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Abstract—The present study used mice deficient for dopamipem D; receptors to test whether the expression of these two
members of the Pclass of receptors is essential for the normal expression of three markers that characterize the neurochemical
differentiation of the striatum: the calcium-binding protein calbindin, tyrosine hydroxylase and acetylcholinesterase. Results from
these experiments revealed that the expression of striatal tyrosine hydroxylase (the rate-limiting enzyme of dopamine synthesis)
and acetylcholinesterase is unaffected even by the combined knockoytafdDD; receptors. However, Dand D; receptor
knockouts differently affect the striatal expression of calbindpgs Bnmunoreactivity. Prominent changes in the cellular distribu-
tion of calbindin are detected in striatal neurons gfrButant mice. Whereas calbindin immunolabeling of wild-type neurons is
prominent in the nuclei and the cytoplasm of medium spiny neurons, imuant mice, calbindin immunoreactivity is concentrated
exclusively in the cytoplasmic rim of these neurons. Such changes in the cellular distribution of calbindin expression are not
detected in mice lacking feceptors. In these mutants, however, a lesser density of calbindin-immunoreactive neuropil is detected
in the ventral portions of the striatum, i.e. in regions in whichrBceptors are thought to be expressed at highest levels. Mice
lacking both D and D; receptors show both phenotypes.

The altered cellular distribution of calbindin in,Dnutants is likely to have functional consequences for some of tRé-Ca
mediated cellular functions. The topography of the decreased density of striatal calbindin immunorectiyityutabts suggests a
role for D; receptors in supporting the expression of striatal calbindin. The observation that mice lacking bath receptors
show a combination of the Dand D, mutant phenotypes indicates that each of the different phenotypes detected in the single
mutants is indeed related to the lack of the two differepike receptor subtypes 2000 IBRO. Published by Elsevier Science
Ltd.
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The four major neuronal systems of the brain that use dopa-in the ganglionic eminence that is detected prior to the estab-
mine (DA) as the principal neurotransmitter modulate loco- lishment of synaptic transmission is of functional relevance.
motor behavior (nigrostriatal system), motivated behavior In the developing and mature brain; Bnd D, receptors are
(mesolimbic system), learning and memory (mesocortical expressed at highest levels in the dorsal striatum, and the
system), and the release of prolactin (tuberoinfundibular expression of Breceptors (which are also found in the stria-
system). DA receptors, which are expressed in DA-synthesiz- tum) is notably high in the nucleus accumbens of the ventral
ing neurons and/or in the targets of the dopaminergic path- striatum?® In recent years, several;DD, and D, receptor
ways, fall into two functionally distinct classes. The €ass mutant mice have been generated by gene targeting via homo-

of receptors (composed of the subtypesad D) couple to logous recombination, and the constitutive knockout of these
stimulatory subsets of heterotrimeric G-proteins and the D receptors led to viable homozygous mutants that develop
class of receptors (composed of the subtypgsl? and Dy) receptor knockout-specific locomotor phenotypesThe

couple to inhibitory G-protein§ These receptors are the most pronounced locomotor phenotype has been described
targets for drugs employed in the treatment of psychotic for mice lacking D receptors’!® These mutants show
disorders and Parkinson’s disease. Furthermore, psycho-postural abnormalities and a progressive increase of loco-
stimulants such as cocaine and amphetamine indirectly acti-motor hypoactivity during postnatal development, a pheno-
vate these receptot8. type that clearly differs from the reported northabr

