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Abstract—Within the D,-class of dopamine receptors, thedhd D; subtypes share the highest degree of
similarity in their primary structure. However, the extent to which these two receptor subtypes have similar
or different functional properties is unclear. The present study used gene targeting to generate mice
deficient for B, D3, and D/D; receptors. A comparative analysis of Bnd D; single mutants and
D3 double mutants revealed tha/D; double mutants develop motor phenotypes that, although qualita-
tively similar to those seen in Dsingle mutants, are significantly more severe. Furthermore, increased
levels of the dopamine metabolites dihydroxyphenyl acetic acid and homovanillic acid are found in the
dorsal striatum of Psingle mutants. The levels of these metabolites, however, are significantly higher in
mice lacking B and D; receptors. In addition, results of immunoprecipitation experiments revealed,that D
single mutants express higher levels of il@ceptor proteins during later stages of their postnatal devel-
opment.

These results suggest thaj i2ceptors compensate for some of the lackingdzeptor functions and
that these functional properties of Beceptors, detected in mice with g Biutant genetic background,
remain masked when the abundantr&ceptor is expresse®.1999 IBRO. Published by Elsevier Science
Ltd.

Key words gene targeting, homologous recombination, dopaminerd2eptors, dopamine jDreceptors,
locomotion, dopamine metabolism.

Four major neuronal systems of the brain use dopamphetamine. Two functionally distinct classes of
mine (DA) as the principal neurotransmitter toDA receptors are known. They are designated as
modulate locomotor behaviour (nigrostriatathe D, class of receptors (D Ds) and the D class
system), motivated behaviour (mesolimbic systemf receptors (B, D3, D4) which couple to stimulatory
learning and memory (mesocortical system), and ttend inhibitory subsets of heterotrimeric G proteins,
release of prolactin (tuberoinfundibular systemyespectively’*2 Although some differential distribu-
Dopamine receptors are expressed in the targetstmfn of the various subtypes of DA receptors is
these pathways as well as in DA synthesizinthought to exist, the anatomic distribution of these
neurons. They are targets for drugs with antipsychoeceptor subtypes also shows substantial regional
tic potency and they are involved in mediatingoverlap. In addition, efforts to identify distinct func-
effects of psychostimulants such as cocaine aribns of receptor subtypes that belong to the same
functional class, and that show significant similari-
ties in their primary structures, suffer from the lack
*Both authors contributed equally to this work. of antag,c’mSt.S, selective for some of the more
*To whom correspondence should be addressed at Columbigcently identified receptor subtypes.
University, Departments of Psychiatry and Neuroscience, In the past few years a number of laboratories has
1051 Riverside Drive, Box 28, New York, NY 10032, U.S.A.therefore turned to gene targeting as a more precise

8Present address: Institute for Experimental Pathology, ZMB A T .
University of Muenster, D-48149, Germany I%aipproach to determining distinct functions of DA

AbbreviationsDA, dopamine; DOPAC, dihydroxyphenylacetic feceptor subtypes. For example. Stydies qrabd .
acid; EDTA, ethylenediaminetetra-acetate; ES, embryoniD, mutants revealed significant differences with
stem; HPLC, high-performance liquid chromatographyregard to motor and motivated behaviour influenced
HVA, homovanillic acid; IP, immunoprecipitation; P, post- bX these receptor subtypes. WhereasriDtant mice

natal day; RT—PCR, reverse transcriptase—polymerase chain, ., . . . ]
reaction; TH, tyrosine hydroxylase; TMD, transmembran@xmb't locomotor hyperactivity and fail to mediate

spanning domain. the locomotor stimulant effects of cocaine and
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amphetaminé®3 D, mutant mice show locomotor pD22dPgkNetpolyAlessa 2 kb Bam HI/Hind Ill restriction
hypoactivity and postural abnormalities, and the%agment of exon 2 of the Pgene was replaced with the

f . . .. poly(A*)less PGK-nebcassette. The deleted region of the
fail to experience the rewarding effects of opioi » gene comprises sequences located immediately down-

drugs®* Moreover, studies on Dand D receptor stream of the first ATG, encoding the amino terminal extra-
mutant mice have provided direct evidence for Dcellular domain, transmembrane spanning domain (TMD) 1,

and D receptor-mediated control of expression ofhe first intracellular domain, and the majority of TMD 2 of

; ; ; the D, receptor (Fig. 1A). The replacement of the majority
the striatal peptides dynorphin and enkephallr%f exon 2 in this targeting vector by the PGK-feassette

resp_ecftlvelyz.'sﬁs . results in a null-mutation of the yene due to the lack of a
Within the D; class of dopamine receptors, the Dsplice-site flanking the némassette at the’Send, and
receptor is structurally most closely related tg Dbecause of the presence of a stop codon in theeguence
receptors, suggesting that functional compledf the inserted PGK-néaassette (which is in-frame with
mentarity between these two receptor subtypdi€ firstATG triplet codon of the Pgene).
W . . ptor. YPESThe isolation and characterization of thed®ne has been
may exist in anatomic regions where their expreseported previously! For construction of the Preplace-
sion overlaps:*® However, the lack of ligands with ment targeting vectopD33iPGKnedRey a 7 kb Sal |

sufficient Dy receptor selectivity141%.20.30compli-  restriction fragment of the {yene comprising ‘Bequences

cates the elucidation of distinct functional propertie%a'?;jo?o Za alr_‘g ki S)’fr?g?_”:g: |°:e§?r?éﬂgnef)ﬁ§3 rﬁemagf ?rrét

of Ds receptors. Studies on mice deficient for the Dimogified) plasmid pkJ# containing the PGK-née

receptor are therefore of great value, and two recepdly(A+) cassette. The’®nd of this ligation product was

studies on such mice have already shown that tltfeen ligated to a 0.8 kb Apa I-Xba | restriction fragment that

motor phenotype of these mutants bears no resefRE! e Bo e T certed info.

blance to the prolngunced locomotor hypoactmt?he Sal I-Xba | cloning sites of pBluescript SK-}.

