02.Imp.

Bloch 3-12-2002 15:16 Pagina 293 $

REVIEW

Eur. J. Histochem.
o ) ~46: 293-308, 2001
© Luigi Ponzio e figlio - Editori in Pavia

Molecular anatomy of neuronal interactions with special reference to the
dopamine control of striatal functions

B. Bloch

Laboratoire d’Histologie-Embryologie, Unité Mixte de Recherches CNRS 5541 Interactions Neuronales et Com-
portements, Université V. Ségalen , 146 Rue Léo Saignat, 33076 Bordeaux Cedex France

INTRODUCTION the same time, the development of biochemical
approaches led to the discovery and characteriza-
Modern neuroanatomy was initiated at the eaition of several neurotransmitters, among which
ly beginning of the XX century when Cajal acetylcholine and monoamines. The impro-
used the so-called silver impregnation techniquyements of biochemical and pharmacological
to study the details of the anatomy of the netapproaches, the appearance of molecular biolo-
vous system. This technique, for the first timegy led to the discovery of an unexpected num-
permitted description and visualization of allber of new neurotransmitters. It also led to the
components of neurons (Cajg®09) Thanks to  discovery, the pharmacological and the bio-
this major methodological advance, Cajal anichemical characterization of neurotransmitter
followers created microscopic neuroanatomreceptors. Cloning strategies allowed to have
and gave detailed description of the structure (detailed knowledge of the structure of the neu-
neurons and of neuronal circuitry in brain of ani-rotransmitters and of their receptors and
mals and humans. During the following decademonstrated tremendous, unsuspected com-
des, numerous informations were obtained oplexity of the molecules involved in neurotrans-
the organization of the neuronal circuitry in allmission. The neurotransmitter number is
parts of the central and peripheral nervous sy:expected to be superior to two hundreds. The
tem, in normal, experimental and pathologicanumber of neurotransmitter receptors is consid-
conditions. These works considerably helped tered to be over several thousands. Despite its
establish the modern anatomical basis of braiimportance for the understanding of neuronal
functions and dysfunctions. In the early sixtiesinteractions in normal and pathological condi-
the appearance of electron microscopy gave tions, classical microscopic neuroanatomy did
new impulse to the understanding of brain annot bring tools to establish links between
neuronal structures. For the first time, it permitanatomical organisation of neuronal circuits and
ted to visualise and describe unambiguously tFthe chemical substrates of neurotransmission
structure of synapses and to have understandiand especially did not bring information on the
of the internal organization of the neurons. Irlocalisation of neurotransmitters and receptors.
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In the early sixties, the seminal works of thetheir mRNAs also demonstrated tremendous
Swedish histology school led to the appearanccomplexity in the localization of each receptor
of the first techniques of so-called moleculaisubtype depending on brain region and-neu
neuroanatomyor functional neuroanatomy that ronal subpopulation. Immunoelectron micro
associated under the microscope the visualizscopy appeared very useful to understand sub
tion of neuronal networks and of chemical eomcellular localisation of neurotransmitters and
ponents involved in neurotransmissiith the  receptors. It especially helped to demonstrate
development of the so-called monoamine fluothat neurotransmitters are frequently released at
rescence histochemistry by Falck and Hillargdistance of their tget neurons and that neuro
and colleagues (Falait al., 1962; Carlssort transmitter receptors are localized in many-sub
al., 1962), it was possible to describe for the firsterritories of the neuronal plasma membrane,
time chemically and anatomically identified frequently at extra synaptic sites, thus substan
neurons containing various monoamines. Frortiating the demonstration that neurotransmitter
this time, molecular anatomy has developed ireceptor interactions also involve non classical,
many ways, taking advantage of the progress non synaptic contacts (Agnati al 1995).
immunological, pharmacological and moleculal
detection of neurotransmitters and receptor:

Techniques have been refined, have improve DEVELOPMENT OF MOLECULAR NEURO -
have been simplified with tim&@hese especial ANATOMY

ly include receptor radioautographynmunc

histochemistry (IHC) and “in situ” hybridisation Monoamine fluorescence histochemisyr