In the rodent, @, D, and D; receptor mMRNAS are expressed increased basal locomotor activifyf D, mutants. Moreover,
as early as embryonic day 14%% However, it is presently  although the D mutant phenotype clearly differs from the
unclear whether the (differential) expression of these receptorscorresponding locomotor phenotype observed insihgle

mutantst'3?mice lacking both Dand D, receptors develop

$To whom correspondence should be addressed. F€l:212-543-6505; a locomotor phenotype that is qua"tatively similar but quan-

fax: + 1-212-543-6017. titatively more severe than that of,Bingle mutants?
E-mail addressschmauss@neuron.cpmc.columbia.edu (C. Schmauss). Like D3 single mutants, mice lacking.land D,/D; recep-
Abbreviations AChE, acetylcholinesterase; CB, calbindipgp DA, dopa- tors have normal tissue levels of DAThis suggests that an

mine; DAT, dopamine transporter; EGTA, ethyleneglycolbis(aminoethyl ; " ; ;
ethentetra-acetate: IgG, immunoglobulin G: PBS, phosphate-buffered impaired functioning of anatomical structures that receive

saline; PCR, polymerase chain reaction; RT, reverse transcriptase; TH'(_iopaminergic input underlies the development Of th? D
tyrosine hydroxylase. like locomotor phenotype. One key anatomical region is the
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neostriatum, a region involved in modulating motor behavior sections were immersed in a fluorescein isothiocyanate-conjugated
and known to expressjand D, receptors® One well-studied goat anti-mouse 1gG secondary antibody (dilution 1:200; Vector

; ; - - .. Laboratories) for 2 h at room temperature, washed in PBS, mounted
area is the neurochemical differentiation of the dorsal stria on to gelatinized slides, air-dried and coverslipped with Vectorshield

tum, and the markers characteristic for the striatal patch mounting medium (Vector Laboratories). For double-labeling experi-
(striosome) and matrix compartments, tyrosine hydroxylase ments, postfixed sections (4% paraformaldehyde and 0.15% glutar-
(TH), acetylcholinesterase (AChE) and calbindigzCB), aldehyde) were incubated simultaneously with the mouse monoclonal

roved very useful for structural studies on both the develop- 2t-CB antibody (dilution 1:3000) and a rabbit polyclonal anti-
iFr)1g and thg mature striatuf121617 Therefore. in order to P~ GaBA antibody (dilution 1:2000; Sigma, St Louis, MO, U.S.A.).

_ ; o After a three-day incubation at’°@, sections were washed in PBS,
begin to test whether the inactivation of Bnd D; receptors incubated for 2 h at room temperature with both a fluorescein isothio-

affects the normal neurochemical phenotype of the striatum, cyanate-conjugated anti-mouse IgG (dilution 1:200) and a Texas Red-
the present study utilized these three markers to analyse ancgonjugated anti-rabbit 19G (dilution 1:200) secondary antibody

. S : e Vector Laboratories), and processed as described above. Sections
compare their expression in the striatum of adult wild-type |,. o analysed using a confocal laser scanning microscope (Zeiss
mice and mice deficient for Dand D; receptors. LSM 410; Zeiss, Oberkochen, Germany) equipped witi6 and

X 40 Zeiss Plan-NeoFluar objectives.

EXPERIMENTAL PROCEDURES
Acetylcholinesterase histochemistry

Animals - . . .
AChE activity was analysed using a histochemical protocol

Mice deficient for the DA D and D receptor were generated by  described elsewhefé.In brief, sections were incubated in 3
gene targeting via homologous recombinatiérithe homozygous iso-N,N -bis(1-methylethyl)pyrophosphorodiamidic anhydride/0.2 M
mutants and their wild-type littermates used in the present study Tris—maleate (pH 5.7) for 30 min at room temperature, followed by
have a hybrid 129Sx C57BI/6 genetic background. ,[D; double a 30-min dark incubation in an AChE solution containing 130 mM
mutants were generated by cross-breeding homozygquerbales Tris—maleate (pH 5.7), 5 mM sodium citrate, 3 mM cupric sulfate,
with homozygous P males. Heterozygous double mutants were 0.5 mM potassium ferricyanide and 25 mg/50 ml of acetylthiocholine
interbred and the resulting offspring included wild-type and homo- jodide. Sections were rinsed with PBS, mounted on to gelatinized
zygous double mutants which occurred with the expected Mendelian slides, air-dried and dehydrated. Xylene-equilibrated sections were
frequency of one in 16. Animals were housed under a constant 12-h/12-mounted with DPX mounting medium and examined with bright-
h light—dark cycle with free access to food and water. Male mice at field microscopy.
postnatal day 60 were used. A total of seven animals per genetic group
(wild-type, D, and D; single mutants, and D3 double mutants) was

analysed in this study. All experimental procedures were carried out in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and all efforts were made to limit the

