have generated D, receptor knockouts (D, receptor knock-
outs) (DraGo et al. 1994; Xu et al. 1994a,b). Targeted gene deletion was
constructed from 129 embryonic stem cells and male chimeras were mated
with C57BL/6 females to produce heterozygous mutants. Constructs for the
targeting vector were made from the 129/Sv (DraGo et al. 1994) or mouse 129
genomic library (Xu et al. 1994a,b).

Mice that lack the dopamine D; receptor have a phenotype that confirms
hypotheses regarding the functional role of the dopamine system. D; knock-
outs show no locomotor activity response to D; agonists and antagonists (Xu
et al. 1994b; Fig. 2) and a blunted locomotor stimulation to cocaine (XU et al.
1994a) and amphetamine (CrRawFORD et al. 1997). These mice also show spon-
taneous hyperactivity to vehicle injections (MINER et al. 1995), increases in
grooming (CLIFFORD et al. 1998), but decreases in rearing (DracGo et al. 1994;
CLiFrForRD et al. 1998). Others have observed decreases in novelty- and
neuropeptide-induced grooming (DrAGO et al. 1999) and decreases in explora-
tion (initiation of movement and reactivity to external stimuli) in an open field
test (SmitH et al. 1998). Such knockout mice also were impaired in the visual-
orienting response (SMITH et al. 1998) and in learning a water maze task (place
training or cue training; SMITH et al. 1998) yet showed no deficit in acquisition

>
Fig. 2. Effects of D, agonist SKF 81297 and D, antagonist SCH 23390 on locomotor
activity and catalepsy. A Following a 2-h habituation period, mice were injected with
saline or increasing doses of SKF 81297. Values represent mean+standard error of mean
(SEM) total photocell beam interruptions (horizontal and vertical activity combined)
for 2-h test sessions tested during the light phase of the light-dark cycle. B Following
a 2-h habituation period, mice were injected with vehicle or increasing doses of SCH
23390. Values represent mean+SEM total photocell beam interruptions (horizontal and
vertical activity combined) for 2-h test sessions tested during the dark phase of the
light-dark cycle. C Catalepsy testing was conducted 15min following injection with
vehicle or SCH 23390. Values represent mean+SEM time (in seconds) immobile during
a 5-min test. In all cases, WT represents the wild-type mice and D1KO represents the
mutants. (With permission from Xu et al. 1994b)
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of a conditioned place preference for cocaine (MINER et al. 1995) nor any
deficit in acquisition of an odor discrimination (SmitH et al. 1998). D,
knockout mice were impaired in their acquisition of cocaine self-administra-
tion compared to wild-type mice, but dose-effect functions for cocaine
self-administration were similar between mutant and control mice (CAINE
et al. 1995).

These results are consistent with data showing that D, antagonists
can block the psychostimulant effects of cocaine and impair learning in certain
situations (BENINGER and MILLER 1998). Studies in these mice also support
an essential role for the D, receptor in dopamine-mediated inhibitory effects
within the nucleus accumbens, measured electrophysiologically. In particular,
reduced efficacy of cocaine, dopamine, and D, and D, receptor agonists was
found in D,;” mice compared to wild-type controls (Xu et al. 1994a). In
summary, the data to date on mice bearing dopamine D, receptor deletions
demonstrate an important contribution of the D; receptor to spontaneous
activity and activation and suggest that such a function may extend to
more complex behaviors. How deficits in learning and orientation relate
to the perennial question of motor versus motivational behavior will re-
quire further testing and further development of neuropsychological tests
in mice.

F. D, Receptor Knockouts

Knockouts of the dopamine D, receptor have produced phenotypes that
support the hypothesis that D, receptors have a role in motor behavior and
have focused largely on behavior mediated by the striatum. An initial report
described animals that were dramatically akinetic and showed major decreases
in locomotor activity, and the authors speculated that this gene deletion might
be a model of Parkinson’s disease (BaIk et al. 1995). However, a subsequent
study showed that this phenotype has epistatic qualities in that the severe
behavioral deficits are largely manifested only in the mouse with C57BL/6
background because the 129 background produces a “floor” effect (KELLY et
al. 1998; Fig. 3). In the rotorod test of motor coordination, the knockout F27
mice and the wild-type 129 mice showed severe deficits, but the wild-type
CS7BL/6 and congenic B6” mice successfully learned the task, although the
B67~ mice were slower (KELLy et al. 1998). A third more recent study reports
D, mice exhibiting locomotor activity reductions that are exacerbated during
the dark periods (JUNG et al. 1999). D, homozygous mutants also were found
to have a 50% increase in dopamine metabolites in the striatum and com-
pensatory increases in the Dj receptor protein measured using immuno-
precipitation (JUNG et al. 1999). Studies in mutant mice also have revealed
an essential role for the D,, but not the D; or D,, receptor subtype in the
disruption of prepulse inhibition produced by amphetamine in mice (RALPH
et al. 1999).
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Fig. 3. Locomotor activity in congenic 129 and B6 strains of D, receptor mutant mice.
A Total horizontal distance traveled. B Initiation of movement. C Vertical rears in
30min by drug-naive mice in an open field. Data are mean+SEM. 1297, n = 9 (open
bars); 129'" n = 20 (striped bars); 129", n = 16 (black bars); B67, n = 16 (open bars);
B6™, n = 36 (striped bars); B6™, n = 19 (black bars). Statistical analyses revealed
significantly lower scores for the B6 congenic —/— mice compared to +/+ siblings in total
horizontal distance, initiation of movement, and rears. The B6 congenic +/— mice also
showed significantly reduced total horizontal distance and rears compared to +/+
siblings. In the congenic 1297 mice compared to 129 congenic +/+ siblings there were
significant deficits in total horizontal distance and initiation of movement, whereas the
+/~ mice were only different in total horizontal distance. p < 0.05, ANOVA (analysis
of variance), Tukey post-hoc tests. (With permission from KeLLy et al. 1998)
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D, mice exhibited a marked aversion to ethanol in a two-bottle choice
procedure and reduced sensitivity to ethanol-induced locomotor impairments,
pointing to a role for the D, receptor in the behavioral effects of alcohol
(ParLLies et al. 1998). D, receptor knockout mice also exhibited a deficit in
the acquisition of a morphine-conditioned place preference (MALDONADO et
al. 1997) consistent with a role for D, receptors in some of the motivational
effects of mu opioids (D1 CHiARA and IMPERATO 1988; Koos 1992; Harris and
AsTON-JONES 1994). Moreover, preliminary results suggest that mice lacking
D, receptors self-administer more cocaine than their wild-type littermates, an
effect identical to pharmacological blockade of D, receptors in intact mice
(CanE et al. 2002). Collectively, these results suggest a role for D, recep-
tors in the behavioral effects of a variety of drugs that are abused by
humans.

The null mutant mice for the D, receptor also have provided insight into
the role of the D, receptors in the intrinsic functioning of the basal ganglia.
D, mutant mice failed to show autoreceptor-mediated inhibition of dopamin-
ergic cell firing or the evoked release of dopamine, suggesting an important
role for D, receptors in autoreceptor function (MERCURI et al. 1997; I”HIRON-
DEL et al. 1998). In addition, corticostriatal slices of D, mutant mice show long-
term potentiation instead of long-term depression to tetanic stimulation of the
corticostriatal fibers, and this effect was reversed by an NMDA receptor antag-
onist (CALABRESI et al. 1997). The authors hypothesized that an imbalance
between D, receptor activity and NMDA receptor activity may produce
changes in synaptic organization that lead to some of the symptoms of
Parkinson’s disease.

G. D; Receptor Knockouts

In contrast to the decreases in locomotor activity and motor behavior associ-
ated with null mutant mice for D; or D, receptors, D; knockout mice express
a phenotype of enhanced locomotor activity (Acciui et al. 1996). Mice were
generated using embryonic stem cells from the 129/Sv strain and the chimeras
were mated with female C57BL/6 strain mice. These mice showed no D,
binding and normal D, receptor binding, and they showed hyperactivity and
increased rearing in an open field relative to wild-type controls of the F-2 gen-
eration (AcciLi et al. 1996). Subsequent testing of D;-null mutant mice showed
similar hyperactivity in a novel environment (XU et al. 1997) and in an open
field and elevated plus-maze (Xu et al. 1997; STEINER et al. 1998), suggesting
an anxiolytic-like effect or enhanced responsiveness to novelty. Ds-null
mutants also showed a hyperresponsiveness to dopamine agonists when both
D; and D, receptors were activated simultaneously, suggesting that D; recep-
tors likely dampen normal responses to combined D; and D, stimulation post-
synaptically through a post-synaptic mechanism (Xu et al. 1997).
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A more recent investigation with a third D; mutant mouse found no dif-
ferences in locomotor activity in D; mutant mice during the light or the dark
period when a longer test session was implemented (JUNG et al. 1999). These
results suggest that the hyperactivity of the D; mutants habituates rapidly.
Interestingly, in this same study, creation of a D,/D; double mutant produced
a motor phenotype more severe than the D, single mutants. Double mutants
also exhibited increased levels of dopamine metabolites in the striatum
compared to single mutants. These authors postulate that the D; receptor
may compensate for the lack of D, receptor function, but this compensation
remains masked in the presence of abundant D, receptors.