seen in [ mutants: The following modifications were then made to enhance
In order to investigate in more detail the extent tehe selection of homologously recombinant embryonic stem

which the homologous Dand D, receptors have (ES) cells (see Ref. 32): A 0.4 kb Bam HI restriction frag-

i ; ; ; ent of the above construct was released to remove the
similar or different functional properties, we usecg‘GK_poly(N) signal sequence of the riegene. Further-

the gene targeting approach to generate mice lackififye "5 9.5 kb Eco RV-Xba | restriction fragment contain-
D, and D; receptors so that results of studies on thesgy the PGK promotor was placed’ Zind outside the
single mutants could be directly compared to resultargeted homology and, finally, a poly{(Asignal sequence
obtained with B/D5 double mutants. was placed 5to the PGK nebcassette. The insertion of
the PGK-neb&poly(A*)less cassette into coding-exon 3 of
the D; gene results in a premature termination of the open
reading frame of B mMRNA at sequences encoding the
EXPERIMENTAL PROCEDURES putative second intracellular domain of the, Beceptor
Fig. 2A).
2% 10" mouse R1 ES cells (kindly provided by Dr Andras
Nagy; Samuel Lunenfeld Research Institute, Toronto,
A 129Sv mouse genomic library was screened to isolatéanada) were transfected via electroporation withu§5
the genes that code for the Bnd D; receptor. To isolate the of linearized plasmid DNA (targeting vectors) in 0.8 ml of
D, gene, two oligonucleotide probes’{6TCGGACTCA- a buffer described by Thomas and Capecéhising the
ACAATACAGACCAGAATGAGTGTATCATTGC-3' Bio-Rad Gene Pulser (400 V; 3267). Twenty-four hours
(sense strand) and-EAGAGTGACGATGAAGGGCAC- after transfection, the cell culture medium was supple-
GTAGAATGAGACAATGGAGGAGTAGACCACAAAG- mented with the selection drug (0.35 mg/ml of G418), and
GCAGGGTTGGTAC-3 (anti-sense strand) correspondingseven to nine days later, G418-resistant stable transfectants
to sequences that code for partially overlapping regions gfere isolated. Restriction fragments of DNA isolated from
the putative third cytoplasmic domain of the ratrBceptof  these clones (P Bam HI; D,: Eco RV) were analysed by
were used for the initial screening of the library. Two overSouthern blotting to identify wild-type and mutant alleles.
lapping clones were isolated that together comprise exdturthermore, for each of the identified homologous recom-
sequences coding for the entire, Beceptor protein. The binant clones the number of integration events was deter-
precise localization of the exons was mapped by endmined by cutting their DNA 5to the inserted néecassette
nuclease restriction-site analysis, Southern blot hybridizand downstream (in the’ 8lirection) of the targeted homol-
tion using cDNA and genomic DNA as probes, and direcogy. A 3%P-radiolabeled probe that encodes the neomycin-
nucleotide sequence analysis. resistance gene was used to identify the size of its restriction
For construction of the Preplacement targeting vector fragment on Southern blots. The homologous recombination

Isolation of D, and D; receptor genes and targeted gene(
disruption in mouse embryonic stem cells

Fig. 1. D, knockout. (A) Genomic structure of the,Blone isolated from a 129/Sv-type mouse genomic library (top), and structure
of the replacement targeting vecad22dPgkNedpolyAlesgbottom). Black horizontal bars indicate locations of exon sequences.
In the replacement targeting vector, a 1.7 kb fragment representsgbetin of the targeted homology and comprises&juences
of intron 1 and 5 sequences of exon 2. Thé énd of this DNA fragment was ligated to a PGK-h@oly(A*)less cassette which
replaces a 2 kb Bam HI/Hind Il restriction fragment of the d&ne. The 3portion of the targeted homology is a 5.5 kb Hind Il
restriction fragment of the Pgene that contains exons 3 to 5. (B) Left: Southern blot of Eco RV-digested tail DNA obtained from
offspring of heterozygous crosses. The blot was probed witfPaadiolabeled DNA (5ext. probe, see Fig. 1A) comprising
sequences located upstream of the targeted homology. Middle and right: northern blots of MRNAs extracted from the dorsal striatum
of wild-type (+/+) mice, and heterozygous-(—) and homozygous-/—) D, mutants. Ten micrograms of total RNA was loaded
on to each lane. The blot in the middle was probed witfPaUTP-labeled antisense riboprobe complementary to sequences of the
entire exon 2 of the Pgene. The blot on the right was probed witl¥?®-radiolabeled random-primed 0.52 kb Pst | restriction
fragment of the rat enkephalin gene.
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Fig. 2. Targeted disruption of thez@ene. (A) Genomic structure of the wild-typg @cus (top), the corre-
sponding clone isolated from a 129/Sv-type mouse genomic library (middle), and structure of the replacement
targeting vector (bottom). The position of exon sequences is indicated by black horizontal bars. B, Bam Hl; Sl,
Sal I; X, Xba I. (B) Left: Southern blot of Bam HI-digested tail DNA obtained from offspring of heterozygous
crosses. The blot was probed witFR-radiolabeled DNA (HR probe) comprising sequences located downstream
of the targeted homology (see Fig. 2A). Middle: Southern blot of RT—PCR-amplified full-lengtinRNA
obtained from cDNA templates of wild-type+(+), heterozygous«/—) and homozygous-{/—) D; mutants.

Both Dy and Dys amplification products of 1317 and 1254 nts co-migrate on this gel. Right: Ethidium-bromide-
stained RT—PCR products obtained with primers that amplify sequences coding for the amino-terminal first three
transmembrane-spanning domains of theézeptor. (C) Northern blots of RNA extracted from brains of wild-
type, and from+/— and —/—D; mutants. The blot on the left was probed witfH?®-UTP-labeled antisense
riboprobe complementary to the sequence of exon 2 of fgeeDe. Twenty micrograms of brain RNA and 19

of RNA extracted from the dorsal striatum were loaded on to each lane. The blot on the right contagefl0
dorsal striatal RNA per lane and was probed wiffRxlabeled random-primed 0.52 kb Pst | DNA fragment of the

rat enkephalin gene.
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frequencies were 1 in 13 for the;Dene and 1 in 21 for the metabolites. Protein concentrations were determined from
D, gene. For each homologous recombinant, only a singthe remaining tissue pellets using the BCA Protein Assay
integration of the replacement targeting vector was detecte@ierce, Rockfort, IL, U.S.A.). HPLC-measured transmitter
and metabolite levels were corrected for mg of protein and
are expressed as mearS.D. of measurements obtained
from five animals per genetic group.

