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The D4 receptor (D4R), a member of the dopamine D2-
like receptor family, has been implicated in the patho-
physiology of several diseases and has been the target of
various investigations regarding its distribution and
quantification. The brain distribution of the D4R has been
well described in various species, but the quantification
is still an issue of controversy, because no specific ligand
is commercially available. To circumvent this difficulty we
have performed a biochemical and autoradiographical
study in brain samples obtained from mice lacking D4Rs
and their wild-type siblings; comparison of their binding
parameters allows a more accurate quantification of the
members of the D2-like receptor family (D2, D3, and D4
receptors). We found that the distribution of D2-like re-
ceptors in mouse brain is similar to that of rat brain, i.e.,
caudate putamen, nucleus accumbens, olfactory tuber-
cle, and hippocampus. The contribution of the D4R to the
overall population of D2-like receptors is 17% in nucleus
accumbens, 21% in caudate putamen and olfactory tu-
bercle, and 40% in hippocampus. Based on our study we
conclude that nemonapride probably binds to nondo-
paminergic sites that if not properly blocked may lead to
overestimations of D4R levels. We observed that the
experimental condition that better estimates the density
of D4 receptors is the displacement of D2 and D3
[3H]nemonapride binding sites with cold raclopride. J.
Neurosci. Res. 59:202–208, 2000. © 2000 Wiley-Liss, Inc.
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The neurotransmitter dopamine and its receptors
have been the major target of investigations aimed at
understanding the pathophysiology of schizophrenia, Par-
kinson’s disease, Huntington’s chorea, tardive dyskinesia,
and affective disorders such as mania, among others
(Baldessarini and Tarazi, 1996). Five dopamine receptor
subtypes have been identified, which were divided into
two subfamilies: the D1-like (D1 and D5) and the D2-like
(D2, D3, and D4) receptor subtypes, based on their mo-
lecular and neuropharmacological similarities. Among the

latter group, the D4R differs from the D2 and D3 recep-
tors by showing high affinity for the atypical antipsychotic
clozapine (Van Tol et al., 1991) and a distinct mRNA
distribution localized mainly to limbic and cortical struc-
tures rather than to the nigrostriatal pathway (Mansour
et al., 1991; O’Malley et al., 1992). These observations led
to the hypothesis that the D4R might contribute to the
pathophysiology of psychoses and therefore be a potential
target for selective antipsychotic drugs (Seeman, 1995;
Kahn and Davis, 1995). More recently the D4R has also
been implicated in attention deficit hyperactivity disorder,
mood disorder, and Parkinson’s disease (Tarazi and
Baldessarini, 1999).

Localization of the D4R protein has been achieved
to date employing basically two different methodologies,
tritiated ligand binding and immunocytochemistry. Most
of the D4R ligand binding studies were performed em-
ploying the indirect method described by Seeman et al.
(1993a) that involves the subtraction of binding sites de-
fined with the selective D2/D3 antagonist [3H]raclopride
from total D2-like binding sites determined with the an-
tagonist [3H]nemonapride. This method was used both in
biochemical binding assays (Seeman et al., 1993a,b; Sum-
iyoshi et al., 1995) and in quantitative autoradiography
(Murray et al., 1995; Lahti et al., 1995; Defagot and
Antonelli, 1997). An alternative binding method incorpo-
rates cold raclopride in the [3H]nemonapride binding re-
action at a concentration that blocks only D2 and D3
receptors (Tarazi et al., 1997). Combined data collected in
these autoradiographic studies coincide in suggesting that
the D4R is localized in hippocampus, frontal and ento-
rhinal cortex and nucleus accumbens in both rat and
human brains. Some discrepancies arise regarding the den-
sity of D4Rs in the basal ganglia. A novel custom-
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synthesized specific D4R ligand [3H]NGD 94-1 was em-
ployed in two recent studies and showed that D4Rs are
localized mainly in entorhinal cortex, hippocampus, and
hypothalamus in both rat and human brains (Primus et al.,
1997; Lahti et al., 1998). Other methods such as
[3H]clozapine binding failed to detect D4Rs (Flamez et al.,
1994). In parallel, immunohistochemical studies showed
that the D4Rs are present mainly in cerebral cortex,
hippocampus, and thalamus in the monkey brain (Mrzljak
et al., 1996) and in cerebral cortex, hippocampus, thala-
mus, and caudate putamen in the rat brain (Ariano et al.,
1997; Defagot et al., 1997).

