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ABSTRACT Of the five known dopamine receptors, Djs
and D, represent the major subtypes expressed in the striatum
of the adult brain. Within the striatum, these two subtypes are
differentially distributed in the two main neuronal populations
that provide direct and indirect pathways between the striatum
and the output nuclei of the basal ganglia. Movement disorders,
including Parkinson disease and various dystonias, are thought
to result from imbalanced activity in these pathways. Dopa-
mine regulates movement through its differential effects on Dy
receptors expressed by direct output neurons and D, receptors
expressed by indirect output neurons. To further examine the
interaction of D15 and D, neuronal pathways in the striatum,
we used homologous recombination to generate mutant mice
lacking functional D, receptors (Dja—/—). Dja—/ — mutants
are growth retarded and die shortly after weaning age unless
their diet is supplemented with hydrated food. With such
treatment the mice gain weight and survive to adulthood.
Neurologically, D;s—/— mice exhibit normal coordination
and locomotion, although they display a significant decrease in
rearing behavior. Examination of the striatum revealed
changes associated with the altered phenotype of these mutants.
D;a receptor binding was absent in striatal sections from
Dja—/— mice. Striatal neurons normally expressing func-
tional D;4 receptors are formed and persist in adult homozy-
gous mutants. Moreover, substance P mRNA, which is colo-
calized specifically in striatal neurons with D;, receptors, is
expressed at a reduced level. In contrast, levels of enkephalin
mRNA, which is expressed in striatal neurons with D, recep-
tors, are unaffected. These findings show that Dj,—/— mice
exhibit selective functional alterations in the striatal neurons
giving rise to the direct striatal output pathway.

The pivotal role played by dopamine receptors in the patho-
physiology and treatment of Parkinson disease (1) and schizo-
phrenia (2) and in the mode of action of addictive drugs such
as amphetamine and cocaine (3, 4) is well established. Of the
five known dopamine receptor subtypes (5), the D;4 and D,
receptors account for the vast majority of dopamine recep-
tors (6) expressed in the striatum. The D; 4 (also known as D
in the primate system) and D, receptor subtypes are ex-
pressed mainly by spiny projection neurons, which account
for 90-95% of the striatal neuron population (7). These
striatal neurons may be subdivided into two major types on
the basis of their axonal projections. One type provides a
direct projection to the output nuclei of the basal ganglia: the
substantia nigra and entopeduncular nucleus (the internal
segment of the globus pallidus in primates). The other type
provides projections to the globus pallidus (the external
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segment of the primate globus pallidus). As this latter type is
connected indirectly to the output nuclei of the basal ganglia
through connections with the subthalamic nucleus, the two
output pathways are referred to as the direct and indirect
output systems. Striatal neurons giving rise to the direct
pathway express high levels of the D;5 dopamine receptor
subtype and the neuropeptides substance P and dynorphin,
whereas neurons giving rise to the indirect pathway express
high levels of the D, dopamine receptor and the peptide
enkephalin (7). The levels of peptide expression in these
neurons provide an assay of their activity (7), as neuropeptide
levels correlated with firing rates in target neurons (1).

Current models suggest that imbalanced activity in the direct
and indirect pathways is responsible for clinical movement
disorders (8). A number of studies have demonstrated that
dopamine oppositely effects these two output pathways through
their differential expression of the D; 5 and D, receptors (7). For
example, depletion of striatal dopamine with lesions of the
nigrostriatal dopamine pathway in animal models of Parkinson
disease results in reduced expression of substance P in direct
output neurons and increased enkephalin expression in indirect
striatal output neurons. Moreover, these changes may be se-
lectively reversed with selective dopamine receptor agonist
treatments, so that D, agonist treatment normalizes substance
P levels whereas D, agonist treatment normalizes enkephalin
levels (9). While these studies have demonstrated the differen-
tial role of D; 4 and D, receptors in striatal function, important
questions concerning the interaction between these neuronal
pathways remain. To provide an experimental animal model to
address these questions, gene targeting by homologous recom-
bination (10) was used to produce mutant mice which lack
functional D;4 receptors.

MATERIALS AND METHODS

Construction of Targeting Vector. The targeting construct
pKO0.3 (Fig. 1) contains 7.0 kb of 129/Sv-derived D;5 dopa-
mine receptor genomic sequence in pPNT (11). The 3.4-kb 3’
homologous flank, consisting of an Xba I-BamHI fragment
isolated from clone pAA4.1, was subcloned between the Xba
I and BamHI sites of pPNT. The 5’ genomic flank was
introduced into pPNT by using a number of intermediate
subcloning steps, resulting in the subcloning of a 3.6-kb
BamHI-HindIIl fragment (from pA9 M) into the 5’ cloning
site.