The pharmacology of the D; receptor system also has been evaluated in
D; mutant mice. Putative selective D; receptor agonists and antagonists
were found to produce similar responses in mutant and wild-type mice for
locomotor activity and hypothermia effects purportedly mediated by the D;
receptor (BouLay et al. 1999; Xu et al. 1999). These results call into question
the selectivity of the currently available pharmacological agents, and future
studies will be necessary to fully characterize the functional role of the D;
receptor subtype.

H. Knockout of the Dopamine Transporter

Another protein target for molecular neuropharmacological manipulation of
the dopamine system using the knockout technique is the dopamine trans-
porter, but in this case molecular loss of function conveys a neuropharmaco-
logical increase in dopamine activity. The dopamine transporter controls the
quantity and temporal characteristics of dopamine released into the presy-
naptic terminal, and pharmacological blockade of the dopamine transporter
pharmacologically with drugs such as cocaine and amphetamine results in an
increase in extracellular dopamine. Disruption of the dopamine transporter by
homologous recombination using embryonic stem cells from 129Sv/J mice and
the mating of chimeric males with C57BL/6J females produced DAT™ mice,
DAT"", and DAT** mice (Giros et al. 1996). These mice were spontaneously
hyperactive and, neuropharmacologically, dopamine persisted over 100-times
longer in the extracellular space. Psychostimulant drugs, including d-amphet-
amine, had no effect on dopamine release or on locomotor activity in the
DAT™" mice, suggesting that in fact the dopamine-releasing effects of d-
amphetamine involve a neuropharmacological action to actually reverse the
dopamine transporter (Giros et al. 1996; Fig. 4).

Given that cocaine is a major drug of abuse and long has been hypothe-
sized to produce its neuropharmacological effects by increasing the availabil-
ity of dopamine in the terminal areas of the mesocorticolimbic dopamine
system, an important question was whether the reinforcing effects of cocaine
would be blocked in DAT™~ mice. Two independent studies using two differ-
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Fig. 4. A Spontaneous locomotor activity and habituation of naive wild-type DAT**
(open circles), heterozygote DAT"" (striped circles) and homozygote DAT™" (black
circles) mice. Locomotor activity was recorded every 20min for a period of 3h, n =12
mice per group. *p < 0.01 compared to DAT** using the student’s t-test. SEM is less
than 5% of the mean if not stated otherwise. B Spontaneous locomotor activity of naive
DAT** (open bars), DAT™ (striped bars), and DAT™ (black bars) mice. Accumulated
locomotor activity was recorded for 3h during the light (1100-1400hours) or dark
(2300-0200 hours) phase of the light-dark cycle. *p < 0.001 compared to DAT™, n =
10-12 mice per group. The spontaneous locomotor activity of the homozygote animals
was significantly higher during the dark cycle compared to the light cycle (p < 0.05).
The heterozygotes are consistently more active than the wild-type mice, but this
increase is of marginal significance (p < 0.06) during the dark phase of the cycle. (With
permission from GIros et al. 1996)

ent measures of cocaine reinforcement and two separate DAT™~ constructs
have shown that cocaine reinforcement persists in DAT™~ mice (RocHA et al.
1998; Sora et al. 1998). DAT™ mice, carrying the same construct as described
in the above locomotor studies, were implanted with intravenous catheters
and successfully learned to self-administer cocaine, although twice as many
sessions were required to meet acquisition criteria compared to wild-type mice
(RocHaA et al. 1998). DAT™" mice prepared using embryonic stem cells from
129/Sv mice and mated with C57BL/6J mice showed spontaneous hyperactiv-
ity and a blunted locomotor response to cocaine but a significant dose-
dependent place preference for cocaine (Sora et al. 1998; Fig. 5). A simple
explanation that serotonin may be the site for the reinforcing actions of
cocaine was not supported by the observation that mice with knockout of the
serotonin transporter also showed a robust place preference for cocaine (Sora
et al. 1998). Clearly, other neuropharmacological mechanisms such as activa-
tion of norepinephrine and even opioid peptides may have to be considered
for conveying redundancy in mediation of the reinforcing effects of psycho-
stimulants in the absence of DAT. In addition, although a single intraperitoneal
injection of cocaine did not apparently increase extracellular dopamine levels
in DAT knockout mice, evidence that cocaine produces reinforcing effects in
these mice independently of changes in dopamine transmission should be held
up to more rigorous experimental scrutiny (CAINE 1998; CarBonI et al. 2001).
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Fig. 5. Cocaine conditioned place preferences in DAT knockout mice. Conditioned
place preference induced by cocaine in wild-type (+/+, open bars), heterozygous (+/-,
striped bars),and homozygous (-/—, black bars) DAT knockout mice. Time scores shown
represent differences between post-conditioning (Posf) and pre-conditioning (Pre)
time spent in the cocaine-paired environment. Wild-type mice displayed significant
place preference associated with 5 and 10mg/kg cocaine, whereas heterozygous and
homozygous animals showed significant place preferences associated with 10mg/kg
cocaine. *p < 0.05 compared to saline-injected group by ANOVA, n = 8-23 mice per
genotype. (With permission from Sora et al. 1998)

I. Knockout of Tyrosine Hydroxylase Gene

In an elegant demonstration of the power of the molecular pharmacological
approach, a double construct was used to produce selective dopamine-
deficient mice. The gene encoding tyrosine hydroxylase (TH) was inactivated
and selectively restored in noradrenergic neurons (ZHou and PALMITER 1995).
Disruption of the TH gene results in both a dopamine and norepinephrine
deficiency, which is lethal (ZHou et al. 1995). To restore expression of the
TH gene in noradrenergic neurons, the TH coding sequence was linked to
the noradrenergic-specific dopamine beta-hydroxylase (DBH) promotor in
embryonic stem cells by homologous recombination (ZHou and PALMITER
1995; Fig. 6). Transgenic DBH-TH mice were mated to produce offspring with
a selective dopamine or norepinephrine deficiency by intercrossing DBH-
TH"" mice. The homozygous DBH-TH"* mice were deficient in DBH function
and presented a phenotype like DBH~ mice (THoMas et al. 1995). When TH™
mice were crossed with DBH", six different genotypes were formed, one in
which TH DBH-TH"" has a selective dopamine deficiency (Znou and
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Fig. 6. Gene targeting, mating strategy, and genetic diagnosis of DA™ mice. A The
murine DBH gene and targeting vector pPDBH-TH. A region of the DBH gene that
includes the proximal promoter is shown. The entire TH coding region, including the
1-kb sequence after the polyadenylation site and a neo cassette, was inserted between
exons 1 and 2 of the DBH gene. Locations of probes from DBH gene (Box a) and the
TH gene (Box b) that were used for screening ES cell clones and mice are indicated.
Abbreviations: B, BamHL; H, HindlIIl; Sf, $fi; X, Sba; S, artificial Sall; pBS, pBluescript
(Strategene). B Breeding strategy for generating DA™ mice. C Southern blot analysis
of representative tail DNA samples. DNA was digested with Xbal and hybridized with
probe b from the TH gene. The 2.7-kb band is the wild-type (WT) TH allele; the
4.5-kb band is the disrupted TH allele; the 7.1-kb band represents the DBH-TH allele.
The faint 5.5-kb band is due to partial digestion. (With permission from Znou and
ParLMITER 1995)

PaLmiTeR 1995; Fig. 6). These mice, considered DA™ by the authors, were
severely impaired in motor behavior, feeding, and drinking. The animals would
die from aphagia and adipsia unless treated chronically with L-dopa (Zuou
and PALMITER 1995). Interestingly, as with animals bearing 6-hydroxydopamine
lesions of the mesocorticolimbic dopamine system, the mice showed increased
locomotion in response to a selective D; and D, agonist, suggesting parallel
pathways for D; and D, activation.
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An important molecular target for the actions of dopamine is dopamine
and adenosine 3’,5-monophosphate-regulated phosphoprotein (32kDa,
DARPP-32), which is converted in response to dopamine into a potent pro-
tein phosphatase inhibitor and thus regulates the physiological activity of a
wide array of neuronal phosphoproteins. DARPP-32 mutant mice have been
created by disruption of the targeted gene in a 129/Ola-derived embryonic
stem cell line (FIENBERG et al. 1998). Homologous recombination at the
endogenous locus was designed to result in the replacement of a 400-base-pair
genomic DNA fragment containing the start of translation with a neomycin
resistance gene. After C57BL/6J blastocyst injection and embryo transfer,
chimeric offspring were crossed to C57BL/6J females, and those mice carry-
ing the mutation were crossed to generate heterozygous and homozygous
mutants. Mice generated to contain the targeted mutation exhibited deficits in
their molecular, electrophysiological, and behavioral responses to dopamine,
drugs of abuse, and antipsychotic medication. In mutant mice there was a loss
of D, agonist-induced inhibition of glutamate-evoked activity in the nucleus
accumbens. Similarly, cocaine and amphetamine-stimulated locomotion were
attenuated in DARPP-327" mice, and raclopride produced catalepsy with
reduced efficacy in mutant mice. Interestingly, DARPP-32"" mice demonstrate
a higher rate of sensitization to cocaine compared to wild-type mice, but no
increases in delta Fos-b expression in the striatum following repeated cocaine
administration, suggesting DARPP-32 is involved in regulating biochemical
and behavioral plasticity associated with repeated administration of cocaine
(Hiror et al. 1999). Mutant mice also exhibit a significant impairment in rever-
sal learning, providing evidence for a functional role for DARPP-32 in the
processes underlying learning and memory (HEYSER et al. 2000).