All animal experiments were carried out in accordance
with the National Institute of Health Guide for the Care andy q+in~diac i P ; ;
Use of Laboratory Animals. All efforts were made to avoi?ntlbOdles’ immunoprecipitations and immunoblotting
or minimize animal suffering and to reduce the number of Immunoprecipitation (IP) experiments were performed as
animals used. previously describeé In brief, the concentration of solu-

For each of the two genes targeted, ES cells of four homailized protein was determined with the BCA Protein Assay
logous recombinant clones were injected into blastocys{®ierce). Samples containing equal amounts of protein were
isolated from fertilized C57BI/6 female mice. Injectedpre-cleared with protein G agarose (@D Boehringer—
blastocysts were implanted into the oviduct of ICR or SWMannheim, Indianapolis, IN, U.S.A.) and subsequently
one-day-pseudopregnant mothers. The resulting malecubated with primary antibody (a mouse monoclonal
chimeric offspring were then bred with C57BI/6 femalesanti-Dy/IgG antibody® at £C for 15 h. After adding 4@l
and transmission of the mutant allele to agouti offspringf protein G agarose slurry, the incubation was continued for
was verified by Southern blotting of tail DNA. For each ofat least 2 h. The protein G—antibody—antigen complexes
the two knockouts, male chimera transmitted the mutamtere boiled for 5 min in XLaemmli buffer (containing
allele to 50% of their offspring. Cross-breeding of thes&% B-mercaptoethanol) and the entire IP was separated on
F1 heterozygous mutants produced F2 hybrids in whickodium dodecyl sulphate—polyacrylamide gel -electro-
the D, and the @ mutant alleles segregated in a Mendeliarphoresis, transferred to membrane (Immobilon PVDF;
fashion. Genomic Southern blot analysis of tail DNAs of FMillipore, Bedford, MA, U.S.A.) and analysed on western
and F2 offspring confirmed the,Fig. 1B; left panel) and blots that were probed with a mouse monoclonal anti-D
D; receptor gene mutation (Fig. 2B, left panel) in theségM antibody? (dilution: 1:250). Bound antigen was visua-
mice. Homozygous Pand D; mutants were obtained by lized using a peroxidase-conjugated secondary antibody
cross-breeding the respective heterozygous mutants. (goat anti-mouse Ig[G- M], Kirkegaard and Perry Labora-

In order to generate ID; double mutants, homozygoustories, Gaithersburg, MD, U.S.A.), in conjunction with
D, males were mated with homozygougf®males. Viable, enhanced chemiluminescence (Pierce).
normally developing and fertile offspring were obtained that
are heterozygous for both mutations and that are gros
indistinguishable from wild-type mice. Cross-breeding o
these heterozygous double mutants resulted in offspri
that carried all expected genetic combinations of the
and D; mutant alleles (single mutants:3B/—, Ds—/—, Total cytoplasmic RNA was extracted from dissected
D,+/—, D,—/—; double mutants: E{+/—)/Dy(+/—), mouse brain tissue using the guanidine/cesium chloride
Ds(+/=)IDx(—/—), Ds(—/=)Dy(+/—), and Dy(—/—)/ ultracentrifugation methoel.For northern blotting, RNA
D,(—/-) and, as expected for a Mendelian distribution ofvas separated on 1.2% formaldehyde/agarose gels, trans-
these alleles, wild-type and homozygous double mutantsrred to Zeta Probe blotting membrane (Biorad, Hercules,
occurred with a frequency of 1 in 16. CA, U.S.A)) and probed with thé?P-radiolabeled cDNAs
specified in the legends to the appropriate figures. For poly-
merase chain reaction (PCR) experiments, first-strand
cDNA was synthesized from 10g of total RNA using an

Male mice at postnatal age P70 were housed individuallgligo-dT;s primer in conjunction with 200 units of Moloney
at least 48 h prior to assessment of their locomotor activitMurine Leukemia Virus (M-MLV) reverse transcriptase
Mice were then placed into locomotor activity boxesUnited States Biochemical, Cleveland, OH, U.S.A.). Full-
(dimensions: 2& 20x 15 cm) mounted with photobeam length Di-encoded cDNA was amplified by PCR using the
cells (AccuScan Instruments, Columbus, OH, U.S.A.). Thprimer pair D3%: ATGGCACCTCTGAGCGAG and D33
horizontal frames of these boxes consist of an@array of GGCTTTGCGGAACTCTATGT. Amplification of the
beams. For each mouse, a sequential record of the numbamsino-terminal @ cDNA was achieved with the pair of
of beam interruptions in the horizontal sensor as well as thgimers D3% and mD313: GATGGCACAGAGGTTCAG.
total distance traveled (measured in cm) was recorddebr exponential reverse transcription (RT)-PCR experi-
(Integra System, AccuScan Instruments). Locomotanents, the carboxyl terminal half of the mousg dDNA
activity levels were monitored during uninterrupted 20 twas amplified by PCR using the primer pair’-5
sessions to assess activities during light and dark phas@&GACTTCGGTGGTGTCCTTC/5GGCTTTGC-
In each session, an equal number of wild-type,add D; GGAACTCTATG and equal aliquots of the first strand
single mutants, and fD; double mutants was tested.cDNA reaction. For PCR with templates of each genotype,
Comparisons between genetic groups of mice weifive PCR tubes containing equal aliquots of one PCR
conducted using a two-sample Student'®est for inde- mastermix were taken to different endpoints (10, 15, 20,
pendent samples with unequal variance. 25 and 30 cycles of amplification). The respective PCR
products were analysed on Southern blots probed with a
3?P-radiolabeled cDNA encoding the mousgrBceptor.