(ISH). Such techniques are now widely in use il In the early sixties, the number of identified
all neuroscience laboratories and have alloweneurotransmitters was low and these molecules
the rewriting of a new neuroanatomy asseciaiwere dificult to detect by biochemical methods
ing description of neurons and circuits with theilin brain extracts; these included acetylcholine,
neurotransmitters and receptadrhis revolution norepinephrine, epinephrine and other mole
led also to reconsider deeply several concepts «cules considered as putative monoamine
the anatomical and cellular basis of neurotransmetabolites such as dopamimie genial inspi
mitter actions: in contrast to the prominent-conration of Falck and Hillarp led them to adapt the
cept that production of certain neurotransmitfluorescent detection of monoamine derivates
ters, especially neuropeptides were restricted 'in fluids to their direct visualisation in brain-tis
limited parts of the brain such as the hypothalesue sections (Falcgt al., 1962). They devel
mus, IHC and ISH have demonstrated that thoped a sophisticated freeze-drying technique of
largest part of neurotransmitters are widely-protissues that preserved monoamines “in situ”,
duced throughout many parts of the central aninside the neurons that produce them. By using
peripheral nervous system and in other parts (formaldehyde vapors, they transformed nmiono
the body such as the digestive tract, the-lymamines in green or yellow fluorescent derivates
phoid and the endocrine tissues. IHC and ISIdepending on their chemical natuiiéis led
also helped to demonstrate that, in manespecially to the identification and mapping of
instances, a same neuronal system producthe neurons producing dopamine, norepireph
simultaneously several neurotransmitters, sonrine and serotonin. Not only all parts of the-neu
of them of distinct chemical origin (Hokfedt rons containing monoamines could be identi
al. 1980 a,b; Hokfelet al 1994), some of them fied, but it was possible to describe their rum
derived of a same precursor such as neuropeber, their shape and their changes in experimen
tides (Blochet al, 1979; Blochet al.,1986). It tal conditions and in diseases, such as Parkin
also demonstrated that a given neuronal pepulsons diseaseThese seminal works were espe
tion modifies the nature and the number of-netcially important for the understanding of the
rotransmitters it produces depending on neurcneurochemical basis of brainstem functions
chemical environment (Hokfekt al., 1994). where several monoamine producing neurons
The histological detection of the receptors or care located, but also of other important brain
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areas such as the cerebral cortex and the-hyfappeared to be detectable through IHC.-Neu
thalamus (Carlssoat al., 1962). This was the ronal systems producing so-called small neuro
beginning of a new era in neuroanatorfilge  transmitters such as amino-acid derivates also
direct detection of monoamine producing neubecame detectable through IHC detection of
rons by histofluorescence was secondarily-contheir enzyme for synthesis (Hokfeltal 1984):
pleted, then superspeeded by more simple; povthis includes tyrosine hydroxylase, choline
erful and informative histological approachesacetyltransferase or glutamatiecarboxylase.
such as the direct immunohistochemical detecSome small neurotransmitters themselves such
tion of the monoamines (serotonin, norepinepras glutamate, serotonin, or norepinephrine can
rine) (Costeet al 1982; Kohler and Steinbusch be directly detected through IHC (Costaal.,
1982) or their biosynthetic enzymes ( tyrosine1982; Kohler and Steinbusch 1982Develop
hydroxylase, dopamine beta hydroxylase, (Hokment of doble IHC, electron microscopic
felt et al 1975; Hokfeltet al 1977; Hokfeltet  analysis deeply contributed to analyze modes of
al. 1980 a,b; Hokfelet al 1984), or such as the production of neurotransmitters.

detection of mMRNAs coding for these enzymes

Mononoamine histofluorescence will neverthe Receptorradioautography

less remain as an historical landmark in-net In the same time neurotransmitters were dis

roanatomy covered and characterized in numbeeure
transmitter receptors started to be purified and
Neurotransmitter IHC characterized thanks to the progress of bio