J. Other Knockouts

The dopamine D, receptor is expressed in high amounts in terminal areas of
the mesocorticolimbic dopamine system such as the frontal cortex, and in low
amounts in the nigrostriatal dopamine system such as the striatum and globus
pallidus (AriaNo et al. 1997) and has received considerable interest because
it shows the highest affinity for the atypical antipsychotic clozapine (SEEMAN
and Van ToL 1994). However, this receptor is of low abundance, and a role for
this receptor in the therapeutic or other effects of antipsychotic drugs remains
controversial (Bristow et al. 1997; MansBacH et al. 1998; MiLLAN et al. 1998).
Targeted removal of the dopamine D, receptor was produced by use of ho-
mologous recombination in embryonic stem cells using a 129/SvEv mouse
genomic phase library screened with a human D,R cDNA. These embryonic
stem cells were injected into C57BL/6J blastocysts, and the chimeras were
mated with C57BL/6J females. The F-1 heterozygotes were mated to produce
D.,R™ mice. These D,/ mice grew and reproduced normally but were less sen-
sitive to the blockade of apomorphine-induced locomotor activity produced
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by clozapine (RUBINSTEIN et al. 1997). D,”~ mice were also less active in loco-
motor activity and rearing. However, reductions in startle amplitude and pre-
pulse inhibition produced by amphetamine were measured in both D,” and
D4"* mice (RALPH et al. 1999). These mice performed better on a rotarod test,
remaining on the rod 2.5 times longer than wild-type littermates, and were also
more responsive to the locomotor-activating effects of ethanol, cocaine, and
methamphetamine. One possible explanation for this complex phenotype is
that there was increased synthesis and turnover of dopamine in the D,” mice,
and the enhanced turnover of dopamine may be acting via D,, D,, or D; recep-
tors in the striatum. Another potential explanation is that the loss of D, recep-
tors in the cortex produces a loss of inhibitory tone that would normally be
present. Paradoxically, in rats a selective D, antagonist blocked sensitization
to the locomotor and accumbens dopamine-enhancing effects of amphetamine
(FeLppauscH et al. 1998). Collectively, these results suggest a role for D,
dopamine receptors in sensitization to the behavioral and neurochemical
effects of psychomotor stimulants. They also underscore the paradoxical
effects that sometimes are observed in comparisons of acute pharmacological
treatments and chronic targeted genetic mutations.

D5 dopamine-deficient mice recently have been generated using homolo-
gous recombination techniques and mating the chimeras with C57BL/6 mice
(HorMmes et al. 1998). The resulting mutant Ds receptor mice developed nor-
mally and showed loss of Ds receptor staining in the central nervous system.
Preliminary behavioral tests revealed hyperactivity in an open field test and
increased latency to fall from an accelerating rotarod compared to wild-type
controls (HoLMEs et al. 1998).

Another target for potential disruption of dopaminergic function at the
molecular level is the vesicular monoaminergic transporter that transports
monoamines from the cytoplasm into secretory vesicles. Using homologous
recombination, mutant mice lacking the vesicular monoamine transporter
2 (VMAT-2) have been generated (WANG et al. 1997). A polymerase chain
reaction-generated probe from the rat cDNA was used to isolate the VMAT-
2 gene from a 129/SvJ genomic library, and transfection using an embryonic
stem cell line isogenic with the 129/SvJ substrain was performed. Clones were
injected into C57BL/6 blastocysts, and the chimeric offspring were mated to
produce F-1 and F-2 offspring, both of which were used. The mice homozy-
gous for VMAT-2 were not viable, but heterozygous adults showed decreased
basal extracellular dopamine and decreased K* and amphetamine-evoked
release. These mice showed a pronounced increase in sensitivity to the loco-
motor stimulant effects of the dopamine agonist apomorphine, cocaine,
amphetamine, and ethanol (TAkaHAsHI et al. 1997; WaNG et al. 1997). These
VMAT-2 mice failed to show further increases in activity after repeated
cocaine administration. Diminished amphetamine reinforcement measured
by conditioned place preference also was displayed in VMAT-2"" mice
(TakaHAsHI et al. 1997).
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K. Summary and Conclusions: What We Know That
We Did Not Know Before Knockouts

The major contribution to date of the molecular pharmacological approach to
the study of dopaminergic function can be summarized in three domains.
Knockout studies have (1) confirmed many pre-existing hypotheses regarding
the role of specific elements of dopamine neuropharmacology, (2) confirmed
or cast doubt on the selectivity of action of a number of neuropharmacologi-
cal agents, and (3) uncovered novel functional effects within the dopamine
system.

The pre-existing hypotheses confirmed by knockout studies range from
the importance of the dopamine transporter and vesicular transporter in main-
taining extracellular dopaminergic tone to a role for dopamine in certain types
of learning. Clearly, as has been known for some time, animals without
dopamine (tyrosine-hydroxylase knockouts) do not do well and are severely
hypoactive, aphagic, and adipsic. Mice without D, receptors on certain back-
ground strains also are hypoactive and show motor deficits associated with
striatal dysfunction. Mice without D; or D, receptors show blunted responses
to psychostimulant drugs further confirming an important role for the D; and
D, receptor subtypes in psychostimulant activation. In contrast, both D; and
D, knockouts show enhanced responsiveness to the activating effects of
psychostimulant drugs.

Finally, the knockout approach provides an excellent validation of the
selectivity of a given agonist or antagonist in vivo. For example, if a D; agonist
produces a functional effect in a D; knockout mouse, one has reason to suspect
a lack of selectivity to the D; receptor or other neuropharmacological actions.
This has been shown for a variety of D; receptor agonists and antagonists
(BouLay et al. 1999; Xu et al. 1999). Knockout mice also will provide a means
of evaluating crosstalk or lack of interaction between dopamine receptors. The
unknown effects revealed by knockout studies include the discovery of novel
functional effects within the dopamine system and outside the dopamine
system. Apparently the effects of amphetamine to release dopamine require
an intact dopamine transporter, suggesting that amphetamine actually pro-
duces monoamine release by reversing transporter function. One surprise
revealed by knockout studies is that both self-administration and place pref-
erence for cocaine remain intact in dopamine transporter knockout mice, sug-
gesting that neurotransmitter systems other than dopamine may contribute to
the reinforcing effects of cocaine, or that these transmitter systems are capable
of compensating rapidly for the loss of dopamine activity.

Interesting challenges remain for the study of the brain dopamine systems
using the knockout approach. Clearly, procedures will be needed to isolate
confounds due to epistasis and background strains. The use of site-directed
knockouts will allow a means of evaluating not only contributions of specific
brain regions to the function of specific dopaminergic neuropharmacological
agents but also compensatory responses to dysfunction of one or more ele-
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ments. Ultimately, one could imagine that such an approach might model early
stages of the pathogenesis of disorders such as Parkinson’s disease and
perhaps elements of affective disorders and schizophrenia. The use of condi-
tional knockouts will eliminate the compensatory responses observed during
development but produce new challenges to understand compensatory
changes possible in adult animals.
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CHAPTER 21

Behavioural Pharmacology of Dopamine
D, and D; Receptors: Use of the Knock-out
Mice Approach

R. DEPOORTERE, D. BouLay, G. PERRAULT, and D.J. SANGER

A. Introduction

Since the first evidence that dopamine (DA) serves as a central neurotransmit-
ter became available (CARLSSON et al. 1958), this catecholamine has generated
enormous interest among neuroscientists, and would probably qualify as the
most studied central neurotransmitter. Its pivotal role in numerous physiologi-
cal processes (JABER et al. 1996) and in major pathological conditions, in par-
ticular psychoses (SNYDER 1976), has certainly contributed greatly to this
privileged status. It appeared fairly early that the effects of DA are mediated by
at least two types of receptors, named the D1 and the D2 receptors (KEBABIAN
and CaLNE 1979).This conclusion was based on the dissociated effects that stim-
ulation of each type had on the activity of adenylate cyclase, the enzyme respon-
sible for the production of cyclic adenosine monophosphate (c-AMP). Levels
of c-AMP are increased by activation of D1 receptors (KEBaBIAN and CALNE
1979) and decreased by activation of D2 receptors (DE camiLi1 et al. 1979).
This opposite role of the two types of DA receptors is not ubiquitous, as they
have also been shown to act in a cooperative manner in several models (see
WabpbINGTON 1989 for review). For example, the two subtypes act synergistically
to promote locomotor activity when activated (MoLLoy et al. 1986) or to
produce catalepsy when blocked (KLEmM and BLock 1988).