In spite of all the work done over the past several
years, the quantification of the D4R remains controversial.
The density of D4Rs was originally reported to be ap-
proximately 10% of the total population of D2-like recep-
tors in human striatum (Seeman et al., 1993a). However,
later reports that employed the subtraction method in
human and rat brains showed a wide variety of D4R levels
(Reynolds and Mason, 1995; Murray et al., 1995; Sum-
iyoshi et al., 1995; Lahti et al., 1995, 1996; Defagot and
Antonelli, 1997), with values as high as 62% in human
ventral caudate nucleus (Murray et al., 1995). The sub-
traction method would be reliable only if the tritiated
ligands were specific for the dopaminergic receptors.
However, it has been reported that [3H]nemonapride
binds to other nondopamine receptors, such as sigma and
serotoninergic receptors (Tang et al., 1997; Helmeste et
al., 1996, 1997). Therefore, the calculated abundance of
D4Rs may be overestimated owing to nemonapride bind-
ing to non-D2-like receptors that raclopride is unable to
displace.

Knockout mice lacking the expression of a particular
receptor provide a useful tool to study its distribution and
density. Rubinstein et al. (1997) produced mice lacking
D4Rs by means of homologous recombination in embry-
onic stem cells. The mutation produced a truncated 131-
amino-acid polypeptide, of which the first 91 residues
correspond to the D4R N-terminus. The mutant mice
displayed locomotor supersensitivity to ethanol, cocaine,
and methamphetamine, and it was suggested that the D4R
modulates motor behaviors as well as the activity of ni-
grostriatal dopamine neurons. To establish more precisely
the experimental conditions to measure D4R binding sites
using commercially available ligands, we compared bio-
chemical and autoradiographic binding protocols in brain
samples obtained from both mice lacking D4Rs and their
wild-type siblings.

MATERIALS AND METHODS

Materials

[3H]nemonapride and [3H]raclopride were purchased
from New England Nuclear Co. (Boston, MA). LKB Ultrofilm
was obtained from LKB Instruments (Gaithersburg, MD) and
S(2)-raclopride from Research Biochemicals International
(RBI; Natik, MA). All other chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO).

Mice lacking the D4R were originally generated in Port-
land, Oregon. Subsequently, breeding pairs were sent to Buenos
Aires, Argentina, where a separate breeding colony was estab-
lished. All mice tested were 8–12 week old F2s (129sv/Ola 3
C57B1/&J) that were intercrossed for more than 10 generations.
Animals were housed in the same sex groups of five or six with
free access to food and water and were used while weighing
25–30 g. The vivarium was maintained at 20–22°C on a 12 hr
light/dark cycle (lights on at 0700).

Preparation of Synaptosomes

Synaptosomes were prepared as described by Alvarez
Maubecin et al. (1995). D4R1/1 and D4R2/2 mice were
killed by decapitation and the brains were rapidly removed.
Caudate putamen, hippocampus, and frontal cortex were dis-
sected out on ice and homogenized in buffer containing 10 mM
HEPES (pH 7.4), 0.32 M sucrose, and 1 mM MgCl2 (1 g
tissue/10 ml buffer) using a Teflon-glass homogenizer. The
homogenate was centrifuged at 1,000g for 10 min. The super-
natant was then centrifuged at 12,000g for 20 min, and the pellet
(crude synaptosomal fraction) was resuspended in the same
buffer solution and further purified in a Percoll gradient. Three
discontinuous Percoll gradients were prepared in 9 ml rimmed
polycarbonate tubes consisting of 2.3 ml Percoll (10%, 15%,
23%; vol/vol, in buffer containing 0.32 M sucrose, 1 mM
MgCl2 adjusted to pH 7.4 and centrifuged at 32,500g for 14 min
at 4°C. The bands between 10% and 15% Percoll layers (pure
synaptosomal fraction) were removed, slowly diluted (1:4) in
binding buffer, and centrifuged at 28,000g for 15 min. The pellet
was resuspended in the binding buffer (see below) to a final
protein concentration of 5 mg/ml. Protein content was deter-
mined by the method of Lowry et al. (1951).