In the time monoamine established as neurcchemical and pharmacological techniques, but,
transmitters and were visualized as such in neiin most instances, receptors were not available
rons, many other molecules known as putativfor a chemical or an immunological characteri
neurotransmitters were identified by biochemi zation. Despite these limitations, development
cal methods and secondarily through clonintof radioactive chemical ligands specific for a
techniquesAmong them, are the neuropeptidesgiven receptor class became dicieit tool to
first of them identified in the early fifties inside identify, map and quantify neurotransmitter
the hypothalamud.hese neuropeptides appeare(receptors in tissue sections in discrete brain
as a growing class of neurotransmitters theéareas (Chabat al 1996; Beaudett al 1998).
were found not only in the hypothalamus, buLigands (either agonists or antagonists) can be
also throughout the central and peripherat ne labelled with radioactive atoms and demonstrat
vous system. In the meantime, independentl'ed all abilities to bind to receptors in tissue-sec
Coons developed immunofluorescence thétions with appropriate pharmacological para
allowed the direct detection of an antigenicmol meters. Such approach has nevertheless certain
ecule in tissue sections by using fluorescerlimitations: it does not diérentiate between
antibodies (Coons 1971). Despite initial reluc receptor isotypes for a same neurotransmiltter
tancy it appeared that a g number of neuro has limited anatomical resolution and does not
transmitters, could be detected by IHC (Batry allow analysis at the single cell levBlespite
al., 1973, Steinbusch 1982; Hokfedit al., this, receptor radioautography stands today as a
1984).This prompted a tremendous interest irwidely used and a very fefient anatomical
all fields of neurosciences. Refinement of thestool in neuropharmacology and neuroanatomy
techniques, improvements in sensitivity througl(Figure 1 C).
signal amplification, use of non fluorescent
markers such as peroxidase, gold particles atin situ hybridization for neurotransmitters and
related molecules, and adaptation to electrcreceptors
microscopy opened a poweffnew area for his  Cloning of neuropeptide and of neurotransmit
tological detection of neurotransmitterdll  ter receptors opened up a new era in nreuro
neuronal systems producing neurotransmitteisciences and provided tools to study gene
were then identified, mapped and described iexpression for neuroactive substances. In the
details throughout all speciel neuropeptides early eighties, the development of ISH opened
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Fig. 1 -Histological detection of opiate receptor expression in the forebrain. Receptor expression can be detected by using three
techniques that provide complementary informatiéndn situ hybridisation that detects mRNAr the receptorB, immuno
histochemistry that detect the immunoreactive recefpBinding with agonist that detects the receptor available for ligand
binding. In the present figure, signal detection was obtained with radioactive probes. Labelled neurons display simitdr pattern
localisation in the forebrain. Negative prints of X-Ray film. From courtesy of C. Le Moine.

the possibility to localize, map and quantifyvery eficient (Le Moine and Bloch 1995; Le
MRNAs directly in tissue sections inside neuMoineet al 1995). Quantitative ISH also devel
rons. Since mMRNAs prominently localized in oped and permits to measure mRiations
neuronal cell bodies, ISH became a vefigieht  at the single cell level @unget al 1986; Nor
way to map the neuroexpressing a given gene mandet al 1988; Gerferet al 1990; Le Moine
through identification of the mRN# cell bod et al 1994; Gerfen 2000b). It stands as a very
ies (Blochet al, 1986;Younget al, 1990).This  efficient tool to analyse how neurochemical
appeared as a very powerfull technique to meenvironment, especially when influenced by
the neurons producing neurotransmitters in-adddrug treatment modifies gene expression in neu
tion to IHC (Figure 2). ISH also quickly ronal subsets or anatomically defined areas (Fig
appeared as anfiefent technique to map the ure 8).

neurons producing neurotransmitter receptor:

with exquisite anatomical and molecular resoluReceptorIHC

tion (Le Moine and Bloch, 1995, 1996) (Figure Neurotransmitter receptors have been demon
2 and 5). Indeed, ISH allows tdfieiently dis  strated to be expressed at the neuronal surface
criminate between mRNAs encoding very closein cell bodies, dendrites and axons. Cloning of
ly molecularly related receptors (Figure Biis  receptors allowed to produce antibodies against
is especially very important to tBfentiate recombinant proteins or against synthetic-pep
anatomically and neurochemically the neurontides.While today it is still difficult to obtain
producing various receptor isotypes for a samefficient antibodies for the identification of
neurotransmitteiVith years, ISH refined many many receptors in tissue sections, IHC for
important technical aspects; this involved thereceptors (Browret al 1995; Mantyhet al
development of non radioactive probes (Guitte1995a; Mantylet al 1995b; Cailléet al, 1996)