Abbreviations: ES cell, embryonic stem cell; ALS, acid-labile subunit

of insulin-like growth factor/insulin-like growth factor-binding protein

3 ternary complex.
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FiG. 1.

Restriction map of the D;4 gene, the homologous recombination targeting vector pK0.3, and the predicted restriction map following

a successful recombination event. B, BamHI; E, EcoRI; H, HindIIl; X, Xho I; Xb, Xba I; N, Not I, NEO, neomycin phosphotransferase gene;
TK, thymidine Kinase gene. The probes used in Southern analysis and the predicted length of restriction fragments are also shown (see Materials

and Methods).

Gene Targeting and Generation of Mouse Mutants. Tissue
culture of embryonic stem (ES) cells and conditions for elec-
troporation of the targeting construct have been described (12).
By a strategy of simultaneous positive selection with G418 (350
png/ml) and negative selection with ganciclovir (2 uM), the gene
was successfully targeted in the J1 line (13) of ES cells (a gift
from R. Jaenisch, Whitehead Institute). Homologous integra-
tion events were identified by Southern blotting (14). The
hybridization probes and the predicted sizes of fragments
generated by the endogenous and targeted alleles are shown in
Fig. 1. Recombination was detected at the 5’ end by digesting
genomic DNA with EcoRI and hybridizing the Southern blot
with probe A (0.35-kb EcoRI-BamHI fragment isolated from
clone pA9). The normal allele was 4.3 kb long and the recom-
binant allele was 7.5 kb. Correct recombination at the 3’ end
was verified by digesting DNA with HindIII and hybridizing
with probe B (0.6-kb BamHI-HindIII fragment). The normal
allele was 4.8 kb and the recombinant allele was 5.8 kb. The
presence of a single integration event was demonstrated by
probing a blot of HindIII-digested genomic DNA with a neo-
mycin phosphotransferase gene-specific probe (probe NEO).
Blastocyst injections were as described (13). Mice heterozy-
gous for the D;5 dopamine receptor deletion (Dy5+/—) were
generated by mating male chimeras with C57BL/6 females.
Dia—/— mutant mice were generated from heterozygous
mouse intermatings.

Neurological and Behavioral Analysis of Mutants. Five- to
six-week-old male mice were used for neurological and
behavioral studies. All mice were provided with hydrated
laboratory chow on the cage floor from the time of weaning
and were caged individually for at least 2 days prior to testing.
Neurological examination used a modification of a published
procedure (15). Mice were examined for the presence of
primitive reflexes. The righting reflex was tested in two ways:
(i) the ability to land on four paws when dropped from an
initial upside down position from a height of 40 cm onto a soft
surface and (i) an immediate turning onto four paws when
released from a position in which mice were held with their
back to the cage floor. Placing and grasp reflexes were tested
as described (15). Coordination was tested by walking mice
along a 0.6-cm-diameter wooden bar 15 cm above ground
level and by using a tilting polystyrene platform. Normal
mice placed on a platform will turn around and head up the
platform as it is rotated from 0° to 90° over a 3-sec period.

Locomotion was assessed by counting the number of line
crossings in a square open field (60 cm X 60 cm, divided into
nine squares) over a 15-min period. Grooming and rearing
events were determined over the same time period in the
open field. Akinesia was examined as described (16).

Receptor Autoradiography and Homogenate Binding. Bind-
ing of a radioiodinated D; receptor antagonist, 125I-labeled-
SCH23982 (100 pM), on 10-um coronal brain sections was
assessed by autoradiography (17). Sections were exposed to
reflection autoradiography film (DuPont/NEN) for 22 hr and
the film was developed on a Kodak M35A X-Omat processor.
Membrane assays were performed as described (18) with 0.04
mg of protein per ml and 1 uM (+)-butaclamol to define
nonspecific binding.

In Situ Hybridization. Oligonucleotide probes complemen-
tary to the mRNA encoding the D;4 dopamine receptor (D1.1,
5'-CCTTCGGAGTCATCTTCCTCTCATACTGGA-
AAGGGCAGGAGATAGCCC-3', and D1.3, 5'-GACAG-
GGTTTCCATTACCTGTGGTGGTCTGGCAGTTCTTG-
GCATGGAC-3') and the peptides substance P and enkephalin
(19, 20) were labeled with 33S-tagged deoxyadenosine mono-
phosphate (AAMP) tails of =25 bases in length (20) and used for
in situ hybridization studies of striatal sections.