Immunoblotting and reverse transcriptase—polymerase chain reaction
analysis

For the analysis of the expression levels of TH immunoreactivity,

number of animals used in this study. proteins were extracted in a buffer containing RBS, 1% Nonidet P-
40, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate
supplemented with 2 mM sodium vanadate {i{@,), 20 mM sodium
fluoride, 1 mM EGTA, 1 mM dithiothreitol, JuM microcystin and

Animals were deeply anesthetized with xylazine (10 mg/kg, i.p.) protease inhibitors. The protein concentration in each lysate was deter-
and ketamine (30 mg/kg, i.p.), and perfused transcardially with 1% mined using the BCA protein assay kit (Pierce, Rockford, IL, U.S.A.).
cold paraformaldehyde/phosphate-buffered saline (PBS) for 1 min, A mouse monoclonal anti-TH antibody (Incstar, Stillwater, MN,
followed by perfusion with 4% paraformaldehyde/PBS for 9 min. U.S.A.; dilution 1:10,000) was used to probe Immaobilon polyvinyl-
Brains were then quickly removed and postfixed in 4% paraformalde- idene fluoride membrane (Millipore, Bedford, MA, U.S.A.) blots of
hyde/PBS for 6 h at%. To achieve cryoprotection, brains were equi- sodium dodecyl sulfate—polyacrylamide gel electrophoresis gels,
librated in 30% sucrose/PBS for two days &C4frozen on dry ice and which contained 5@ug of total protein in each lane. Bound antigen
stored at-80°C. Tissues were cut coronally at #@n using a freezing was visualized using a peroxidase-conjugated goat anti-mouse 1gG
microtome. Six consecutive sections of five series (each comprising 15 secondary antibody (Kirkegaard & Perry Laboratories, Gaithersburg,
tissue sections) of the region containing the dorsal striatum were MD, U.S.A.) in conjunction with enhanced chemiluminescence (ECL;
processed and stored &Glin PBS/1% sodium azide. Pierce).

For reverse transcriptase—polymerase chain reaction (RT-PCR)
experiments, total cytoplasmic RNA was extracted from dorsal striatal
tissues using the guanidine/cesium chloride ultracentrifugation

Tissue sections were incubated in PBS supplemented with 5% method. First-strand cDNA was synthesized from plp of total
normal horse serum, 5% crystalized bovine serum albumin and 2% RNA using an oligo-dTs primer in conjunction with 200 units of
gelatin. For TH immunostaining, 0.3% Triton X-100 was added to the Moloney Murine Leukemia Virus reverse transcriptase (United States
incubation buffer. Tissue sections were incubated with a mouse mono- Biochemical, Cleveland, OH, U.S.A.). In exponential RT—PCR experi-
clonal anti-TH/immunoglobulin G (IgG) antibody (dilution 1:4000; ments, the amino terminal 480 nucleotides of the open reading frame of
Incstar, Stillwater, MN, U.S.A.) at % for two days. Calbindin the dopamine transporter (DAT) cRNA was amplified using the primer
immunoreactivity was detected after incubating tissue sections with pair DATS: 5'-ATGAGTAAGAGCAAATGCTCC-3 and DAT3: 5'-