ny et al 1988; Le Moineet al 1995), improve Bernardet al 1998; Dumartiret al, 1998; Jans
ments in sensitivity with cRNArobes that per son et al 1999) gave a new impulse to the
mitted the detection of genes expressed at a Icunderstanding of production and localisation of
level (Le Moine and Bloch, 1995), combinedneurotransmitter receptors in brain, through
techniques, either double ISH or ISH combinedight and electron microscopy analysis (Figure
with IHC (Normand and Bloch, 199Trem 6 and 7)As compared to receptor radioautog
bleauet al 1993; Le Moine and Bloch, 1995) raphy IHC provides exquisite molecular and
that appeared very useful to detect the simulticellular resolution. It is the only way to study
neous expression of several genes in a sarthe subcellular localisation of receptors. IHC
brain area or in a same neuronal population (Ficespecially helped to demonstrate that receptors
ure 2 and 5). Radioactive probes appeared firhave frequently extra-synaptic localisation and
very sensitive and fifient, but were progres also have membrane localisation at the surface
sively competed by non radioactive probe:of the neurons that it is not directly related to the
among which the digoxigenin labelled ones arlocalisation and release of the corresponding
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neurotransmitter (Janssat al 1999). It also chemical environment inside neurons (Mantyh
showed that the abundance and the subcellulet al 1995a; Mantyret al 1995b; Bernarat
localisation of the receptors, especially G-proal., 1998; Dumartiret al 1998; Bernarett al.,
tein coupled receptors is regulated by the neur1999; Blochet al 1999; Dumartiret al 2000).

Fig. 2 - Detection of neuropeptide
and dopamine receptor mMRNAS in
the human striatum (newborn).
Upper pannnel: Neuropeptide
MRNAs are detected with radieac
tive (S35) probes. Negative prints
of X-ray films show distinct pat
tern of localisation according to
MRNAs; Enkephalin mRNAis
widely spread in the striatum.
Somatostatin mRNAs present in
scatterd neurons. S&hd dynor
phin mRNAs that have been
demonstrated to be produced by
same neurons display same pattern
restricted to limited part of the
striatum. This pattern is comple
mentary from the one obtained for
enkephalin mMRNA. Lower pannel:
ISH for D1 dopamine receptor
shows expression throughout the
striatum. Microautoradiographic
analysis after double ISH with
radioactive and non radioactive
probes show that D1 and D2 are
expressedy distinct neurongnd
that D1 receptor is expressed in SP
neurons (FromAubertet al, 1999
and from courtesy of Aubert).
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Fig. 3 - Striatal neurons neurotransmitter production. On the left, the main neurotransmittors known to be produced in the stria

tum and the four main neuronal population so far identified on the bais of classical histological analysis (Smith and Bolam,

1990). On the right, the results obtained by using IHC and ISH permit to associate each neurotransmitter with a neuronal sub
population (See Kawaguséi al, 1995 for details).

FUNCTIONAL ~ NEUROANATOMY  OF g gne of the main actor of basal ganglia func
BASAL GANGLIA WITH SPECIAL REFER-  tjons and dysfunctions; its activity involves sev
ENCE TO THE DOPAMINE CONTROL OF  eral important neurotransmitters, especially
STRIATAL FUNCTIONS: PRESENT AND  dopamine, glutamate, opioid peptides, GABA
FUTURE and acetylcholine (Kawagucht al 1995); the
striatum has been demonstrated to be involved
in several diseases or disorders in humans,
especially Parkinsos’ disease (Hirsch 2000),
INTRODUCTION Huntington chorea, mood disorder and drug
addiction. Striatal neurons aregats for many
Basal ganglia are key structures in severidrugs that are important in human pathojogy
important central nervous system functions. liespecially psychoactive substances, newrolep
basal ganglia, the striatum (Smith and Bolarrtics and opiatesThe striatal aganisation has
1990; Gerfen 1992a; Gerfen 1992b) habeen lagely explored in animals and humans
received special attention for several reasons: through classical neuroanatomy: the striatum is
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Fig. 4 -Detection of dopamine receptor mRMN¥the rat striatumA to C show detection of mMRNAs for D1, D2 and D3 dopamine

receptor in the rat forebrain (negative prints of X-Ray film after radioactive ISH). D1 and D2 are expressed throughout dorsal
and ventral striatum while D3 receptor expression is restricted to the ventral striatum (Acb: accumbens nucleus). (C). D and E

show double ISH with radioactive and non radioactive probes demonstrating that D2R is expressed by enkephalin neurons and
that D1 and D2 are expressed by distinct neuronal subpopulations (from Le Moine and Bloch, 1995, 1996).