Generation of B, D3 and D,/D3 receptor mutant mice

orthern blotting, reverse transcriptase—polymerase chain
action and exponential reverse transcriptase—polymerase
ain reaction

Locomotor activity

Electrochemical detection of dopamine and metabolites

Tissue levels of dopamine and its metabolites were deter-
mined using high-performance liquid chromatography
(HPLC)-coupled electrochemical detection [HPLC mode, : : :

CEAS 5500; C-18 column (ESA)] as described by Potho?'enera’[Ion of mice lacking D D; and Dy/Ds

et al.?’ In brief, brains were rapidly removed and kept on icd €CEPLOrs

while the dorsal striatum was dissected. Dissected tissues ; : P
were then homogenized in 0.4 N perchloric acid (1:10; wet Gene targeting via hc_)molog_oys recombination
weight/vol)/100pM EDTA and centrifuged for 20 min at Was used to generate mice deficient fordnd D
15,000 r.p.m. The supernatants were analysed for DA afigéceptors (see Experimental Procedures).

RESULTS
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A movements) and postural abnormalities (hunched
posture, sprawling of hind legs). However, these
motor abnormalities become apparent only after
postnatal day 15 (P15), reach their most severe
state between P30 and P45 (the mortality at this
age is about 20%) and then improve significantly.
Mice between P15 and P45 are smaller than their
wild-type littermates and their body weight is
reduced by~20%. The late postnatal onset of
motor abnormalities is consistent with the ontogeny
of D, receptor expression which is low at birth and
increases continuously in the dorsal and ventral
striatum to reach adult levels atP211°

In order to quantitatively compare the locomotor
activity of adult wild-type and homozygous ,D
mutants, male mice at postnatal age P70 were placed
into locomotor activity boxes (see Experimental
Procedures) to record the total number of horizontal
photobeam interruptions and the total distance
traveled by the animals. The postnatal age P70 was
chosen because, at this age, body weight and size
differences between wild-type and mutant animals
are no longer apparent. Thus, these parameters
cannot account for possible differences in measure-
ments of locomotor activity.

The locomotor hypoactivity of Pmutants is most
Fig. 3. Locomotor activity of wild-type, Band Dy single  gpparent under non-habituating conditions. As

mutants, and BD; double mutants. (A) Values represent theshown in Fig. 3, significant differences between

meant S.E.M. of total horizontal photobeam cell interruptions il h l
recorded during the first 30 min spent in the test chamber. (8yild-type and omozygous Dmutant littermates
Values represent the meanS.E.M. of the total distance Were found for both the horizontal activity recorded

traveled during the same test-period. Seven animals per genegiger the first 30 min spent in the test chamber during
group were tesieo!- DM, 4D, homozygous dOUb'i*”?Uta_"_“Si the light phase of the light/dark cycle (4747361
WT, W|Id-tYpec.anﬁlgn|_f|cantly different from WT, **signifi- counts vs 2082 235 countsP < 0.01) and the total
y different from [ mutants. N . .
distance traveled during this time (884110 cm vs
262+ 63, P < 0.001).

The targeted disruption of the;[gene resultsina  Our targeted disruption of thez@ene results in a
null mutation of the R receptor (Fig. 1A). The male premature termination of PmRNA at sequences
and female D homozygous mutants that we generencoding the putative second intracellular domain
ated are fertile and their offspring can be weanegf the D;receptor (Fig. 2A). In contrast to the pheno-
three to four weeks after birth. Northern blot analytypic appearance of homozygous Bwtants, the
sis of RNA extracted from the dorsal striatum (thelevelopment and the gross behaviour of hetero-
anatomic region with highest density of Beceptor zygous and homozygouss;DPnutants did not differ
expression) of wild-type, and heterozygous anftom wild-type littermates. In order to prove the
homozygous Pmutants showed &50% reduction absence of full-length PmRNA in homozygous
in D, mRNA in heterozygous mutants and amutants, RT-PCR analysis was performed with a
complete absence of ,DMRNA in homozygous pair of primers that target the full-length open read-
mutants (Fig. 1B, middle panel). In addition,ing frame of b mRNA (see Experimental Pro-
compared to wild-type, homozygous, Dnutants cedures). As shown in Fig. 2B (middle panel),
express ~3-fold higher levels of enkephalin only wild-type mice and heterozygous mutants, but
MRNA in the dorsal striatum (Fig. 1B, right not homozygous mutants, express the full-length D
panel). This finding was expected (see also Ref. W)RNA. However, as also shown in Fig. 2B (right
because enkephalin mRNA is co-expressed with panel), the mutant Pallele is transcribed. Thus,
receptors in medium spiny neurons of the striatopaheterozygous and homozygous mutants express a
lidal pathway in which activation of Preceptors truncated @ mRNA that encodes only the first
inhibits the transcription of the enkephalin gede. three transmembrane spanning domains of the