a mouse monoclonal anti-CB antibody (dilution 1:6000; SWant, GATGATGACATTGTAGAA-3', and equal aliquots of the first strand
Bellinzona, Switzerland) at°€ for three days. After incubation with cDNA reaction. For PCR amplifications from templates of each geno-
primary antibody, sections were washed with PBS (three times for type, five PCR tubes containing equal aliquots of one PCR mastermix
10 min) and incubated with a biotinylated horse anti-mouse IgG were taken to different endpoints (10, 15, 20, 25 and 30 cycles of
secondary antibody (dilution 1:500; Vector Laboratories, Burlingame, amplification). The respective PCR products were analysed on Southern
CA, U.S.A.) for 90 min at room temperature. After rinsing with PBS,  blots probed with &P-radiolabeled, cDNA-encoding mouse DAT.
sections were incubated with PBS containing 0.5% bovine serum albu-
min and an avidin—peroxidase complex (Vectastain ABC kit, Vector
Laboratories) for another 90 min at room temperature. Sections were
developed with 0.05% 3.3liaminobenzidine, mounted on to gelatin-
ized slides, air-dried, defatted in a 1:1 mixture of 95% ethanol and
formaldehyde, and dehydrated in ethanol. Xylene-equilibrated sections

were mounted using DPX mounting medium and examined with . _: : ; ; ot
bright-field microscopy. Additional sections were rehydrated and tein CB characterizes the neurochemical differentiation of the

counterstained with Cresyl Violet to clarify the cytoarchitecture. developing and mature striatthv’ The heterogeneously
For the analysis of CB immunoreactivity with fluorescence microscopy, distributed CB immunoreactivity is confined to the striatal

Tissue preparation

Immunocytochemistry

RESULTS

Expression of calbindin-g in the striatum
A distinct expression pattern of the calcium-binding pro-
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Fig. 1. Distribution of CB immunoreactivity in the striatum of wild-type (A), Butant (B), @ mutant (C) and B’Ds; double mutant (D) mice at postnatal day

60 (P60). Note the higher intensity of CB immunoreactivity in the neuropil of the ventromedial part compared to the dorsolateral part of thenstniatum i

wild-type and B mutant animals. This ventromedial—dorsolateral gradient in staining intensity is less apparentjmth&it or the B'D; double mutant
mice that are characterized by a more homogeneous immunostaining pattern. Seai®®am.

matrix compartment, where it is concentrated within the = The topography of striatal CB expression of Bingle
medium-sized spiny neurons (the principal projection neurons mutant is indistinguishable from wild-type (Fig. 1B). However,
of the neostriatum), and their projecting axons terminating in the cellular pattern of CB expression differs substantially
the globus pallidus, entopeduncular nucleus and substantiabetween wild-type and Psingle mutants. As shown in Fig.
nigra; the major subcellular compartment of CB expression 2A and C, in medium spiny neurons of wild-type animals,

is the matrix of the cytoplasm of these ceélf¥ The following CB immunoreactivity is prominent in the nucleus and the cyto-
experiments used an antibody raised against CB to identify plasm. Interestingly, whereas the nuclei of wild-type animals
CB-containing neurons in the dorsal striatum of &d D are the most intensely labeled cellular structures (Fig. 2C), the

receptor mutant mice and their wild-type littermates. A first nuclei of many CB-containing neurons of Bingle mutants
series of experiments employed light microscopy to deter- show no CB staining (Fig. 2B, D). The cytoplasmic CB stain-
mine the topography of expression of CB immunoreactivity. ing, however, as well the staining of proximal dendrites of
The results are shown in Fig. 1. In wild-type mice, a dense CB CB-positive neurons are very similar between wild-type (Fig.
immunoreactivity is found in the ventromedial region of the 2A, C) and B mutants (see Fig. 2B, D).