a subcortical structure that contains several necular anatomy contributes figiently to
ronal subpopulations: most of them are sodescribe neurochemical ganisation of the
called medium spiny neurons that project-outstriatum. In order to illustrate the potential and
side the striatum (Smith and Bolam 1998). efficiency and the future of molecular reu
small part of these neurons are subpopulatiorroanatomy in the understanding of neuronal
of interneurons, some of them medium sizechasis of neurotransmitter action in the brain, we
the other lage sized (Figure 3) (Kawagucti  will consider the neurochemicalgamisation of

al. 1995).Anatomical analysis distinguish so- striatal neurons and of their innervation by
called dorsal striatum (caudate and putameldopamine fibers.

that is considered to be involved in motor -con

trol, and the ventral striatum (accumbens nucléphenotypical characterization of striatal neuons

us, Calleja islands) that is considered to be moi A large variety of neurotransmitters has been
involved in mood and behavior contrdhe identified inside the striatum that include
striatum receives many inputs according tGABA, enkephalins, SPdynorphin, somato
complex anatomical ganisation: dopamine statin, NPY acetylcholine, and nitric oxyd (Fig
inputs originating from the substantia nigra anwres 2 and 3). From the early eighties, the use of
ventral tegmental area are the most well knowr|HC and ISH has allowed to associate each neu
but the striatum also receives important inputrotransmitter found in the striatum with each
from the cerebral cortex and the thalamuneuronal subpopulation. Double IHC, combina
(Smith and Bolam, 1990; Gerfen 1992dple-  tion of IHC with HIS and double HIS was espe
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Fig. 5 - Striatal neuron receptor equipment. On the left, are represented various neurotransmitter receptor isotypes known to
be expressed in the striatum and three neuronal populations identified in the striatum. On the right , are summarizesd the resul
of the analysis performed with double ISH to associate each receptor isotype with one or several neuronal subpopulation (See
Figure 2; Figure 4 D and E and Le Moiekal.,1990, 1991, 1995; Bernagt al.,1992; Geogeset al.,1998; Svennningson

et al, 1999).

cially critical to demontrate coproduction of atal neuronal content slightly vary with striatal
several neurotransmitters by a same neuronsubterritories (striosome/matrix; dorsal/ventral
subpopulation (Kawaguckt al 1995; Bran@t  striatum) and wittphylogeny (rodents/primates)

al. 1996) (Figs. 2 and 3)l output neurons pro  (Eigure 2). Experimental analysis demontrated
duce GABAas demonstrated by glutamic acidihat neyrotransmitter production by striatal-neu

dfggbﬁgzlrgsi Ilt_:gegr g;ti}e]sséenﬂgu{]%?ii Cgf)s(u rons can be dramatically altered by neurochem
P bep ! P ical environment, and can change within very

stance Rnd dynorphin depending on their-tar shorts periods of times: as an examplestim:

gets. Lage sized interneurons have been show> ™ . :
to produce acetylcholine onlyThe other ulation or neuroleptic treatment induces heu

interneurons simultaneously produce somatcrotensin production in more than 50% of-stri
statin, NPY and nitric oxyde, and possibly atal neurons within a few hours (Séhitinn
GABA for some of them (Kawaguctét al ~ andVanderhaeghen 1993; Castelal; 1994).
1995). Detailed studies demonstrated that strStriatal denervation or neuroleptic treatment
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induces cholecystokinin production. (Séhif ters produced by striatal neurons can be modi
mann andVanderhaeghen 1992; Sdéhiinn  fied and must be interpreted cautiously as-com
andVanderhaeghen 1993; Casétlal, 1994). pared with situations observed in the normal
This illustrates that in experimental and pathoadult brain.