The advent of molecular biology has expanded the field of DA receptor
research with the cloning of five subtypes during the last 10 years or so. DA D1
and D2 receptors have given way to the DA D1-like family, that comprises the
D, (cloned by DEeaARry et al. 1990; MonsMa et al. 1990; SUNAHARA et al. 1990;
Zuou et al. 1990) and the Ds (cloned by GRANDY et al. 1991; SUNAHARA et al.
1991; TigERI et al. 1991; WEINSHANK et al. 1991) subtypes, and the D2-like family,
that encompasses the D,, D; and D, subtypes (cloned respectively by Bunzow
et al. 1988; SokoLoFF et al. 1990; Van Tor et al. 1991). The DA D2-like family has
been postulated to play a central role in the therapeutic action and certain side
effects of antipsychotic drugs (SEEMAN 1992; WiLsoN et al. 1998). Following the
discovery that the newly cloned D; subtype was preferentially localised in
limbic areas (where blockade of D,-like receptors by antipsychotic drugs is
believed to mediate therapeutic effects) but was absent from the striatal and



240 R. DEPOORTERE et al.

tuberoinfundibular systems (where blockade of D,-like receptors is believed to
mediate extrapyramidal symptoms and hyperprolactinaemia, respectively), it
was hypothesised that a selective DA D, receptor antagonist would possess
marked advantages compared to drugs currently used in the treatment of schiz-
ophrenia (SNYDER 1990; SoxkoLofrr et al. 1990). This concentration of DA
D; receptors in limbic structures (which are believed to be heavily involved in
the mediation of reward mechanisms: FiBiGeEr and PHiLLps 1988) has also
prompted some authors to propose using D receptor agonists as substitution
strategies for drug abuse therapy (CaiNe and Koos 1993).

B. Behavioural Pharmacology of DA D,/D;
Receptor Agonists

In the original paper that described the cloning of the rat DA Dj; receptor
(SokoLoFF et al. 1990), it was reported that some DA receptor agonists
presented a preferential D; over D, affinity (i.e. lower K; for inhibition of
[*I]iodosulpride binding in CHO cells transfected with D, than in cells
transfected with D, receptors). Follow-up studies (LEVESQUE et al. 1992;
GackeNHEIMERetal. 1995; Mierauet al. 1995;PucsiLEy et al. 1995) have extended
the list, and one of these DA D,/D; receptor agonists, 7-hydroxy-2-(di-N-
propylamino)-tetralin (7-OH-DPAT) rapidly gained the status of prototypical
DA Dsreceptor agonist. This compound (in the context of a selective D; agonist)
has been assessed on rat spontaneous locomotor activity by Dary and
WADDINGTON (1993) who reported a biphasic effect: low doses reduced, whereas
higher doses increased spontaneous locomotor activity in rats. This initial
finding of 7-OH-DPAT affecting locomotor activity was confirmed by several
other laboratories (AHLENIUS and SaLmi 1994; SVENSSON et al. 1994; Starr
and STARR 1995) and extended to other DA D,/D; receptor agonists, such as
quinpirole and PD 128,907 (PUGSLEY et al. 1995; DEPOORTERE et al. 1996).

On the basis that 7-OH-DPAT decreased locomotor activity in rats at
doses that did not affect DA release or synthesis (and that the putative DA
D; receptor antagonist U 99194A — see below — increased locomotor activity
without concomitant changes in DA neurochemical parameters), CARLSSON
and colleagues hypothesised the existence of a post-synaptic D; receptor
with a motor-inhibitory function (WATERs et al. 1993; SVENSSON et al. 1994).
However, a subsequent study showed that 7-OH-DPAT was at least as potent
in decreasing locomotor activity when microinjected into the ventral tegmen-
tal area than when microinjected into the nucleus accumbens (KLING-
PETERSEN et al. 1995b), which does not seem to fit with the above-mentioned
hypothesis. Also, a dissociation between the effects of 7-OH-DPAT on loco-
motor activity and its effects on DA metabolism has not been observed by
others (GAITNETDINOV et al. 1996).

Numerous behaviours have been described following administration of
putative DA D; receptor agonists. The following list, far from being exhaus-
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tive, is more of a representative sample to exemplify the diversity of behav-
iours elicited by treatment with D; selective agonists. These compounds can,
depending on the dose, produce a conditioned place preference or conditioned
place aversion (MALLET and BENINGER 1994; KnroyaN et al. 1995,1997; KLiNG-
PETERSEN et al. 1995a; CHAPERON and THIEBOT 1996). They also induce yawning
and penile erection (KostrzEwa and Brus 1991; Damsma et al. 1993; FERRARI
and GrurLiant 1995; KurasHiMa et al. 1995), induce sniffing-gnawing (DALY and
WADDINGTON 1993; DamsMA et al. 1993; McELroy et al. 1993) increase dura-
tion of sleep (LAGos et al. 1998), facilitate ejaculatory behaviour (ALHENIUS
and LARSON 1995), affect intracranial self-stimulation (NAkAJmMA et al. 1993;
GILBERT et al. 1995; KLING-PETERSEN et al. 1995a; DEPOORTERE et al. 1996, 1999;
Harcuer and HaGan 1998), reduce oral ethanol (RUSSEL et al. 1996; SILVESTRE
et al. 1996) or i.v. cocaine intake (CAINE and Koo 1993), produce conditioned
taste aversion (BEVINS et al. 1996), increase or decrease (depending on the
dose) immobility time in the tail-suspension test (FERRARI and GIULIANI
1997), substitute for a cocaine discriminative cue (Acri et al. 1995), prevent
the acquisition or expression of morphine-induced conditioned place prefer-
ence (DE Fonseca et al. 1995), and attenuate the discriminative cue (Cook
and PIckeRr 1998) or antinociceptive effects (Cook et al. 1999) of mu opioids.

It should be emphasised that most of the studies listed above used 7-OH-
DPAT, or a very limited range of DA D, receptor agonists, so that definitive
conclusions regarding the implication of the D, subtype in these behaviours
might have been premature. The gradually increasing availability of other DA
D, receptor agonists, some of them claimed to possess a greater D; selectivity
than 7-OH-DPAT (e.g. PD 128,907: SAUTEL et al. 1995a), coupled with the
development of functional in vitro tests (see below), opened new avenues for
the exploration of the functions of the D; receptor subtype.

The use of compounds with a clear preference for D, versus D; receptors
might have offered a complementary approach for a better understanding of
the pharmacology of the DA D,/D; system. Unfortunately, the search for such
compounds has not been very successful so far. The first agonist that could
qualify as being selective for the D, receptor appears to be bromocriptine, with
a D, versus Dj selectivity ratio of about 5 (see Table 1 in LEvaNT 1997). More
recently, two compounds, U-91356 A (ratio of D, versus D;: 23) and U-95666
A, were described as being selective for the D, subtype, but pharmacological
data on these compounds are rather scarce (CamacHo-OcHoA et al. 1995;
ScHrReUR and NIcHOLS 1995; PIERCEY et al. 1996; CaLoN et al. 1995).

C. Correlational Studies Using DA D,/D;
Receptor Agonists

The availability of functional in vitro tests such as mitogenesis assessed by
[*H]thymidine uptake (CHio et al. 1994; SAUTEL et al. 1995a) has allowed behav-
ioural pharmacologists to investigate the correlations between the potencies of
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DA D,/D; receptor agonists to produce a given in vivo effect, and their in vitro
potency. This comparative in vivo/in vitro approach has yielded a series of infor-
mative data from which it has been possible to establish that there was a sig-
nificant correlation between the potency of DA D,/D; receptor agonists to
produce a given in vivo effect (see list below) and their potency to induce mito-
genesis (SAUTEL et al. 1995a) in DA D, but not D,, receptor transfected CHO
cells. These in vivo effects were: decrease of body temperature (PERRAULT et al.
1996; Varty and HiGGins 1998), reduction of spontaneous locomotor activity
(SAUTEL et al. 1995a), decrease of operant responding (SANGER et al. 1996), dis-
ruption of the prepulse inhibition of the startle reflex (CAINE et al. 1995; VARTY
and Hicains 1998), reduced intake of i.v. cocaine (CAINE et al. 1997) or oral
ethanol (CoHEN et al. 1998), and substitution for the discriminative stimuli pro-
duced by 7-OH-DPAT, apomorphine or d-amphetamine (SANGER et al. 1997,
1999; Varty and HigGins 1997). Two other studies reported similar correlations
between the potency of DA D.,/D; receptor agonists to substitute for the dis-
criminative stimuli produced by cocaine (SPEALMAN 1996) or to produce hypo-
thermia (MILLAN et al. 1995) and their in vitro affinity for the D; receptor. Of
note was the finding that the potency of DA D,/D; receptor agonists to produce
eye blinking in monkeys correlated better with affinity for the D, than for the
D; subtype (KLEVEN and KoEk 1996).