Metabolic and Endocrine Analysis. Blood urea nitrogen, a
measure of renal function, and serum calcium, a reflection of
parathyroid hormone activity, were determined by a DuPont
Dimension autoanalyzer. Basal growth hormone activity was
assessed by measuring liver mRNA levels for the acid-labile
subunit of the 150-kDa insulin-like growth factor/insulin-like
growth factor-binding protein 3 ternary complex (ALS) (21).
Northern blots (22) were hybridized with a 1.3-kb rat ALS
full-length cDNA probe.

RESULTS

The D; 5 dopamine receptor-deficient mice were derived from
ES cells in which one of the D;, receptor alleles was
specifically mutated by homologous recombination. Disrup-
tion of the coding sequence was detected by screening
independent ES cell clones for homologous integration of the
targeting construct pKO.3. Positive clones contained an
inactivated D;5 receptor allele due to the insertion of the
neomycin phosphotransferase gene into a HindIII restriction
site located in the region of the D;, gene which encodes the
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fifth predicted transmembrane domain (Fig. 1) and by the
removal of 0.75 kb of downstream coding sequence. The
excised genomic sequence encodes the predicted third intra-
cytoplasmic loop, a region believed to interact with G pro-
teins (5). Multiple clones contained a single neomycin phos-
photransferase gene insert (Fig. 2B) flanked by the predicted
recombinant 5’ (Fig. 2A) and 3’ (Fig. 2B) sequences. Two
independently isolated ES cell clones, D39 and D134, were
used to generate chimeric mice that transmitted the mutated
allele to their offspring. Southern analysis of tail DNA from
progeny of heterozygous matings revealed the predicted
restriction pattern for the normal (Dijo+/+), Dia+/—, and
D;a—/— genotypes (Fig. 2C). '

Although normal in weight up to 2 weeks of age, Djpo—/—
mice were significantly growth retarded at weaning age (week
3) (Fig. 3). Dia—/— mice appeared sick, with a poorly
groomed coat and a hunched posture. Five out of six mice
homozygous for the mutated allele caged under normal
conditions, in which dry laboratory chow is supplied in food
wells on the cage top, failed to gain weight and died within a
week of weaning. D;4 —/— mice (n = 18) separated from their
Dia+/— or D1a+/+ littermates and supplied with moistened
laboratory chow looked healthy and gained weight, although
they reached only 70% of the weight of their normal sex-
matched littermate controls at 6 weeks (Fig. 3). There were
no deaths in heterozygous or normal littermates over this
same period of observation. The same phenotype was present
in D;o—/— mice derived from two independently targeted ES
cell clones. D;ao—/— mice had normal righting, placing, and
grasp reflexes. Coordination and the results of specific tests
for akinesia were also normal. Although D;5—/— mutants
appeared to be somewhat less active when examined in the
open field test (15), the locomotor activity did not differ
significantly from that of normal controls. However,
D;a—/— mutants displayed significantly fewer rearing events
than D;a+/+ littermates [mean = SEM, 19.0 = 8.5 (n = 11)
vs. 65.9 = 9.3 (n = 17); P < 0.002, ANOVA]. Although
reduced in number the rearing events appeared normal.

The D; o dopamine receptor is known to be expressed in the
parathyroid gland (23, 24) and the proximal renal tubule (25).
To determine whether altered parathyroid or renal function
might be responsible for the growth-retarded phenotype, we
measured serum calcium and blood urea nitrogen. The levels
of calcium and blood urea nitrogen were not different among
the groups. Furthermore, bone architecture and calcification
were also normal, making hypoparathyroidism unlikely.
Basal growth hormone activity, as reflected in liver ALS
mRNA levels, was normal (data not shown).