striatum and a lesser density of CB-immunoreactive neuropil A complementary analysis of CB-immunostained material
is detected dorsolaterally (Fig. 1A). This result is consistent by confocal laser scanning microscopy further illustrates the
with previous findings of a gradient of CB immunoreactivity different cellular distribution of CB immunoreactivity in,D

in the rat, which is strongest in the ventral and medial parts single mutants. These results are shown in Fig. 3. In wild-type
and lowest in the dorsolateral parts of the caudate—putdfmen. mice, CB immunoreactivity is distributed homogeneously
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Fig. 2. Cellular patterns of CB immunoreactivity in the ventromedial part of the striatum in a wild-type (A, C) gnuatént (B, D). CB immunolabeling is

prominent in the nuclei and the cytoplasm of medium spiny neurons in the wild-type animal, where the nuclei are the most intensely labeledssteuttyhes (

magnification in C). In contrast, the,nutant shows virtually no nuclear labeling in these neurons (B, D), while the cytoplasmic staining is comparable to that
in the wild-type mice (compare C and D). Scale &5 pm (D; also applies to C), 5am (A, B).

throughout the cell body and does not spare the nucleus (Fig.the topography of CB expression is found in a region of the
3A). In contrast, CB-immunoreactive neurons of fingle striatum that, in the adult brain, is known to expressézep-
mutants are highly concentrated in the cytoplasmic rim, tors at high level$.
where they also appear to form distinct clusters of particularly  The observations made above raise the question of whether
dense CB immunoreactivity. The nuclei of these CB-positive there is a change in the types of neurons that express CB. To
neurons, however, are not labeled (Fig. 3B). As shown further begin to test this, additional striatal sections were double-
in Fig. 3D, similar alterations in the cellular distribution of labeled for CB and the neurotransmitter GABA, and
CB immunoreactivity are also detected in/D; double processed for fluorescence microscopy (see Experimental
mutants (Fig. 3D). Procedures). However, the experiment revealed no obvious
In contrast to results obtained with, Bingle and /Ds change in the types of neurons that express CB immuno-
double mutants, the cellular distribution of CB immuno- reactivity. As shown in Fig. 4A and B, the majority of CB-
reactivity of Dy single mutants is indistinguishable from immunoreactive neurons of wild-type mice is GABAergic
wild type (Fig. 3A, C). However, as shown in Fig. 1, the neurons and only a few neurons are non-GABAergic. Simi-
ventromedial—dorsolateral gradient of expression of striatal larly, CB-immunoreactive cells of all three mutants are
CB immunoreactivity seen in wild-type and Bingle mutants mostly GABAergic and only a few non-GABAergic neurons
(Fig. 1A, B) is less apparent ing3ingle mutants and D5 were found to express CB (Fig. 4C—H). Consistent with the
double mutants (Fig. 1C, D). The most obvious change in the results shown in Fig. 1, the sections shown in Fig. 4 illustrate
density of CB labeling is detected in a region corresponding to that the density of CB immunoreactivity in the dorsolateral
the core and shell of the nucleus accumbens, which displayedneuropil of the striatum of Pmutants and BD; double
intense CB labeling with a much denser immunoreactivity in mutants is very similar to the corresponding density found
the neuropil of wild-type compared tozDnutants (Fig. 1A, ventromedially (Fig. 4E—H). In sections of wild-type and
C). Thus, in @3 single mutants, the most apparent difference in D, mutants, however, the density of CB-immunoreactive



Calbindin in the striatum of Pand D; mutant mice 499

Fig. 3. Confocal laser scanning microscopy analysis of the cellular localization of CB in wild-type {Ajufant (B),  mutant (C) and B'D; double mutant
(D) mice. Wild-type and B mutant mice display a homogeneous labeling throughout the cytoplasm and nucleus, whereas, imth@nbCB immuno-
reactivity is restricted to a rim of cytoplasm and spares the nucleus. An intermediate pattern is observed/iDstHeuble mutant. Scale barl5 pum.

neuropil in the ventromedial region appears to be slightly throughout the dorsal striatum seen in animals of all four
higher than the corresponding density detected dorsolaterallygenotypes at postnatal day 60 is characteristic of the mature
(Fig. 4A-D). striatum?? Furthermore, as shown in Fig. 6A, total levels of