These correlational studies appeared to confirm the implication of the D,
subtype in functions that had been suggested by studies that used a single or
a limited number of DA D; receptor agonists (see previous paragraph).

D. Behavioural Pharmacology of DA D,/D;
Receptor Antagonists

In the initial paper that described the D; versus D, selectivity ratio of
dopaminergic compounds, it was clear that, in contrast to agonists, most DA
receptor antagonists tested showed a preference for the D, over the D; sub-
type (SokoLoFF et al. 1990). The substituted benzamide amisulpride, which is
selective for DA D,/D; receptors and has no known affinity for any of the
other major types of receptors (ScaTTon et al. 1997), appeared to have among
the lowest D, versus Djs selectivity ratio, and was found in a subsequent study
to have similar affinity for both subtypes (SCHOEMAKER et al. 1997). Such a
binding profile might explain the atypical neuropharmacological profile of this
compound, characterised by selectivity for presynaptic DA receptors and for
DA receptors localised in limbic structures (PERRAULT et al. 1997). These two
properties might underlie the demonstrated atypical nature of this antipsy-
chotic in clinical practice, with therapeutic efficacy against both negative and
positive symptoms, associated with a low propensity to produce extrapyrami-
dal side effects (BoYERr et al. 1995; MoLLER et al. 1997).

AJ 76 and UH 232 were the only two antagonists showing very modest
preferences for the D; subtype in the study of SokoLoFF and colleagues (1990).
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Both compounds had been considered as preferential presynaptic DA recep-
tor antagonists (SVENSsON et al. 1986), but their very limited preference for D;
receptors (Ds versus D, selectivity ratio of 3-4) would make them poor phar-
macological tools for the in vivo probing of D; receptor function. Nafadotride
is another example of a claimed D, preferential antagonist, though its D,
versus D, selectivity ratio (5-9: SAUTEL et al. 1995b; AupINoOT et al. 1998) does
not seem to make it much more valuable than AJ 76 or UH 232 as a com-
pound for probing D; function. Nafadotride was found to have activating
properties in rodents (SAUTEL et al. 1995b). Similar results were obtained by
Xu and collaborators (1999), but not by other laboratories (CrLiFFORD and
WADDINGTON 1998; unpublished data from our laboratory). Also, due to the
marked affinity of this compound for the D, subtype (K; = 4.5nM: SAUTEL et
al. 1995b), one cannot exclude the possibility that some of the effects observed,
even at fairly low doses (i.e. less than 1 mg/kg) could be partly or totally due
to activity at the D, subtype (see Sect. E).

PNU-99194A (previously referred to as U 99194) appears to have been
the first antagonist with a D, versus D, selectivity ratio greater than 20. WATERS
and colleagues (1993) found that this compound enhanced rat locomotor
activity in the absence of increased release or turnover of DA. This led the
authors to speculate about the existence of a post-synaptic D; receptor with
an inhibitory role on locomotor activity. However, recent data obtained in
Dj; knock-out (KO) mice (see relevant section below) do not argue in favour
of a Dj; receptor-mediated effect for the increase of locomotor activity
produced by PNU-99194A. Further, the recent findings that this compound
does not antagonise, but instead potentiates, the discriminative cue produced
by 7-OH-DPAT (DEepoorTERE et al. 2000), along with the observation that
morphine-induced hyperlocomotion can be antagonised both by PNU-
99194A (MANZANEDO et al. 1999) and 7-OH-DPAT (Suzukr et al. 1995),
are also inconsistent with a claimed D; receptor antagonist property of this
compound.

More recently, several compounds with an even greater selectivity than
PNU-99194A have been described. S 14297 (D5 versus D, selectivity ratio of
23-60: AupINoOT et al. 1998) was shown to reverse hypothermia produced by
7-OH-DPAT and PD 128,907, to be devoid of cataleptogenic activity and to
antagonise haloperidol-induced catalepsy (MILLAN et al. 1995, 1997; AubINOT
et al. 1998). PD 152255 (D; versus D, selectivity ratio of about 40) reduced
locomotor activity in mice, as well as spontaneous and amphetamine-
stimulated locomotion in non-habituated rats (CorBIN et al. 1998). L-745,829,
an antagonist with a 40-fold selectivity for D; receptors, failed to antagonise
the discriminative cue produced by PD 128,907 (Bristow et al. 1998). In the
same study, the 100-fold D; selective antagonist GR 103,691 was also found to
be inactive to block the PD 128,907 discriminative cue. GR 103,691 has been
found to be basically devoid of in vivo activity in two other studies (AubINOT
et al. 1998; CLiFForD and WADDINGTON 1998), a finding that was attributed to
limited bioavailability in the former paper.
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We have studied GR 231,218 - another putative D; receptor antagonist
(MURRAY et al. 1996) ~ but have not found any consistent effects of this com-
pound in various rat or mice behavioural tests (all unpublished data). Admin-
istered i.p. either acutely or chronically (five daily treatments), this compound
did not reverse hypothermia produced by the DA D,/D; receptor agonist
quinelorane. It inconsistently produced small increases in locomotor activity
in mice habituated to the activity chamber, did not reverse catalepsy induced
by haloperidol in rats, and failed to consistently and dose-dependently reverse
d-amphetamine-induced hyperactivity, or hypoactivity produced by DA D,/D;
receptor agonists. This compound possesses a wide preferential affinity for D;
(ICs < 5nM) versus D, (ICsy > 1 uM) receptors. Furthermore, its very low affin-
ity for the D, receptor (contrary to compounds such as nafadotride) makes it
more suitable for investigating the function of D; receptors. It was also found
to behave as an antagonist in a mitogenesis test in CHO cells transfected
with D; receptors. Finally, it has good brain penetration, so that its lack of
in vivo activity is probably not due to an inability to obtain meaningful
brain concentrations following i.p. treatment (unpublished data from the
Neurochemistry and Pharmacokinetic Depts. of Sanofi-Synthelabo).

To summarise, it is at present difficult to determine a consensual profile
of the behavioural effects of D; preferring antagonists. Antagonists of the first
generation (AJ76, UH 232 and nafadotride) are probably not selective enough
to be used in vivo for the elucidation of the function of the D; receptor. PNU-
99194A has seen its claimed preference for the D; subtype challenged by
recent data in D; KO mice (see below). The remaining candidates, S 14297,
PD 152255, GR 103,691 and GR 231,218 appear to share too little in common
to draw firm conclusions regarding the behavioural profile of D; preferring
antagonists (see also CLIFFORD and WADDINGTON 1998).

One of these compounds, GR 231,218 — which would appear to be the
most selective D5 antagonist — was, in our hands, basically devoid of activity
on behaviour (see above). There seem to be no published data on the effects
on this compound on behaviour, so that comparison with findings from other
laboratories is not possible. Whether or not this absence of effects reflects a
particularity of the compound, or indicates that in vivo blockade of D, recep-
tors is mostly inconsequential at the behavioural level, cannot be ascertained
at present.

The case for selective D, antagonists is hardly more rosy, with the best can-
didates showing D, over Dj; selectivity ratios in the order of 10 (Table 1 in
Levant 1997). To the best of our knowledge, there is a single compound —
L741,626 — that has been reported to possess a 40-fold preferential affinity for
D, (K; = 2.4nM) over D; (K; = 100nM) receptors (KULAGOWSKI et al. 1996).
L741,626 was found to block the discriminative cue induced by the DA D,/D,
receptor agonist PD 128,907 (whereas the preferential D; receptor antagonists
L745,829 and GR 103,691 were without effect: Bristow et al. 1998). The authors
concluded that the D, receptor might be more likely than the D; subtype to
mediate the discriminative effects of this compound. It is worth noting that
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KLEVEN and Koek (1997) reached a similar conclusion concerning the role of
the D, receptor in the discriminative stimulus effects of PD 128,907.

Despite the rather impressive number of studies that have investigated
the behavioural pharmacology of D; preferring agonists (and to a lesser extent
antagonists), and in spite of the correlational studies that established a link
between in vitro potency to produce mitogenesis in D; receptor transfected
cells and several in vivo effects, definite conclusions regarding the role of the
D; (or D,) receptors, based on these classical pharmacological approaches, are
missing. This is partly due to doubt over the selectivity of compounds for the
D; subtype (CHio et al. 1994; LarGe and Stuss 1994; Burris et al. 1995), but
also because of a lack of convincing demonstrations that effects produced
by apparently selective DA D; receptor agonists can be dose-dependently
reversed by several putative DA D; receptor antagonists.