logical conditions, the nature of neurotransmit

Dopamine receptor equipment of striatal neu
rons

Dopamine axons are widely spread through
out the striatum but establish few direct €on
tacts with striatal neurons. Dopamine is most
ly released at distance of the striatal dendrites
and cell bodies. Striatal neurons are sensitive
to dopamine through expression of G protein
coupled receptors; two classes (D1 and D2
type) have been identified on the basis of-mol
ecular and pharmacological characteristics
(adenylate cyclase coupling). Both classes are
widely expressed by striatal neurons, as
demonstrated by radioautography with specif
ic ligands. Six receptor isotypes have been
identified so far encoded by five genes;
Dopamine receptor gene expression by stri
atal neurons has beendaly documented by
ISH (Gerfenet al, 1990; Le Moineet al.,
1990; Le Moineet al.,1991; Le Moine and
Bloch, 1995; Branat al., 1996; Le Moine,
1996;Aubertet al, 2000) (Fig. 4 and 5). D1
and D2 are widely expressed throughout dor
sal and ventral striatum in rodents and
humans. D3 expression is restricted to-neu
rons of ventral striatum in rodents, but is also
expressed throughout dorsal striatum in mon
key and humans (Le Moine and Bloch, 1996
Ridray et al 1998; Suzuket al 1998;Gure
vich and Joyce, 1999). ISH at the microscop
ic level demonstrated that all neuronal popu
lations express at least one dopamine receptor
in the striatum. Identification of the neuronal

Fig. 6 -Immunohistological detection of D1R in striatal neurons
in normal rats and after acute stimulation. D1R detection by
immunohistochemistry at the light ¢& D) and electron micro
scopic level in the rat striatu, C and E show D1R visualised

in normal rat and located at the plasma membrane in cell bodies
and dendrites. B, D and F show internalisation of the D1 recep
tor in the cytoplasm of the neurons after stimulation by amphet
amine or direct dopamine agonist (SCH 98858). G and H show
details of the localisation of D1R in the cytoplasm after stimula
tion demonstrating that D1R is associated with endosomes in
dendrites (G) and cell bodies (H) (From Dumaetiral, 1999).
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Fig. 7 -Immunohistological detection of D1R in striatal neurons in dopamine transporter deficient mice. D1R detection in nor

mal mice (Aand C) and in mice having knock-out for dopamine transporter (B, D, E) and consequently chronic elevated extra
cellular dopamine concentration. In normal mouse (A, C), the D1R is located at the plasma membrane. In transporter deficient
mouse, there is a massive depletion of D1R at the plasma membrane due to exaggerated storage in the neuronal cytoplasm (B),
in subcellular compartments that are involved in biosynthesis, namely Golgi complex and endoplasmic reticulum (D and E).
(From Dumartiret al.,2000).

populations expressing either isotype has be¢choline interneurons express both D2 and D5
a matter of debate, interpretation of ISH dati(Figure 5). Such data help to understand
being subjected to discussion and controversanatomical and cellular basis of drugs that
(Le Moine and Bloch, 1995)Ve have studied interact with dopamine receptors and help to
for long such expression and our data usintarget drugs that may act in brain with more
double ISH bring evidence that D1 and D2 arppharmacological and anatomical precisions.
each expressed by a given output neuronDopamine denervation alone, similar to the
population (Le Moineet al., 1990; 1991; Le one observed in Parkinsendisease does not
Moine and Bloch  1995; 1996). substantially modify the pattern of dopamine
GABA/SP/Dynorphin neuron express D1R,receptor gene expression in the striatum
GABA/Enkephalins neurons express D2R. Ir(Hirsch, 2000). In contrast, the association of
the ventral striatum, each of these two -netdopamine denervation and L-D®Reatment
ronal population coexpresses D3 (Le Moine(ie conditions of Parkinsos’ disease treat
and Bloch 1996; Ridragt al 1998); acetyl ment) provokes uprise of D3 in neurons in the

302



02.Imp. Bloch 3-12-2002 15:17 Pagina 303 $

dorsal striatum (Bordedt al. 1997; Hirschet

al 2000).The results demonstrate that recep
tor equipment can be dramatically influenced
by specie, and/or neurochemical environment
in experimental conditions. Indeed, ISH has
also demonstrated that many other neuro
transmitter receptors are expressed by striatal
neurons, such as receptors for adenosine,
acetylcholine or opioid peptides (Bernaztl

al., 1992; Svenningssoet al.,1998, Geages

et al.,2000), not all of them being so far iden
tified (Figure 5).Altogether these investiga
tions have permitted to associate each striatal
neuronal subpopulation with subsets of their
neurotransmitter receptors.