In summary, mice lacking Preceptors show an altered striatal TH immunoreactivity detected on immunoblots of
cellular distribution of CB immunoreactivity that is not proteins extracted from the dorsal striatum are also indis-
detected in mice lacking f¥eceptors. Mice lacking Precep- tinguishable between wild-type and the various mutants.
tors express less CB immunoreactivity in the core and shell Additional experiments employed exponential RT-PCR
region of the nucleus accumbens and the typical ventro- experiments to analyse the striatal expression levels of
medial—dorsolateral gradient of expression of striatal CB is mRNA encoding the DAT. As shown in Fig. 6B, neither the
less apparent. Mice lacking ,Dand D, receptors show a  reduction of expression of both,and D; receptors (hetero-
combination of both phenotypes. zygous double mutants) nor the complete absence of both
receptors in homozygous double mutants alters the expression
levels of DAT mRNA (Fig. 2B).

The data shown in Figs 5 and 6, together with our previous
findings of normal tissue levels of striatal DA indicate
Although the mature dorsal striatum contains the highest that the dense dopaminergic innervation of the striatum is

Expression of tyrosine hydroxylase immunoreactivity and
acetylcholinesterase activity in the dorsal striatum

concentration of Dreceptors and also expresses rBcep- unaltered in mice that develop without Bnd/or O receptors.
tors18 Nissl-stained sections obtained from the striatum of Moreover, as shown in Fig. 7, a histochemical method
adult mutants that developed in the absence gfabd D; employed to localize AChE in the dorsal striatum of wild-

receptors (i.e. Pand Dy single mutants and £D; double type (Fig. 7A) and mutant mice (Fig. 7B—D) revealed a
mutants) revealed that the general anatomy appears normamature histochemical staining pattern of AChE in all
(not shown). However, the results shown above revealed four genotypes which is characterized by an abundant expres-
distinct alterations in the expression of CB in adult mutants, sion of AChE throughout the striatum, where AChE-poor
indicating that the lack of Blike receptors has receptor islands (striosomes) are well delineated from AChE-rich
subtype-specific consequences for the expression of oneareas (matrix) that surround them.
neurochemical phenotype of the striatal matrix. These results Altogether, in contrast to the alterations in the expression
motivated the following experiments that tested whether two of striatal CB, the expression of TH immunoreactivity and
other neurochemical phenotypes of the mature striatum, AChE is unaffected in the striatum of adult mice deficient
namely the expression of TH and AChE, may be altered in for D, and D; receptors.
mice lacking B and D, receptors.

As shown in Fig. 5, the expression of TH immunoreactivity
is indistinguishable between wild-type,,and D; single
mutants, and BD; double mutants. The diffuse TH staining To test whether the constitutive lack of DA,&and D,

DISCUSSION
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Ventromedial Dorsolateral
striatum striatum

Fig. 4. Confocal laser scanning microscopy analysis of the localization of CB (green fluorescence) and GABA (red fluorescence) in the ventratonedial str

(left column) and dorsolateral striatum (right column) of wild-type (A, By iutant (C, D), @ mutant (E, F) and BD; double mutant (G, H) mice. There is a

slightly higher density of CB-immunoreactive neurons in the ventromedial part of the striatum in wild-type emddht mice, compared to the dorsolateral

part (A—D). The densities of CB-immunoreactive neurons are roughly comparable in thatént and B'D; double mutant mice (E, F). In all cases only a
few GABAergic neurons did not express CB. Scalehd00um.
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Fig. 5. Distribution of TH immunoreactivity in the striatum of postnatal day 60 (P60) wild-type (An@ant (B), 3 mutant (C) and @’D; double mutant (D)
mice. Note the homogeneous staining pattern in all four animals. Scate3&pm.