The motor phenotype observed in adult homareceptor.
zygous mutants qualitatively resembles the pheno- As shown in Fig. 3, the locomotor activity of male
type previously described for [Dmutants? It homozygous B mutants at postnatal age P70,
is characterized by a pronounced bradykinesassessed with measurements of horizontal photo-
(locomotor hypoactivity, delayed initiation of beam interruptions and total distance traveled as
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described above, did not significantly differ fromlocomotor activity of all mice, regardless of their
wild-type littermates (horizontal photobeam intergenotype (habituation). Then, during the dark
ruption (wild-type vs B mutants): 4747 361 cycle, the locomotor activity of wild-type andsD
counts vs 3777 409 countsP > 0.2; total distance mutants peaks again between 6.00p.m. and
traveled: 804t 110 cm vs 839 267 cm,P>0.5). 11.00 p.m. During this time, however, no locomotor
Finally, mice deficient for both Pand D; recep- activity is recorded for Pmutants and BD; double
tors were generated by mating homozygous Dnutants (not shown). This suggests that the locomo-
males with homozygous Pfemales to obtain tor hypoactivity of these mutants is, in fact, more
heterozygous BD; double mutants which were severe than the measurements made during the
then further crossed to obtain homozygous doublight cycle indicate.
mutants. All offspring are unremarkable at birth.
However, the mortality of homozygous doubl
mutants is ~30% and, compared to single,D
mutants, death occurs at earlier postnatal ages (i
between P4 and P15). Furthermore, between P15The differences in the severity of locomotor
and P60, the body weight of double mutants iBypoactivity between B and D/D; mutants
~15% lower than that of homozygous, Inutants. suggested a synergistic effect of Exceptor inacti-
Interestingly, the postural abnormalities of homovation on the development of the, Bnutant loco-
zygous double mutants resemble those seen nmotor hypoactivity. We next sought to determine
homozygous Dmutants, but their locomotor activ- whether alterations in biochemical indices of dopa-
ity is more severely impaired. As shown in Fig. 3minergic activity show similar synergistic effects of
the locomotor activity of adult male homozygou®D, and D; receptor inactivation. Therefore, levels of
double mutants determined at postnatal age P70\ and its metabolites dihydroxyphenylacetic acid
significantly reduced not only when compared t¢DOPAC) and homovanillic acid (HVA) were deter-
wild-type but also when compared to, bnutants. mined for D, and D; single and YD; double
The total number of horizontal photobeam interrupmutants using HPLC-coupled electrochemical
tions measured during the first 30 min of the tedetection (see Experimental Procedures). For these
period is 2082t 235 for homozygous Pmutants studies, 10-week old male animals were used and the
and 1066t 78 for homozygous BD; double results are summarized in Table 1. Compared to
mutants and this difference is statistically significantild-type, no alteration in the levels of DA and its
at P<0.01. Furthermore, significant differencesmetabolites DOPAC and HVA are found in the
were also found for the total distance traveledorsal striatum of heterozygous and homozygous
during this test period (homozygous, Dnutants: D;mutants. Similar results are obtained from double
262+ 63 cm vs homozygous double mutantsmutants that are heterozygous for both mutant
150+ 20 cm;P < 0.01). alleles. Surprisingly, although Dreceptors are
Furthermore, we tested two additional types atought to be powerful autoreceptors, homozygous
double mutants that are heterozygous for one am} mutants do not show dramatic changes in
homozygous for the other mutant alleles(©—/ the levels of DA. However, their levels of
D,—/— and D;—/—/D,+/-). Similar to D, single DOPAC and HVA are increased by50%. Similar
mutants, the parameters of locomotor activity ofesults are obtained fromsD-/—)/D,(+/—) mice.
D3+/—/Dy,—/— and D;—/—/D,+/— double mutants Ds(+/—)/Dy(—/—) and Dy(—/—)/Dx(—/—) double
differ significantly from wild-type P <0.001). mutants, however, show «100% increase in the
They are, however, still significantly differentlevels of DA metabolites. Interestingly, only these
from those of homozygous double mutants (horiatter results mimic precisely the classically known
zontal photobeam interruption: ¢B/—/D,—/—): consequence of chronic neuroleptic treatment,
P<0.001 and (—/—/D,+/—): P<0.05; total namely a two- to three-fold stimulation of striatal
distance traveled: (-/—/D,—/—): P<0.01 and DA metabolism due to a lack of DA utilization.
(D3—/—I/D,+/-): P<0.05). Our results therefore indicate that the effects of
In conclusion, the motor phenotype of./D; classical neuroleptics used in the earlier stutfies
double mutants is qualitatively similar to the phenoare mediated via blockade of these two receptor
type observed in homozygous Biutants. However, subtypes. (Note that the measurements summarized
the absence of bothfand D; receptors results in a in Table 1 of DA and metabolites in homozygous
significantly greater severity of these motor abnornmdouble mutants and heterozygoug mutants were
alities. Furthermore, as noted above, differencasbtained from an experiment that was performed
in the motor activity between wild-type and,D independently from the experiment on the other
and D/D; mutant mice are most apparent duringnutants. The line drawn through the table separates
the first 30 min of exposure to locomotor activitythe two experiments from each other and each of the
boxes (measured between 1.00 p.m. and 2.00 p.nwo experiments has their own wild-type control.)
light cycle). Records of the locomotor activities Despite the increased accumulation of DA meta-
during subsequent hours indicate virtually ndolites the steady-state levels of the neurotransmitter

elndices of dopaminergic activity infDD; and D,/D3
receptor mutant mice
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Table 1. Levels of dopamine and metabolites in the striatum,pDR and B/D; mutant mice

Genotype DA (ng/mg protein) DOPAC/DA (%) HVA/DA (%)
Wild-type 92.7+ 8.8 3.9+0.3 10.4+0.3
Ds—/— 101.9+15.4 4.2+0.1 12.8+1.8
D,—/— 94.3+10.7 5.9+ 0.4 153+ 1.7
D,+/— 92.0x7.1 4.6+0.1 14.4+0.4
Dy(+/—)ID3(+/—) 104.1+19.5 4.4£0.2 13.2£1.2
Dy(+/=)ID3(—/-) 101.4+12.4 5.9+ 1.2 16.5+ 3.1¢
Dy(—/—=)/Dg(+/-) 107.0+ 11.7 8.1+1.2¢ 247+ 3.8
Genotype DA (ng/mg protein) DOPAC/DA (%) HVAI/DA (%)
Wild-type 100.5+ 14.7 6.6-0.4 9.2+ 0.01
Dy(—/—)IDg(—/-) 93.5+14.1 13.0+0.6° 18.3x 2.4
Dg+/ — 96.0+18.1 6.8-0.8 9.3+0.7

All data are corrected for mg of protein and expressed as meal. of measurements obtained from five animals per group.
DOPAC and HVA levels of B—/— mutants and B{+/—)/Ds(—/—) and Dy(—/—)/Ds(+/—) mutants are significantly higher than
the corresponding wild-type leveld(< 0.001;°P < 0.01;°P < 0.05; P < 0.05;°P < 0.05;'P < 0.01). DOPAC and HVA levels
of Dy(—/-)/Ds(—/—) mutants differ significantly from corresponding levels oj-B— mice at 9P <0.001 and"P < 0.05
(Student’st-test).