The use of pharmacological tools to explore the function of a receptor
subtype is not without drawbacks. In particular, the observation of a given
behaviour following treatment with a compound showing a certain level of
selectivity for a receptor, does not necessarily mean that activity at this recep-
tor is primarily responsible for the elicited behaviour. The observed effect
could result from activity of metabolites with affinity for other types of recep-
tors, or from activity of the parent compound at sites additional to the site(s)
for which it shows selectivity. Likewise, failure to observe in vivo activity might
critically depend on several pharmacokinetic parameters of the compound,
such as half-life, bioavailability, or central penetration.

Recent progress in molecular biology has permitted the generation of
mice in which a gene (or several genes) can be selectively deleted, giving rise
to mutant individuals lacking the protein that was coded for by the deleted
gene. Availability of these KO mice has spurred considerable interest in the
community of behavioural pharmacologists as they offer the advantage — at
least theoretically — of providing a model which should give an insight into the
function of the protein coded for by the deleted gene. Despite the possible
caveats that have been linked to the use of these KO mice in behavioural
studies (the reader is referred to Crusio 1996; GerLAl 1996; GoLp 1996 or
Koos et al. in Chap. 20 of this volume for in-depth discussion), these KO mice
offer an elegant complementary approach to classical pharmacology (or to
lesion or antisense approaches, both of which, for reasons of space, will not be
reviewed in this chapter). In recent years, DA D; and DA D, receptor KO
mice have generated interesting data that have started to show some promise
in shedding light on the function of DA D, and D; receptors.

E. Dopamine D; Receptor Knock-out Mice

Dopamine D; receptor KO mice were first engineered by AcciLt and collab-
orators (1996), followed by Xu and colleagues (1997) and more recently by
Juna and co-workers (1999).
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I. Analysis of the Phenotype of D; Receptor Knock-out Mice

As a general rule, and in distinction to the literature on DA D, KO mice (see
below), all studies published so far have noted a lack of overt phenotypical
differences between DA D; KO mice and their wild-type counterparts (AcciLi
et al. 1996; Xu et al. 1997; BouLay et al. 1999a; Juna et al. 1999). They grow
and breed normally, and present no obvious neurological defect or abnormal
reactivity to handling.

In both of the early studies, mice homozygous for the deletion (D;” mice)
were reported to show increased levels of spontaneous activity (AcciLi et al.
1996; Xu et al. 1997). Jung and colleagues, however, found no hyperactivity in
their D, mice: according to these authors, this apparent difference might have
been due to variations in the time for which locomotor activity was recorded
between their experiment and the two studies mentioned above. In our first
study (BouLay et al. 1999a) on DA D; mutant mice (colony generated from
an individual issued from the laboratory of AcciLi and colleagues), analysis of
the level of spontaneous activity did not reveal any consistent differences in
levels of spontaneous locomotor activity amongst the three genotypes (wild-
types, heterozygotes and homozygotes: D;**, D;*~and D;7"). In the five batches
of mice that we have tested so far (three of them used in the published
study), D; ™ mice were not systematically hyperactive, and were occasionally
less active than their controls. In these conditions, it was not possible to con-
clude whether or not, under our experimental conditions, deletion of the gene
coding for the DA D; receptor is associated with an enhanced level of spon-
taneous locomotor activity. This uncertainty concerning the association
between the deletion of the gene coding for the DA Dj; receptor and enhanced
levels of spontaneous locomotor activity is reminiscent of that concerning the
locomotor-enhancing effects of DA D; receptor antagonists (see discussion
above).

D;” mice (issued from the colony bred by Acciui and colleagues) were
studied by STEINER and co-workers (1998) in animal models of anxiety. These
mutants were found to spend more time on the open arm of an elevated plus
maze, and in the centre of an open quadrant, behaviours interpreted as reflect-
ing a reduced level of anxiety, leading the authors to conclude that the D;
receptor was involved in anxiety-related behaviours. Such evidence for
reduced levels of anxiety was not observed by others in the plus maze (Xu
et al. 1997; BouLay et al. 1998) or in the “light-dark box” test, another test of
anxiety (BouLay et al. 1998).

I1. Effects of DA Receptor Ligands in D; Receptor Knock-out Mice

Given the uncertainty about the in vivo selectivity of compounds used in
behavioural studies to characterise the function of the DA D; receptor (see
discussion above), testing the effects of DA D,/D; receptor ligands in D; KO
mice appeared to be warranted.
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1. DA D,/D; Receptor Agonists

Xu and colleagues (KoeLrzow et al. 1995; Xu et al. 1995) were the first to
report in abstracts that the DA D,/D; receptor agonist PD 128,907 — which
has been claimed to be the compound with the highest D5 versus D, selectiv-
ity ratio (SAUTEL et al. 1995a) — produced identical effects on locomotor activ-
ity in D57 and D;"" mice. This was the first indication that an agonist shown
to have selectivity for D; receptors in vitro was still able to induce a behav-
ioural effect in mice lacking D; receptors. Subsequent studies confirmed this
initial finding, with PD 128,907 as well as the other putative DA D, receptor
selective agonists quinelorane and 7-OH-DPAT (BoutLay et al. 1999a; Xu et
al. 1999). Tt was also reported in these two papers that the temperature-
decreasing effects of PD 128,907, quinelorane or 7-OH-DPAT were still
observed in D57 mice. These results led both teams to conclude that the D,
receptor does not mediate those pharmacologically induced decreases of loco-
motor activity and core temperature, and that these compounds may lack in
vivo selectivity for this receptor subtype.

2. DA D,/D; Receptor Antagonists

The two studies referred to above also tested the effects of putative DA D,
receptor antagonists. Xu and colleagues (1999) showed that the locomotor-
enhancing effects of nafadotride and PNU-99194A were still present in D37
mice; we obtained similar results with PNU-99194A, which was found to
enhance locomotor activity and reverse quinelorane-induced hypothermia in
D, mice (Boutay et al. 1999a). As was the case for the DA D,/D; receptor
agonists mentioned above, both studies cast doubt on the claimed D; selec-
tivity of these two antagonists, and indicate that these pharmacological effects
are not mediated by activity at D; receptors.

3. Psychostimulants

Ds™" mice have been shown to present increased sensitivity to a low dose, but
not to high doses, of cocaine and to concurrent activation of DA D, (using the
agonist SKF 81297) and DA D, (using the agonist PD 128,907) receptors, both
in normal and in reserpinised mice (XU et al. 1997). D;”~ mice were also shown
to be more sensitive than controls to the effects of d-amphetamine in a con-
ditioned place preference test (Xu et al. 1997). These two results prompted
the authors to propose that the D; subtype modulates behaviour by interfer-
ing with the synergistic interaction between D;-like and the other members of
the D,-like family of DA receptors.

F. Dopamine D, Receptor Knock-out Mice

At the same time as DA D; receptor KO mice were engineered, BORRELLI and
colleagues published their first study on mice lacking the gene coding for the
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DA D, receptor (Baik et al. 1995). These investigators were followed
shortly after by other teams (YamaGucHr et al. 1996; KELLy et al. 1997). More
recently, a fourth line of these mutant mice has been generated by JunG and
collaborators (1999).

I. Analysis of the Phenotype of D, Receptor Knock-out Mice

In the original paper (Baik et al. 1995), D,” mice were described as being
“parkinsonian-like”, that is bradykinetic, ataxic, spontaneously cataleptic in a
“ring test”, showing severe motor incoordination, and presenting deficits in
growth and fecundity. DA D, receptor KO mice studied by Yamacuchi and
colleagues (1996) were succinctly described as being hypoactive with a slow
and creeping movement. However, most of these motor characteristics were
not seen in D,” mice from the colony generated by KELLy and colleagues
(KEeLLy et al. 1997, 1998). These mice did not present ataxia and abnormal
stance, were described as looking healthy, having good muscle tone and alert
behaviour, and growing and breeding normally. Similarly, analysis of the spon-
taneous behaviour of the colony of mice used in our laboratory (generated
from D,"" mice from the colony used in the study of Baik and colleagues, 1995)
did not show evidence for the severe neurological defects that were originally
described. Visual inspection of this colony did not allow us to distinguish
between the three genotypes. More specifically, these mice were not ataxic,
presented a normal posture and did not present abnormalities of forelimb
muscle strength. When tested in a “bar test” (in which mice are positioned so
that both front paws rest on a 0.4cm diameter steel rod 3.5cm above the
surface of the bench), neither D,” nor D,"~ mice were spontaneously catalep-
tic (BouLay et al. 1999b). In addition, we found no evidence for a deficit of
rotarod performance in either type of mutant (unpublished results). The phe-
notype of the third line (JunG et al. 1999), on the whole, was reminiscent of
the one described for mice generated by Baik and colleagues (1995). However,
the severity of motor abnormalities of these mice was reported to vary with
their age. Motor dysfunction appeared two weeks postnatal, and significantly
improved from day 45 onwards. Nonetheless, all reports agree on the findings
that D,” mice show reduced levels of spontaneous locomotor activity (BAIK
etal. 1995; KELLy et al. 1997,1998; MALDONADO et al. 1997; BouLay et al. 1999b;
Jung et al. 1999).