Autoradiographic receptor binding with 125I-labeled
SCH23982 demonstrated an absence of D; receptor binding
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Fic. 3. Comparative postnatal weights of normal and Dja—/—
mice. Weights (mean = SEM) of normal (n = 6, open bars), and
homozygous (n = §, filled bars) males were recorded in the indicated
postnatal weeks. The two groups differed in weight from week 3
onward. *, P < 0.01; **, P < 0.001 (two-factor ANOVA, 1 test).

in the brains of Dja—/— mice, whereas D;o+/+ and
Di1a+/— animals displayed comparable signals in the cau-
date/putamen, nucleus accumbens, the olfactory tubercle
(Fig. 4). Total binding in D;5—/— mutants was identical to
that of nonspecific binding as defined by addition of 1 uM
SCH23390 to the incubation buffer (data not shown). In a
more sensitive and quantitative assay (homogenate receptor
binding), heterozygous tissue displayed a reduced receptor
number (Fig. 5), consistent with disruption of a single D;5
dopamine receptor allele. The minor signal above back-
ground seen in D;5—/— mice probably reflects binding of
[BH]SCH23390 to 5-HT2a and 5-HT,c serotonin receptors,
which exhibit significant affinity for this ligand (18) and are
expressed at low levels in the striatum.

Brains were analyzed for expression of mRNA encoding
the D4 receptor, the substance P, and enkephalin. Coronal
sections through the striatum of normal mice showed D;5
receptor mRNA distributed in the caudate/putamen, nucleus
accumbens, and olfactory tubercle. Brain sections probed
with an oligonucleotide probe (D1.3) complementary to
mRNA normally transcribed from the gene sequence ex-
cluded from the targeting vector, and therefore absent from
the disrupted allele, showed a reduced signal in D;4+/— and
complete absence in D;o—/— animals (Fig. 4). However,
striatal sections from D;5—/— mutants probed with an oli-

C Hind 1l

FiG. 2. Genomic analysis of targeted ES cell
clones and mouse DNA. Recombination was de-
tected at the 5’ end by digesting ES cell DNA with
EcoRI and hybridizing the Southern blot with probe
A (A). Recombination at the 3’ end was verified by
digesting DNA with HindIII and hybridizing with
probe B (B Left). A single integration event was
confirmed by hybridizing HindIII-digested DNA
with probe NEO (B Right). J1 represent wild-type-
derived ES cell DNA; D39 and D134 represent two
independently targeted ES cell clones. Genotyping
of tail derived DNA revealed the expected pattern
for normal D39 (+/+), heterozygous D39 (+/-),
and homozygous D39 (—/—) animals (C). Numbers
at right of each panel indicate fragment size in
kilobases.
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gonucleotide (D1.1) complementary to mRNA transcribed
from the upstream gene sequence retained in the 5' homol-
ogous flank showed a definite although reduced hybridization
signal (Fig. 4) relative to normal mice.

To assess the activity of the direct and indirect pathways,
substance P and enkephalin neuropeptide mRNA levels were
measured. The striatal expression of substance P was re-
duced in D14 —/— mutants, relative to D;4+/+ mice (Fig. 4);
the reduction was comparable in degree to the change seen in
6-hydroxydopamine-treated rats (9). In contrast, enkephalin
mRNA (Fig. 4), encoding a neuropeptide essentially confined
to the D, subpopulation of striatal neurons, was unaltered in
homozygous mutants.

DISCUSSION

The precise physiological role played by the D;4 dopamine
receptor is unclear, as studies performed to date have not
specifically inactivated this receptor subtype. Lesion exper-
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FiG. 5. Saturation binding analysis with [PH]SCH23390, using
striatal membranes prepared from D;4 normal (+/+), heterozygous
(+/-), and homozygous (—/—) mice. Specific binding is shown.
Transformation of the data into Scatchard coordinates revealed the
following binding parameters: normal, K4 = 410 pM, Bmax = 1.7
pmol/mg of protein; heterozygous, Ka = 380 pM, Bmax = 0.7
pmol/mg of protein. The specific binding in the homozygous animals
was <10% of the total binding. These experiments were performed
twice using two sets of animals, with similar results.
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Fic. 4. Autoradiographic film labeling from
coronal sections through the striatum from a normal
mouse (+/+) (top row), a homozygous mouse
(—/-) (middle row), and a heterozygous (+/—) D1a
mouse (bottom row). Column 1, autoradiographic
binding with 125]-labeled SCH23982; column 2, in
situ hybridization histochemistry (IHSS) for Dia
mRNA labeling obtained with a probe (D1.3) di-
rected against the excised portion of the D14 gene;
enkephalin column 3, ISHH labeling of D1 mRNA obtained

mRNA with a probe (D1.1) directed against the retained
portion of the D;4 gene; column 4, ISHH labeling
of substance P mRNA; column 5, ISHH labeling of
enkephalin mRNA.

iments in which the mesostriatal dopaminergic projections
are destroyed by intracerebral injection of the neurotoxin
6-hydroxydopamine essentially deprive all dopamine recep-
tor subtypes of endogenous ligand. In addition, drug studies
with D; antagonists such as SCH23390 fail to discriminate
between D;4 and D, p subtypes (5). Homologous recombina-
tion was used to generate two independently derived mouse
lines in which the D4 dopamine receptor gene was specifi-
cally inactivated. The lack of mRNA encoding the Dja
receptor, together with the results of tissue autoradiography
and striatal homogenate binding, confirm the lack of func-
tional D;4 receptors in Dj4—/— mice.