DA itself are indistinguishable in all genotypesappreciable affinities to other neurotransmitter/
including homozygous double mutants. Furthempeptide receptors, such as serotonin and sigma
more, the expression of the rate-limiting DA-receptor$®® (see Discussion). We therefore chose
synthesizing enzyme tyrosine hydroxylase (TH)o determine the levels of Pprotein during the
determined with immunoblots using a mous@ostnatal development of ,Dmutant mice with
monoclonal anti-TH antibody (Incstar, Stillwater,immunoprecipitation (IP) experiments. For these
MN, U.S.A)), is unaltered in the dorsal striatum ofexperiments, the dorsal striatum was dissected and
all mutants (not shown). It should be notedproteins extracted from the brain (-striatum) and
however, that the latter result does not exclude thatriatum were analysed separately. For each genetic
possibility that the activity of the TH enzyme, modu-group, proteins extracted from at least four animals
lated by its various phosphorylation staté$’ is of different litters were pooled and the protein
altered in brains of these mutants. concentration in each pooled lysate was determined
In conclusion, the combined inactivation of, D (see Experimental Procedures). Protein (7 mg/ml)
and Dy receptors increases the severity of the Dwere used for IP experiments in which Proteins
mutant locomotor hypoactivity and results inwere immunoprecipitated with our Bpecific
steady-state levels of DA metabolites in the dorsahonoclonal antibody IgG/D% The entire protein
striatum that are significantly higher than thos&-antibody—antigen complex was then analysed on
found in D, single mutants. western blots probed with our IgM/D3 antibcdy
(see Experimental Procedures). Additional western
blots tested whether aliquots of each IP lysate
(50 wg of total protein per aliquot) contain equal
levels of TH immunoreactivity. A representative
The results summarized above suggest that Dexample of these control experiments on IP lysates
like functional properties of Preceptors become obtained from wild-type and heterozygous and
unmasked in mice with a Dmutant genetic back- homozygous b mutants at P45 and P60 is shown
ground. They further suggest the possibility thain Fig. 4A (bottom left panel).
compensatory changes in the expressiongEdep- As shown in Fig. 4A, three molecular forms o D
tors in brains of B mutant mice can diminish the protein are found in mouse brain. These molecular
severity of a D mutant phenotype. To begin toforms correspond to the monomerie 0,000 mol.
address this issue we tested whether mice deficiamt), dimeric (~100,000 mol. wt) and tetrameric
for D, receptors show an increased expressionpf ~200,000 mol. wt) B proteins that we have
receptors. recently reported to be expressed in rat, monkey,
The very low abundance of fmRNA compli- and human braif® The expression of Pproteins
cates conventional non-PCR-based quantitative wild-type brains, however, decreases significantly
determinations of B mRNA levels. Furthermore, between postnatal ages P15 and P30. A further
radioligand binding studies are less suited to tegradual decline in Bprotein levels is observed in
whether the absence of ,Dreceptors results in these mice between postnatal ages P45 and P60, and
an altered expression of ;Dreceptors becausethe lowest levels of Pproteins are detected in adult
currently available Bpreferring ligands also have brains (P90). This is best seen for the tetrameric

Expression of Breceptors in brains of B mutant
mice
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Fig. 4. Dy Receptor expression during postnatal developmentofiltant mice. (A) Western blot of PDPs (1G/
Dj3) obtained from 7 mg of total protein extracted from brain tissues of mice at postnatal ages P15 to P90. The
blots were probed with the monoclonal IgM/D3 antibody. The IP-antibody (IgG/D3) band co-migrates with the
monomeric Q protein of~50,000 mol. wt. The top three panels shoyioteins extracted from brain (-striatum)
tissues, the bottom right panel showsoteins extracted from the striatum. Note the increased expression of the
tetrameric Q) protein of ~200,000 mol. wt in @ mutants which becomes apparent at postnatal age P30. The
bottom left panel shows the expression of TH immunoreactivity ipn§®f brain (-striatum) protein lysates used
for the P45 and P60 IP experiments. (B) Expression PfMRNA in brains of adult B mutant mice. Southern
blots of RT-PCR amplified carboxyl terminakBDNAs. Equal aliquots of first-strand cDNA reactions were
amplified by exponential PCR for 10, 15, 20, 25, and 30 cycles. The blots were probe#fRvithdiolabeled
cDNA encoding mouse PNote that for the PCR analysis of each genotype, five reaction tubes containing equal
aliquots of one PCR mastermix were taken to different endpoints of the PCR amplification. A mieidiDA,
known to represent an mRNA species expressed in mouseBiaiocp-amplified late (25 to 30 cycles) during the
PCR amplification. The apparent decrease in €NA seen after 30 cycles of amplification is likely to be an
artifact resulting from B /D3s hybrids during the primer-annealing step of the PCR.
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form of the Dy protein which, as we have reportedD; receptor expression that is characteristically
earlier?® is the most abundant protein speciefound in wild-type mice.
found in D; IPs. Furthermore, in mouse brain, There is, at present, no evidence for a comple-
dimeric D, proteins are most prominent at P15, butentary increase in fxeceptor expression in brains
they are barely detectable at later postnatal agesf.D; mutants. Results of radioligand binding studies
It should also be noted that the determination afhowed that the lack of freceptors does not result
the abundance of the monomeric form of thg Din a compensatory increase irn, Beceptor binding
protein is obscured by the co-migration of the sites:¥” Furthermore, results of northern blots of
chain of the IP antibody (which is of identicalmRNA extracted from the dorsal striatum and
mass and also recognized by the secondary arftiem extrastriatal tissues of our mutants show that
body) on sodium dodecyl sulphate—polyacrylamidéhe expression of PmRNA is not altered in brains
gel electrophoresis. of adult D; mutants (Fig. 2C). In addition, the