IL. Effects of DA Receptor Ligands in D, Receptor Knock-out Mice

The search for compounds, in particular antagonists, showing a preference for
the D, subtype was not justified on theoretical grounds (see the introductory
section for the purported advantages of selective D; compounds, and the dis-
advantages thought to be linked to activity at D, receptors). This might par-
tially explain the relative lack of interest of testing dopaminergic compounds
in DA D, KO mice.
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1. DA D,/D; Receptor Agonists

To the best of our knowledge, the first study that investigated the effects of
a DA receptor agonist in D, KO mice was done by KELLY and colleagues in
1998. Akinesia induced by reserpine was reversed by a combination of a
subthreshold dose of the DA D, receptor agonist SKF 38393 and the DA
D,/D; receptor agonist quinpirole in D, and D,", but not in D,” mice.
This indirectly suggested that D,” mice were unresponsive to the effects of
quinpirole.

Following the findings indicating that the D, subtype was not necessary
for the expression of DA D,/D; receptor agonist-induced decreases of loco-
motor activity and core temperature (BouLAy et al. 1999a; Xu et al. 1999), the
obvious next experimental step was to verify whether or not deletion of the
DA D, receptor would interfere with these pharmacologically-induced effects.
It was found that D,” and D," mice were respectively unresponsive and
markedly less responsive to the hypolocomotor and hypothermic effects of PD
128,907 and quinelorane (Boutay et al. 1999b). These data, along with those
obtained in DA D; KO mice, provide unambiguous experimental arguments
that the DA D,, but not the Ds, receptor subtype mediates these two in vivo
effects.

2. DA D,/D; Receptor Antagonists

KEeLLy and collaborators (1998) were also the first to study the behavioural
effects of DA receptor antagonists in D, KO mice. Haloperidol, at the dose of
0.6mg/kg i.p., was found to be without effects on locomotor activity in these
D, mice.

3. Psychotropic Agents

D, mice have also been shown to present reduced sensitivity to the rein-
forcing effects of morphine as assessed by the conditioned place preference
test, but to respond normally to the locomotor-enhancing effects of this
drug, and to show conditioned place preference produced by food reward
(MaLponaDO et al. 1997). Likewise, DA D, KO mice were markedly less
sensitive to several effects of alcohol: these mice showed reduced oral intake
of ethanol, and were less sensitive both to its depressant effects on locomotor
activity and to its ataxic effects (PHILLIPS et al. 1998). However, these mutant
mice responded normally to a saccharin and quinine consumption preference
test.

We had previously shown that in rats trained to discriminate apomor-
phine, 7-OH-DPAT or d-amphetamine from saline in a two-lever, food-
reinforced discriminative task (SANGER et al. 1997, 1999), the potency of DA
D,/D; receptor agonists to substitute for these discriminative cues correlated
with their in vitro potency in a mitogenesis test for the D;, but not the D,,
receptor. This led us to speculate that these cues were mediated by the DA D;
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receptor. An ideal experiment to test this hypothesis would have consisted in
subjecting D,"*, D,"~, D,”, D;**, D;*" and D;”" mice to a protocol of drug dis-
crimination adapted from the one used with rats, to verify if the deletion of
the gene coding for the Dj; or the D, receptor could prevent acquisition of, say,
a 7-OH-DPAT discrimination. Unfortunately, we found in a pilot study that
C57BL.6 J mice did not readily discriminate 0.1 mg/kg i.p. of 7-OH-DPAT
from saline, using a protocol adapted from the one used to train rats to dis-
criminate a similar dose (SANGER et al. 1997). However, under the same con-
ditions, another batch of C57BL.6J mice rapidly discriminated 1mg/kg i.p.
d-amphetamine from saline. Given that DA D,/D; receptor agonists substitute
for d-amphetamine (BEvVINs et al. 1997; SANGER et al. 1999; but see Varry and
Hicains 1997), and due to the fact that all effects of DA D,/D; receptor ago-
nists tested so far appear to be mediated through activity at the D, subtype,
it was decided to train D,"*, D,"" and D, mice to discriminate 1 mg/kg i.p. of
d-amphetamine from saline.

D,” mice acquired the discrimination almost as rapidly as D, mice. The
mean + standard error of mean (SEM) numbers of training sessions to reach
an arbitrary discrimination criterion were: 41.2 + 6.6 versus 38.2 + 6.0, for D,
and D," mice, respectively. D, mice were notably faster than the other two
phenotypes (27.1 + 2.9). The DA D,/D; receptor agonists quinelorane and 7-
OH-DPAT engendered dose-dependent substitution in D, mice and, to a
variable extent, in D,"”" mice, but failed to substitute at all in D,” mice
(Fig. 1).

These results indicate that the common element between the discrimina-
tive cues of d-amphetamine and DA D,/D; receptor agonists is not likely to
be the D; subtype, but rather the D, subtype. These findings indirectly suggest
that the D; subtype is probably not implicated in the d-amphetamine dis-
criminative cue. One possibility is that the discriminative cue is mediated
by D;-like receptors. Alternatively, it might be that in D,” mice the d-
amphetamine cue is not preferentially mediated by enhancement of dopa-
minergic transmission, but rather by noradrenergic and/or serotonergic
mechanisms. This could also explain the lack of substitution with these two
DA D,/D; receptor agonists in D,” mice. However, the lesser potency of these
agonists to substitute in D,"" mice, which have been shown to have D, recep-
tor expression reduced by about 50% (Baik et al. 1995; KeLLy et al. 1997;
Boulay et al. 2000), would indirectly argue in favour of a central role of the
D, subtype in the discriminative cue of d-amphetamine in wild-type animals.

++

G. Direct Comparison Between D, and D; Receptor
Knock-out Mice
The identification of the key role played by the D, subtype, and the lack of

involvement of the D; subtype, in mediating the hypolocomotor and hypother-
mic effects of DA D,/D; receptor agonists (BouLay et al. 1999a,b; Xu et al.
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Fig. 1. Generalisation curves for quinelorane and 7-OH-DPAT in DA D, KO mice
trained to discriminate d-amphetamine from saline. Each symbol represents the per-
centage of mice selecting the drug-associated lever during a session when the training
drug (d-amphetamine, 1 mg/kg i.p.) was replaced by quinelorane or 7-OH-DPAT. Doses
of substitution drugs where administered i.p., 30 min pre-test and in a counterbalanced
order. n = 10 for each genotype

1999) were rather unexpected in the light of the results of the correlational
studies (see above). For that reason, we consider that hypotheses implicating
the Dj subtype in other in vivo functions (suggested to be under the control
of the D; subtype by these correlational studies) should be tested using both
D3 KO and D, KO mice. Furthermore, the two types of KO mice should prefer-
ably be studies in parallel, so as to minimise extraneous variables that might
differ from one experiment to the other.

I. Comparison of Avoidance Behaviour of D, and D; Receptor
Knock-out Mice

Despite the correlation between the clinical efficacy of antipsychotics and their
affinity for DA D2-like receptors, the behavioural profile of D, or D; (or Dy)
KO mice, in tests known to be sensitive to the effects of antipsychotics, seems
not to have been explored yet. The active avoidance test has been claimed
to show selective sensitivity to antipsychotic compounds (NIEMEGEERS et al.
1969; DavipsoN and WEIDLEY 1976; ARNT 1982), as they interfere both with the
acquisition of this behavioural task and with performance in trained animals
by reducing the number of shock avoidance responses without increasing
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escape failures. In the two-way shuttle box version of this procedure, mice are
required, in order to avoid an electric shock, to move from one compartment
of a box to the opposite one, following the onset of a stimulus (a light for
example) that precedes the delivery of the shock. We have recently started to
analyse the behaviour of D, and D; KO mice in such a procedure (BouLay et
al. 1999¢). D,” mice were markedly impaired in their ability to acquire this
task, whilst D,"" siblings were between D, and D," mice in their speed of
acquisition (Fig. 2, top panel). At the fourth training session, D, mice avoided
shocks on about 30% of trials (while controls avoided almost all shocks), and
took twice as long (10 versus 4 sessions) as controls to reach their asymptotic
level of performance (about 80% of avoidance trials). DA D;"*, D;"" and D5~
mice did not differ appreciably in their speed of acquisition of this avoidance
task (Fig. 2, bottom panel). To the extent that this preclinical model has been
claimed to detect antipsychotic activity, these results show that the deletion of
the D,, but not the D; subtype, mimics the effects of antipsychotics (i.e. inter-
feres with the acquisition of this task).