As demonstrated by the in situ hybridization studies with
both the upstream D; oligonucleotide and substance P
probes, striatal neurons which normally express the Dia
dopamine receptor gene are generated and persist in the adult
striatum of homozygous mutants. This finding is significant
given that a number of studies have suggested a role for
dopamine in striatal development. For example, D;4 recep-
tors are expressed when striatal neurons are still neuroblastic
in appearance (26). Also, D; receptor agonists inhibit growth
cone motility (27) suggesting that modulation of dopamine
receptor activity may perturb synaptogenesis and cell sur-
vival. Our results, however, suggest that D;4 receptor integ-
rity is not required for survival of striatal neurons.

The striking feature of D;, receptor null mutants is the
growth retardation apparent at about 3 weeks of age. Ho-
mozygous mutants separated at weaning age and caged under
normal laboratory conditions failed to gain weight and usually
died within a week. In contrast, homozygous mutants caged
away from heterozygous or normal littermates and given
hydrated laboratory chow on the cage floor survived and
gained weight. The growth retardation could not be explained
on the basis of hypoparathyroidism, renal failure, or a
reduction in growth hormone activity. Motivated behaviors,
including feeding and drinking, have long been known to be
critically linked to dopamine function. In fact, aphagia and
adipsia are major consequences of dopamine depletion in
animal models of Parkinson disease (28-30). Animals with
severe dopamine depletion, as seen after bilateral adminis-
tration of 6-hydroxydopamine, have to be fed via intragastric
tube for a critical period after lesioning in order to survive (30,
31).
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During the open-field test, D4 dopamine receptor null
mutants showed a decreased number of rearing events.
Rearing is considered part of a rodent’s repertoire of spon-
taneous exploratory activities. Pharmacological studies have
shown that the frequency of rearing events can be increased
by D, receptor activation and decreased by D, receptor
blockade (32-37). While some of these studies might indicate
a somewhat higher sensitivity of rearing than locomotor
activity for D; receptor blockade (32), it is clear that D,
receptor modulation influences other behaviors including
locomotion, sniffing, and grooming. Although there was
substantial variation within the two groups, D;o—/— mice
did not differ significantly from D;o+/+ animals in the
amount of locomotor activity shown in the open field. Our
findings of decreased rearing rates and essentially unchanged
locomotor activity in adult animals lacking functional D,
receptors suggest that rearing may be more closely associated
with D; receptor-mediated processes than locomotion.

Reduced substance P expression together with the finding
of normal enkephalin mRNA levels is consistent with the
postulated role of the D;4 receptor in activating the direct
pathway. The changes in peptide levels are known to corre-
spond to changes in the metabolic activity in these pathways,
as measured with 2-deoxyglucose metabolism (38, 39) and the
induction of immediate early genes such as c-fos (40-42).
Reduced substance P expression in D;5—/— mutants pro-
vides compelling in vivo evidence that the D;, receptor
specifically modulates the activity of the direct striatonigral
pathway. The specificity of this effect is further supported by
the unaltered enkephalin mRNA levels expressed in D,
receptor-regulated striatopallidal neurons.

D1a dopamine receptor mutant mice will most likely be
useful for further study of basal ganglion function. For
example, the lack of locomotor abnormalities may reflect
some compensatory change in the D,;-modulated indirect
pathway. Homozygous mutants may therefore provide a
sensitive in vivo model system in which to screen novel
psychotropic drugs for their potential to antagonize D, re-
ceptors and thereby produce movement disorders. Further-
more, indirect-acting dopamine receptor agonists such as
cocaine and amphetamines are also thought to act via mech-
anisms mediated by D;-like dopamine receptors (3, 43),
although the exact molecular subtype is undefined. Djo—/—
mice will therefore afford an opportunity to explore this
question as well as examine D;p dopamine receptor function
in a D;4 dopamine receptor null background.
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