ENKEPHALINS ™.
- by Regulation of genic activity by dopamine in
“ striatal neurons
: ’ : : Dopamine environment has been demonstrat

R &
S,
' - . = ed to profundly modify the genic activity of stri
atal neurons in many ways.While the complex
l - ’ ity of dopamine action is extreme in this

v &

vy w4 - respect, many works associating pharmacelogi
w! _ cal approaches and molecular neuroanatomy
i - i . have allowed to propose models to understand
M A - BB naoreribon - #C how this neurotransmitter is involved in striatal
: functions through regulation of the transerip
tional activity of genes coding for GAD and
neuropeptides in acute and chronic conditions
(Young,et al, 1986; Normanet al 1988; Ger
fenet al.,1990; Le Moineet al.,1997; Gerfen
et al, 2000 a, b): quantitative ISH proves to be
very useful to explore how neurochemical envi
ronment influences gene expression in defined
neuronal populations with exquisite resolution
(Fig. 8).As an example, in rats, dopamine den
ervation or neuroleptic treatment upregulates
Fig. 8 - Influence of dopamine environment on enkephalinenkepha“n mRNAand down reQUIate.S SF.)
gene expression in the rat striatuf.shows detection of MRNA but has no influence on dynorphin stri
enkephalin mRNAy ISH (S35 labelled probe) in normal rat. atal MRNA(Younget al.,1986; Normanct al
Numerous neurons are labelled in the striatum. B an C sho#988; Gerferet al., 1990). Somatostatin and
enkephalin mMRNAn normal rat and in rat treated during two acetylcholine production are umacted by

weeks by haloperidol (a dopamine antagonist). Messeng ; : ; ; ;
RNA abundance, as detected by silver grain after radioauto%enervatlon' In primates, the situation is

raphy is increased after haloperidol treatment. (from Norman%'nore complex but it appears that dopamine
et al., 1986). D shows enkephalin mRNfetection in the rat denervation upregulates enkephalin mRNA

forebrain after destruction of dopamine neurons of the righ{Gerfen 2000a; Hirsch 2000). On the basis
substantia nigra. In absence of dopamine , enkephalin MRN&f neurochemical experiments associating
accumulates in the striatum and the signal is more importana ; ; s
ates | . opamine denervation and use of specific
on the right side of the brain. .
g D1 and D2 agonists, C. Gerfen proposed a
model for dopamine action on neuropeptide
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gene expression depending neuronal sub  or related drugs such as agonists or antagonists.
populations (Gerfeet al 1990; Gerfen 2000a; Immunoelectron microscopy demonstrated that
Gerfen 2000b). Dopamine environment alscthese receptors were, in most instances, associ
modifies gene expression for dopamine recefated with the plasma membrane, either in
tors (Gerfen, 2000aps indicated previously synaptic or extra synaptic location (Figure 6).
dopamine deprivation associated with L-D'OP From many years, biochemical studies devel
induces D3 gene expression in all neurons of ttoped “in vitro” in transfected non neuronal cells
dorsal striatum. D1 and D2 mRN#e also reg had demonstrated that under stimulation, recep
ulated though to a lesser extent inside neuroitors undego complex intracellular tré€king
that already express it. that modulate abundance and availability of
Dopamine environment also influences genthese receptors at the cell surfadas includes
expression for proto-oncogenes such as c-f¢G_protein coupled receptors that under acute
and c-jun. Such genes, once activated, encostimulation undegjo rapid plasma membrane
trancriptional factors that in turn modulate thedepletion and internalisation in endosomes,
activity of other genes such as the ones codirassociated with complex phosphorylation-
for neurotransmitters. Proto-oncogene expresdephosphorylation that ultimately lead to recep
sion in striatal neurons can be analysed by |s tor desensitisation and recycling (Koenig and
or IHC. It is a precious indicator to identify the Edwardson 1997). In 1996, Mantyh and co-
neuronal populations that are activated pworkers demonstrated that in brain, acute stimu

changes in their neurochemical environmeration of SHeceptors by substancénbeed pre
(Le Moine et al 1997; Svenningssoat al vokes SPreceptors internalisation in neuronal