It is of interest to note that the above-determinedxpression of striatal enkephalin mRNA, known to
onset of B-protein down-regulation coincides withbe tightly regulated by Preceptor activation (see
the developmental age at which the expressionof @bove), is not significantly altered in these mutants
receptors reaches mature levElsn heterozygous (Fig. 2C).
and homozygous P mutants, however, such a
gradual postnatal down-regulation of; protein
expression is not observed. At P15, the expressi
of D; protein in heterozygous and homozygous D
mutants is indistinguishable from wild-type. At P30, The findings that, compared to homozygous
however, homozygous D mutants continue to double mutants, B§+/—)/Ds(—/—) double mutants
express higher levels of Pprotein. Furthermore, differ in the severity of their locomotor hypoactivity
at P45, P60, and P90, the levels of Proteins (see Fig. 3) but show similar increases in DA meta-
expressed in brains of heterozygous and homozgelism (see Table 1) suggest the possibility that, in
gous O mutants are substantially higher than théeterozygous BPmutants, the co-expression of the
corresponding ones expressed in wild-type. Theuncated amino-terminal peptide (encoded by the
results shown in the upper three panels of Fig. 4Autant 3 allele; see Fig. 2C) and the wild-type
were obtained from IP experiments on brain (-striareceptor results in a dominant negative effect on
tum) proteins. Similar results were obtained wittsome, but not all, functions of {¥eceptors. A simi-
proteins extracted from the dorsal striatum of thedar suggestion was made in an earlier study of Accili
brains. One representative result obtained fromt al.! who generated Pmutant mice that are geneti-
wild-type and homozygous Dmutants at P60 is cally almost identical to our Pmutants, e.g. these
shown in Fig. 4A (bottom right panel). mice express a truncated amino-terminalp@ptide

To test whether the increased expression of Rlerived from the mutant Pallele. Interestingly,
protein in brains of B mutants results from an these authors also showed that their heterozygous
increased transcription of thes@ene, exponential D; mutants have lost almost alt?flJiodosulpiride
RT-PCR experiments were performed to allow thbinding to D; receptors. Thus, if the mutant amino-
amounts of Q cDNA, amplified after 10, 15, 20, 25, terminal D; peptide indeed has dominant negative
and 30 cycles of PCR amplification, to be compareaffects on some of the functions of wild-type; D
A Southern blot of these amplification products iseceptors, one possibility is that it alters the expres-
shown in Fig. 4B. The result of this experiment doesion of the wild-type receptors to render them
not suggest that the increased [otein expression inaccessible to ligand binding. In this regard it is
in heterozygous and homozygous mutants is due of interest to note that we have recently shown that
to an increased transcription and/or increased stabdeme of the B oligomers expresseéh vivo are
ity of D3 mRNA. Neither the earliest time of the heteromeric assemblies of;Peceptor proteins and
PCR-based detection nor the amount gfdDNA a natively expressed, truncated amino-termingl D
amplified during the exponential phase of the PCRke protein Dy,.2>?° Because these results demon-
reaction differs for wild-type, and heterozygous angtrated that truncated amino-terminal ;-like
homozygous Pmutants. It is therefore likely that an peptides patrticipate in Preceptor oligomerization
increased translation ofINRNA and/or posttrans- they suggested the possibility that the truncated D
lational protein-stabilizing modifications of the;D protein expressed in our Dnutant mice competes
protein are responsible for the increased levels ofith wild-type D; and other native Blike mole-
Ds receptors. cules for b receptor oligomerization. This

In conclusion, the above data indicate that the lagirompted us to analyse the expression gfr&cep-
of D, receptors is accompanied by an increasedrs in wild-type mice and heterozygous Dutants
expression of Breceptor protein. The increasedwith IP experiments similar to those shown in Fig. 4.
expression of B protein in brains of D mutants The results shown in Fig. 5 illustrate that hetero-
becomes apparent only after postnatal age P15 aryhous @3 mutants accumulate monomeric forms of
appears to result from a lack of down-regulation ofhe D; protein, but they do not express the dimeric

tered expression of Pproteins in brains of
eterozygous pmutants
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(~100,000 mol. wt) and tetramerie-00,000 mol. striatum VMB  Brain
wt) D; proteins that are found in wild-type brains. {5k =XMEB)
Although small amounts of Pproteins of higher e /- T

molecular weight can also be detected in brains «

heterozygous Pmutants, the mass of these molekpa

cules is less than that of wild-type dimericzD

proteins, suggesting that these are heteroligomeygg. ' z o

of full-length and mutant B proteins. (In contrast ‘

to the experiments shown in Fig. 4, larger amount

of total protein were immunoprecipitated in the

experiments shown in Fig. 5 in order to be able t

clearly visualize dimeric and tetramerig proteins

expressed in adult mouse brains.) i3 4
Our data suggest that the expression of the mute ..i e .

amino-terminal @ peptide inhibits the formation of ‘

wild-type Ds-receptor oligomers in heterozygous D ey -

muFantS. The lack of wild-type Doligomers in Fig. 5. D; IPs of proteins extracted from brains of adult wild-

brains of heterozygous {Inutants may be respon-pe (1/+) and heterozygous/ - ) Ds mutants. Proteins

sible for the dominant-negative effects of the mutandere extracted from the striatum, ventral midbrain (VMB), and

amino-terminal @ peptide on some functions of;D the remaining brain tissue (-Str.; -VMB). Ten milligrams/milli-

receptors, namely those mediated bydligomers. liter of prot_eins were immunoprecipitated with the monoclonal
P y bydhg 1gG/D; antibody and the blot was probed with the monoclonal

IgM/D3 antibody. Note that both wild-type andt/— Ds
DISCUSSION mutants do not expressz@ligomers in the VMB. In the other
brain regions of+ / — D3 mutants, however, wild-type{®ligo-

The present study employed gene targeting Bersare absent and the position of the band representing abnor-
generate Pand D; single and YD; double mutant mal D; oligomers is indicated by an arrowhead.
mice. A comparative study on these single and
double mutants has identified synergistic effects aéceptors is significantly increased compared o D
inactivation of ) and D, receptors on the impair- single mutants, despite the fact that; Bingle
ment of locomotor activity and on the increasednutants do not develop motor abnormalities that
accumulation of dopamine metabolites in the dorsaésemble those of Dmutants. In this regard it is
striatum. Results from immunoprecipitation experiof interest to note that, in contrast to wild-type
ments further indicate an increased expressionsof nice, D, mutants do not down-regulate the expres-
proteins during the postnatal development of Dsion of D, proteins between postnatal age P15 and
mutant mice. P30, suggesting that jDreceptors can partially