receptor expression affects the neurochemical differentiation distinct expression patterns of these three markers are well
of the striatum, the present study analysed the expression ofdocumented, and they characterize both the developing and
three neurochemical markers, TH, AChE and CB, in striatal the mature dorsal striatufi216.17

tissue of adult mice deficient for DALand D; receptors. The A main finding of the present study is an altered cellular
A B
TH protein DAT mEhx
wt DM+/- DM-/- D2+/-D3-/-  D2-/-;D3+/-
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Fig. 6. Expression of TH immunoreactivity (A) and DAT mRNA (B) in the dorsal striatum. The levels of TH jrg5df total cellular dorsal striatal protein

(detected with a monoclonal anti-TH antibody) are indistinguishable between wild-typ@ed®; single mutants, and heterozygous and homozygous double

mutants. The expression of the low abundant DAT mRNA was analysed by exponential RT—-PCR. On Southern blots of PCR products obtained from RNA

templates of wild-type and the four genetic combinations gbpdouble mutants, the earliest time-point of detection of DAT mRNA is after 25 cycles of RT—

PCR amplification, indicating no significant change in the expression of DAT mRNA in the double mutants/BMiomozygous double mutants; DM—,
heterozygous double mutants.
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Fig. 7. Distribution of AChE in the striatum of wild-type (A),,BPnutant (B), @ mutant (C) and B’D; double mutant (D) mice at postnatal day 60 (P60). AChE

activity differentiates the AChE-rich striatal matrix from the AChE-poor striosomal compartment, and this pattern is also visjtaadrDpsingle mutants
and in the B/D; double mutant. Scale b&r500 um.

distribution of CB in B, but not in Iy, mutant mice. In striatal ~ is concentrated in the cytoplasm. Moreover, the almost exclu-
neurons of wild-type mice, CB immunoreactivity is promi- sive concentration of CB in the cytoplamic rim of striatal
nently expressed in both the nucleus and the cytoplasm ofneurons of D mutants, as well as the distinct clustering of
striatal medium spiny neurons. In fact, the most intensely CB immunoreactivity detected therein (see Fig. 3B), suggesta
labeled structures are the nuclei of these neurons. dJn D close proximity of CB and the cell membrane. A direct
mutants, however, CB immunoreactivity is highly concen- demonstration of the possible association of CB with the
trated in the cytoplasmic rim. Both the light microscopic cell membrane (or even membrane channels), however,
analysis of 3,3diaminobenzidine-stained sections (Fig. 2) requires the further analysis of immunostained sections by
and the analysis of CB-immunostained sections by confocal electron microscopy. Such future studies, combined with
laser scanning microscopy (Fig. 3) illustrate a virtually electrophysiological studies, could then test one compelling
complete absence CB expression in the nucleus of affectedhypothesis, namely that the distinct cellular distribution of CB
neurons of Dmutants. This change in the cellular distribution in neurons of [ mutants increases the buffering capacity for
of CB immunoreactivity is likely to have functional conse- Ca" entering through voltage-sensitive Tar N-methyl-n-
quences. The calcium-binding protein CB is expressed ataspartate channels, either to protect cells that have lgst D
high concentration and binds €awith high affinity. The receptors against the damaging effects of excessiveé Ca
role of CB is therefore thought to be largely that of an intra- influx during prolonged periods of high activitpr to modu-
cellular buffer* The distinct change in the cellular distribu- late rising intracellular C& signals that are critical for the
tion of CB in striatal neurons of Pmutants would therefore  establishment of synaptic plasticity which, in the striatum of
indicate that virtually all of the Ca-buffering capacity of CB D, mutants, has been shown to be altetdd.any case, the
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reason why the cellular distribution of CB is altered in striatal that are part of the striatopallidal and striatonigral system, are
neurons of B mutants will only become apparent when the affected to a similar or different extent.
functional consequences of this altered cellular expression of The changes in the expression of CB immunoreactivity
CB are elucidated. (Note that a number of different functional described above are not paralleled by changes in the expres-
properties has been attributed to &B:'9 Moreover, as sion of two other markers that characterize the neurochemical
shown in Fig. 2, many, but not all, neurons of the striatum differentiation of the striatum. Our results indicate a normal
of D, mutants show the altered cellular expression pattern of dopaminergic innervation of the dorsal striatum of mice lack-
CB, suggesting that this phenotype is perhaps limited to the ing D, and D; receptors. Results from immunocytochemical
population of neurons that would normally express&cep- and immunoblotting experiments revealed that the expression
tors (a possibility that, in the genetic null mutants studied of striatal TH immunoreactivity is unaffected. Furthermore,
here®® could only be tested indirectly with, for example, mMRNA encoding the DAT is expressed at normal levels.
CB/enkephalin double-labeling experiments). Moreover, our previous study has shown that the tissue levels
Despite the different cellular distribution pattern, the stria- of striatal DA are indistinguishable between wild-type and
tal topography of CB expression is similar in wild-type and D D,/D; mutantst® Similar results were obtained with mice
single mutants. In both genotypes, the lesser density of CB-lacking DA D, receptors? indicating that the lack of neither
immunoreactive neuropil in the dorsolateral region of the of the two most abundant DA receptors expressed in the stria-
striatum appears to reflect the normal ventromedial—dorso-tum (D, and D, receptors) affects the development of a dense
lateral gradient of CB expression that is maintained through- dopaminergic innervation of the striatum. Moreover, neither
out the development of the striatuth’ It is, however, noted the absence of Dreceptors nor the absence of Bnd Dy
in Fig. 1 that @3 mutants (which show a wild-type-like cellu-  receptors affects, respectively, the appearance of striatal inter-
lar distribution pattern of CB) express less CB immuno- neuron$* and the expression of AChE (present study).
reactivity in the ventral striatum, a region corresponding to
the nucleus accumbens, in which EBceptors are expressed
at highest levels in the adult brath As a result, the ventro- CONCLUSIONS