. _ cytoplasm in endosomes, within minutes after
1999; Gerfenet al, 2000a, 2000b). Proto ,Stimulation and a subsequent receptor return at

oncogene activation helps to map neuron: s
.. the membrane (Mantytt al 1995a; Mantylet
targets for many drugs such as neuroleptics al. 1995b). Similarly in striatal neurons, D1

dopamine agonists, (cocaine, amIOhetam'nedopamine receptors internalises in the <€yto

or opiates (Graybiekt al 1990; Liuet al N : : :
plasm within minutes after direct stimulation by
1994). It also helps to understand what are tr st or after amphetamine injection that each
neuronal basis for neurotransmitter interacgsimlates dopamine release (Dumaeinal
tions. As an example, on the basis of suctiggg) (Figure 6)This leads to dramatic and
investigations, C. Le Moine and coIIeaguesrapid dopamine receptor plasma membrane
have proposed a model for cellular basis Cgepletion. Detailed electron microscopic stud
adenosine and dopamine interactions OR strjeg demonstrated that these receptors are stored
atal output neurons (Le Moinet al 1997; in endosomes after internalisation, but also, in
Svenningssoet al 1999). _ certain instances, are geted to multivesicular
Altogether results obtained from fifteen yearspodies for degradation (Bernaed al., 1998)
demonstrate that dopamine environment ac(Figure 6). Cessation of drug treatment leads to
with very complex modes to regulate genereceptor recovery at the plasma membraxie.
activity for neurotransmitters and receptorsR also internalises after acute stimulation.
such regulation involves proto-oncogene aetive Chronic stimulation also leads to dramatic redis
tion. It illustrates also that drugs interacting withtribution of D1R in striatal neuron$here is a
neurotransmission have most generally actiordramatic membrane depletion associated with
at the gene level, either on a short term or a lorexaggerated storage of D1R in the endoplasmic
term basis. reticulum and Golgi complex. Such changes are
reversible under restauration of normal
Regulation by dopamine of the traficking of  dopamine level (Figure 7), (Dumartiet al
dopamine receptors 2000). In Parkinsor’diseased brain, D1R also
Receptors were considered to be synthesized undegoes abnormal subcellular localisation
neuronal cell bodies and ¢@ted to the plasma involving internalisation in the cytoplasm
membrane of the neurones were they becan(Muriel et al 1999). In the striatum, glutamate
available for interactions with neurotransmittersstimulation provokes redistribution of D1R that
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are initially located in axons and translocated tophrenia, Parkinsos’disease, mood disorders
the plasma membrane (Scettal 2002) Anay-  and drug addiction (Hirsokt al, 2000; Gerfen
sis of traficking of muscarinic receptors in stri et al.,2002; Scotet al 2002). It will also help
atal neurons under direct or indirect acetylto understand actions of drugs in brain, whatev
choline stimulation in acute and chronic cendier drugs of addiction or molecules interacting
tions also demonstrates complex intraneuroniwith neurotransmission used to cure neurelogi
trafficking that is dependant of the nature of thecal and neuropsychiatric disorders. Molecular
neuronal subpopulation and of the condition oneuroanatomy with available techniques has
stimulation;Bernardet al, 1998, 1999; Listet  still important challenges, such as the under

al., 2002).Altogether these results demonstrat¢standing of alterations in production and lecal
that the neurocher_nlcal environment contributejzation of neurotransmitters and receptors in
to regulate G protein coupled receptor abundanneurological and neuropsychiatric disorders in
at the cell surface by regulating its intraneuronéhuman brain. New techniques will most proba
compartmentalisation in short term or long ternply add to the potential of molecular anatomy
situations through intracytoplasmic freking  sych as the ones allowing the direct visualisa

involving cell body dendrites and axons (Bloch tion of neurotransmitter liberation or receptors
et al 1999).This also suggests that such medifi movements inside neurons.

cations can have direct influence on neuronal se
sitivity to neurotransmitters or related drugs ir
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