II. Comparison of Effects of DA Receptor Ligands in D, and D;
Receptor Knock-out Mice

1. Psychotropic Agents

Considering the preferential localisation of DA Dj; receptors in the limbic
system — which is thought to be of major importance in the control of reward
mechanisms (FiBIGER and PHiLLIPs 1988) — we investigated in DA D, and DA
D; KO mice, the effects of two psychotropic drugs well known for their ability
to enhance spontaneous locomotor activity. d-Amphetamine and phencycli-
dine enhanced locomotor activity in the colony of DA D; KO mice to similar
extents, irrespective of the genotype (Fig. 3, right panels). Contrary to what
has been reported by Xu and collaborators (1997), we found no evidence for
an increased sensitivity of our D5 mice to a low (5mg/kg) or higher (10 and
20mg/kg) doses of cocaine (data not shown). If one accepts the proposal that
the increase of locomotor activity is predictive of the positive reinforcing value
of a drug (Wise and BozartH 1987) then the present data, at first sight, do not
argue in favour of an implication of the D; subtype in reward mechanisms.
However, testing these mice in other behavioural tests, such as conditioned
place preference, intracranial self-stimulation or drug auto-administration, will
be necessary to further explore this matter.

D, and D," mice responded quite normally to the locomotor-
enhancing effects of d-amphetamine; this mirrors our findings that DA D, KO
mice can be trained to discriminate the cue produce by this compound (see
above).The nature of the compensatory mechanisms that counteract the effects
of the absence of D, receptors for these psychostimulant-induced locomotor
enhancing effects is unknown. By contrast, these mutant mice were markedly
less hyperactive than controls when injected with phencyclidine. This finding
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Fig. 2. Acquisition of an active avoidance task by DA D, and DA D; KO mice. Each
bar represents the mean (+ the SEM) number of avoidance responses (out of a
maximum of 40) as a function of the training session number. *p < 0.05, **p < 0.01:
significantly different from control (+/+) mice, at the considered session number
[Dunnett’s post-hoc test following one-way analyses of variance (ANOVAs)]. n=10-12
mice for each genotype
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Fig. 3. Effects of pretreatment with d-amphetamine and phencyclidine on the level of
spontaneous locomotor activity in DA D, and DA D; KO mice. Each bar represents
the mean (+SEM) number of infrared beam interruptions in the activity chamber.
Treatments [i.p. injection of compound or vehicle (Veh) immediately pre-test] were
applied in a counterbalanced order. **p < 0.01: significantly different from control (+/+)
mice, at the considered dose of the drug (Dunnett’s post-hoc test following one-way
ANOVAS). n = 10~12 mice for each genotype

would tend to strengthen the supposition that the locomotor-enhancing effects
of this compound are partly mediated by an increase of DA transmission
(HErNANDEZ et al. 1988; McCuLLouGH and SALAMONE 1992). They would
further suggest that the D,, but not the D;, subtype plays a critical role in the
expression of this DA-mediated effect.

An article by RaLpH and collaborators (1999) compared mice in which the
gene coding for either the D,, D; or D, subtype had been knocked out, for
their sensitivity to the disrupting effects of d-amphetamine on the prepulse
inhibition (PPI) of the startle reflex. The authors found that only DA D, KO
mice were resistant to the PPI-disrupting effects of d-amphetamine. To the
extent that PPI-disrupting effects produced by drugs that increase DA neuro-
transmission has been proposed as a preclinical test to detect antipsychotic
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activity, the authors concluded that the D,, but not the D; or D,, subtype is
relevant to antipsychotic drug action.

2. DA Receptor Antagonists

We have analysed the sensitivity of colonies of DA D, or D; receptor KO mice
to the cataleptogenic effects of the DA D2-like receptor antagonist haloperi-
dol (BoutLay et al. 2000). D,” mice were totally unresponsive to the catalep-
togenic effects of haloperidol, while D,” mice, at the highest doses tested,
showed a level of catalepsy about half that of wild-type controls. However,
D,” and D,” mice were as sensitive as their wild-type counterparts to the
cataleptogenic effects of the DA D1-like receptor antagonist SCH 23390. The
ability of SCH 23390 to induce catalepsy in D, mice suggests that their resis-
tance to haloperidol-induced catalepsy is consecutive to the absence of DA
D, receptors, and not to the abnormal striatal synaptic plasticity that has been
shown to occur in these mice (CALABRESI et al. 1997). DA D;™ and D5"~ mice,
on the whole, did not differ from their controls in the time spent in a catalep-
tic position following administration of either haloperidol or SCH 23390. Also,
D; mutant mice were no more responsive than wild-type controls when co-
administered subthreshold doses of haloperidol and SCH 23390, suggesting
that DA D; KO mice are not more sensitive than wild-types to the synergis-
tic effects of concurrent blockade of DA D, and D, receptors in this model of
catalepsy. Together, these results suggest that the DA D, subtype is necessary
for haloperidol to produce catalepsy, and that — contrary to what could be
expected from pharmacological studies (MiLLAN et al. 1997) — the DA D;
subtype appears to exert no observable control over the catalepsy produced
by D2-like, in addition to catalepsy produced by D1-like and combination of
D1-like and D2-like, receptor antagonists.

We have mentioned above that mice lacking the gene coding for the D,,
but not the Ds, subtype showed a deficit of acquisition of a two-way active
avoidance response, indicating that the absence of the D, receptor mimics the
effects of antipsychotic drugs in this test. Antipsychotic drugs have also been
shown to have deleterious effects on the performance phase of this task, i.e.
once the animals have learned the task. Indeed, we have also observed that
once trained, D,” mice were totally unresponsive to the performance-
disrupting effects of the prototypical antipsychotic haloperidol, while D,"
mice were only mildly affected (Fig. 4, left panel). D;"*, D;"~ and D;"~ mice
responded with similar sensitivities to the disrupting effects of haloperidol,
i.e. all three phenotypes showed dose-dependent decreases in the number of
avoidance responses (Fig. 4, right panel). These results suggest that the D,
subtype is responsible for the effects of the antipsychotic haloperidol in this
preclinical test claimed to have predictive validity to detect potential antipsy-
chotic activity. Further experiments will need to be carried out to assess if this
is also the case with other antipsychotics.



256 R. DEPOORTERE et al.

Haloperidol [] ven [ 0.1mgkg 03mgkg [X 0.6 mgkg
407 407
@ - = u
7 1 T
<
o
7
0 301 30
o
w
[S] *
Z
<
0 20 20+
g
< % ::E:
u 5
o o 5
o 107 s R 107
W 35 5
o) & ]
= o
=)
2 K
o_ XXl o_
++ +- ++ +- -
D, D, D, D, D,

Fig. 4. Effects of pretreatment with haloperidol on the performance phase of an active
avoidance task in DA D, and DA D; KO mice. Each bar represents the mean (+SEM)
number of avoidance responses {(out of a maximum of 40) recorded during a single
session. Treatments [i.p. injection of haloperidol or vehicle (Veh) 30min pre-test] were
applied in a counterbalanced order. *p < 0.05, **p < 0.01: significantly different from
control (+/+) mice, at the considered dose of haloperidol (Dunnett’s post-hoc test fol-
lowing one-way ANOVAs). n = 10-12 mice for each genotype

H. Conclusions

Respectively 13 and 11 years after their cloning, the D, and D5 subtypes of
DA receptors still offer a fantastic challenge to behavioural pharmacologists.
Despite the early availability of agonists that showed a certain in vitro selec-
tivity for the D subtype, the advance in defining the in vivo role of this subtype
has been slow, punctuated with some early warnings suggesting that the extent
of the selectivity of some agonists for the D; subtype might have been exag-
gerated (CHio et al. 1994; LARGE and StuBe 1994; Burris et al. 1995). To make
things worse, the rather late development of selective D; receptor antagonists
slowed the progress of antagonist/agonist interaction studies that could have
helped to refine our knowledge of the behavioural pharmacology of this
subtype. Also, the D, subtype has been the object of relatively little research,
which may be explained by the relative paucity of D,-preferring compounds,
and an obvious limited interest for such compounds (see in the introductory
section the rationale for the presumed advantages offered by DA D; receptor
selective agents). The use of D, KO and D; KO mice in the field of DA research
has been punctuated both by rather deceptive findings when used alone (lack
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of consistency in phenotypic differences between lines, or within lines but
tested in different laboratories, etc.), and by key findings when associated with
pharmacological studies. Recent data collected with KO mice strongly suggest
that selectivity profiles of DA D,/D; receptor ligands inferred from in vitro
studies might not necessarily apply in vivo, or that, contrary to what was con-
cluded from correlational and other studies, the D,, but not the D;, receptor
is implicated in some (or perhaps all) in vivo effects produced by these agents.
Although exploration of the pharmacological reactivity of these KO mice is
at an early stage, results gathered so far are mostly inconsistent with those
obtained with classical pharmacology. Consequently, those functions previ-
ously ascribed to the Dj receptor based on the in vivo effects of these DA
D,/Dj; receptor ligands might have to be reappraised.

In spite of the considerable — though still only theoretical — advantages
that DA D, selective agents might present as pharmacotherapy for schizo-
phrenia, drug abuse and possibly depression (see ScHwARTZ et al. 1995;
WILLNER 1995), some in vivo data (especially those collected recently in KO
mice) should prompt one to be cautious in drawing conclusions about the clin-
ical application of these compounds (see RarpH et al. 1999 for antipsychotics).
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