Does the increased expression of proteins compensate for the loss of,Deceptors during late
resultin increased expression of functionalrBcep- postnatal development. Such a potential compensa-
tors that can compensate for some of the functiontibn cannot occur in mice lacking both,2nd Dy
properties of D receptors? The finding that micereceptors and, consistent with the suggested D
lacking D receptors develop normally, even in theeceptor-mediated functional compensation, the
absence of a compensatory increase of the far mar®tor abnormalities of the double mutants persist
abundant D receptor, does not exclude the posinto adulthood.
sibility of a D; receptor-mediated compensation Secondly, the observation that the onset of post-
for the lack of B receptors, and two observationshatal down-regulation of Pprotein expression in
suggest that the increased expression ppbteins wild-type mice coincides with the maturation of D
diminishes the severity of Dmutant phenotypes. receptor expressidh further suggests that some

Firstly, the postnatal development of the motofunctional properties are shared between both recep-
phenotype of D mutants develops only after post-tor subtypes.
natal day 15. This relatively late postnatal onset of Some of the results obtained with studies on our
motor abnormalities is consistent with the postnatd), and Dy single mutants differ from results
development of Preceptor expression, which is lowpublished previously. Firstly, whereas we found no
at birth and increases continuously in the dorsal artifferences in the locomotor activity between wild-
ventral striatum to reach adult levels atP21!® type and Q mutants, Acciliet al.* and Xuet al.*’
However, whereas the severity of motor abnormateported a locomotor hyperactivity of their 3D
ities in D, single mutants peaks between postnatahutants. This apparent difference is probably due
age P30 and P45 and then improves substantiallp, differences in time intervals of behavioral
the severity of the motor abnormalities of,/D; measurements. Accikt al.* and Xuet al® evalu-
double mutants persists into adulthood. Moreoveated the locomotor activity of their Pmutants
during all stages of postnatal development, thduring the first 15 min of exposure to the test
locomotor hypoactivity of mice lacking Dand D;  environment. However, as shown by ai al.,%’

123-

ol -
89- - -
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the hyperactivity of @ mutants habituates rapidly, distribution of D, receptors described with radio-
thus leading to activity levels of Pmutants that, ligand binding studies is indeed most accurately
after 15—-20 min of exposure to the test chambereflecting the expression of this receptor subtype.
are identical to locomotor activities of wild-type The development of new $selective ligands,
mice. Because our study compared the locomotbowever, will certainly help to clarify this issue.
activity of wild-type and mutant mice during a 30- Finally, our immunoprecipitation studies per-
min test period it is likely that an initial and rapidly formed on tissues of heterozygous; Dnutants
habituating hyperactivity of Pmutants was insuffi- demonstrate an absence of wild-type digomeric
cient to result in significantly increased numbers foproteins in brain regions where they are normally
their locomotor activity measured over a 30-mirfound. Moreover, we found that not all brain regions
period. of wild-type animals express oligomers. For
Secondly, the motor phenotype of ous Bingle example, the ventral midbrain is devoid of oli-
mutants is qualitatively and quantitatively similar togomers but expresses monomers (see Fig. 5). This
that described by Bailkt al? In contrast, Kellyet suggests the possibility that autoreceptors are
al.’® generated B mutant mice that developedexpressed exclusively as monomers, and that at
normally and showed no significant motor abnormleast a portion of postsynaptic ;Dreceptors are
alities as a consequence of the lack of ceptor oligomers whose functions would be affected by
expression. In this regard it should be noted that, ithe expression of the mutant;[peptide in brains
contrast to Bailet al.>and the present study, Kelt of heterozygous B mutants. This would further
al.’® did not generate a null mutation of the Bene imply that the lack of autoreceptors is largely
but rather disrupted the gene at a sequence encodimegponsible for the development of the abnormal
the third cytoplasmic domain of the,DPeceptor. A locomotor phenotype, and it would explain why
potential role of truncated dopamine receptofin contrast to the results of our study that deter-
subtypes (some of which are natively expressed) isined the tissue levels of dopamine metabolites)
only beginning to emerge?® and it is possible that no dominant-negative effects on locomotor activities
the targeted disruption of the,@ene executed by were detected in P+/—/D,—/— double mutants.
Kelly et al.'8 results in the expression of a relatively
long, truncated amino-terminal ,0protein (which CONCLUSIONS
consists of five transmembrane-spanning domains) ) i )
which can partially mask the functional conse- A comparative analysis of Dand D single
quences of a Pknockout. mutants and DDz double mutants |Qentlf|ed dIS.tII’lCt
Thirdly, it is noted that two different approachesfumt'ons of [ receptors that remain masked in the
to determine the expression of Eeceptors in brains Presence of the abundant Beceptor. The absence
of D, mutant mice have given different results. oupPf both D; and D receptors leads to a potentiation of
IP experiments, performed withsBpecific mono- SOMe of the phenotypes that are character|{5t!c for D
clonal antibodie€? detected an increased expressiofingle mutants, namely locomotor hypoactivity and
of D, protein during the postnatal development of pincreased metabpllsm of stnapa] d(_)pamme_. Further-
mutants. In contrast, a previous study of Batkal2 MOre, results of immunoprecipitation studies show
evaluated the anatomic distribution of Beceptors that D, mutant mice express higher levels of D
by means of visualizing Pradioligand binding sites, receptor protein during Ia_ter stages of their postnatal
and these authors failed to detect an increasgd Bevelopment. Thus, studies on/D; double mutant
receptor expression in brains of aduly Butants. Mice have begun to identify functional properties of
It should be noted, however, that discrepancidss réceptors that appear to compensate for some of
also exist with regard to the anatomic distributiorin® functional properties of Lreceptors.
of D3 receptors when results of radioligand binding
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