meo_lial—dorsolateral gra(_jient of CB_expression is Igss appar- - The present study revealed an altered cellular distribution
ent in these mutants. This observation, together with the fact, + 4 hormal topography of expression of CB in mice lacking
that the Sliareceptor itself shows a ventral to dorsal expression p yeceptors. In Bmutants, the cellular distribution of CB is
gradient; suggest the possibility thatslreceptors promote  jjistinguishable from wild-type. In these mutants, however,
the expression of CB. However, a more robust evaluation of ; 4o-reased density of CB-immunoreactive neuropil was
the significance of the observation made in the present studyt, ,nqd in a region of the ventral striatum that is known to

requires a future detailed .quantiFative assessment thatexpress highest levels of,Beceptors. Mice lacking both D
involves a rigorous stereological estimate of changes, based, 4 D, receptors show a combination of the &nd D, mutant
on a well-defined set of criteria, to analyse subregional hhenotypes. The different and mutant-specific alterations in
changes of CB expression and its correlation Wigtézeptor ¢ expression pattern detected for CB (but not TH or AChE)

expression levels. The present study could only begin t0 ask 5y contribute to the different locomotor phenotypes seen in
whether the changes in CB expression seensimDtants are the two types of mutants.

due to changes in the types of neurons that express CB. It is
known that most of the striatal CB-expressing neurons are
GABAergic neurons and, despite the alterations in CB expres-
sion seen in Pand D, mutants, we found that this is still the =~ AcknowledgementsWe thank W. G. M. Janssen for help with the

: confocal imaging, and G. Yeung and A. P. Leonard for technical
case for all four genotypes tested here (Fig. 4). Thus, further assistance. This work was supported by National Science Foundation

studies will have to test whether substance P/dynorphin- andgrant 1BN-9808567 (C.S.) and National Institutes of Health Grant
enkephalin-expressing neurons, or, more generally, neuronsvH51623 (C.S.).
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