Ligand Binding

The saturation binding curves were carried out in concen-
trations of [3H]nemonapride ranging from 0.05 nM to 1 nM and
[3H]raclopride ranging from 0.2 nM to 8 nM. Ligand binding assays
were performed by incubating the synaptosomal preparation for 60
min at 22°C in a final volume of 500 ml binding buffer (50 mM
Tris-HCl, pH 7.8, 120 mM NaCl, 5 mM KCl, 5 mM MgCl2, 1.5
mM CaCl2, and 1 mM EDTA). The reaction was stopped by
adding 2 ml cold binding buffer and by rapid filtration through
Whatman GF/B filters. The filters were washed twice with 2 ml of
the same buffer and assayed for radioactivity in a liquid scintillation
counter (45–50% efficiency). Specific binding was calculated by
subtracting the binding observed in the presence of 50 mM sulpiride
(nonspecific binding: 30–35%).

Autoradiographic Binding Assays

D4R1/1 and D4R2/2 mice were anesthetized and
perfused with ice-cold heparinized (1 U/ml) saline via cannula
in the left cardiac ventricle. The brain was removed from the
cranium and further chilled by immersion in 4°C saline for 3–5
min. The whole brain was frozen by immersion for 15–20 sec in
freon (240°C) and stored at 285°C. Sagittal and coronal cryo-
sections (12 mm) were thawed mounted onto gelatin-coated
slides and dried on a warm plate for 30 sec. Two sections were
mounted per slide. The slides were stored dessicated at 285°C
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for up to 1 month without significant changes in radioligand
binding.

Slide-mounted mouse brain sections were preincubated
for 20 min at room temperature in 25 mM Tris-HCl buffer, 100
mM NaCl, and 1 mM MgCl2, pH 7.5. Sections were then
incubated at room temperature for 60 min in fresh buffer with
1 nM [3H]nemonapride (D2, D3, D4 radioligand) with or
without 1 mM of S(2)-raclopride, to occupy D2/D3 sites
selectively. Following incubation the sections were rinsed in the
medium without ligand at 4°C for 10 min and dipped three
times in cold distilled water. The sections were dried using a
stream of air at room temperature and then placed on a warm
plate (60°C) for 30 sec. Slides with tissue sections and radioac-
tivity standards (14 sections of metacrylate plastic impregnated
with tritium: 0.02–7.39 mCi/g; American Radiolabeled Chem-
ical, St. Louis, MO) were apposed to LKB Ultrofilm at 4°C for
28 days for [3H]nemonapride. Films were processed in Kodak
Dektol developer for 4 min. Specific binding was calculated by
subtracting the binding observed in the presence of 80 mM
sulpiride (nonspecific binding 30–35%).

Analysis of Binding Assays

Data from binding were obtained by Scatchard analysis
with a nonlinear least-squares curve-fitting program to obtain
equilibrium dissociation constants (Kd) and maximal density of
receptors (Bmax). A one-binding site model was the best fit for
the data from both ligands. A microcomputer image analysis
system (MCID; Imaging Research, St. Catherine’s, Ontario,
Canada) was used for quantitative analysis of film autoradio-
grams (Baskin et al., 1989; Baskin and Stahl, 1993). Typically,
results were obtained from three or four mice. In an individual
experiment, a minimum of two slides, each containing two
brain sections, was incubated for a given experimental condi-
tion. For each tissue section, three to five optical density read-
ings were made in each region of interest. A mean optical
density value was obtained for each relevant anatomical area of
a tissue section. The tritiated standards used were calibrated in
terms of tissue-equivalent radioactivity with 12 mm liver slices
labelled with [3H]formaldehyde as described by Baskin et al.
(1989). Combined results were initially calculated in fmol
[3H]nemonapride bound per square millimeter since the con-
centration of protein for each brain area scanned is unknown
(Antonelli et al., 1989; Stahl and Baskin, 1990). Statistical anal-
ysis of the results shown in Figures 2 and 3 were processed by
Student’s t test, taking P , 0.05 as significant.

RESULTS

Biochemical Ligand Binding
Saturation binding experiments employing the bio-

chemical filtration method were performed in synapto-
somes obtained from a homogenate pool of caudate pu-
tamen, hippocampus, and frontal cortex of D4R1/1 and
D4R2/2 mice. By employing a concentration range of
0.05 nM to 1 nM for [3H]nemonapride and 0.2 nM to 8
nM for [3H]raclopride, the equilibrium parameters for
both ligands were calculated in mice brain synaptosomes
(Fig. 1). The Kd values for [3H]nemonapride and [3H]ra-
clopride were 0.25 6 0.01 nM and 2.3 6 0.02 nM,

respectively, in D4R1/1 mouse brains. In D4R2/2
mouse brains the Kd values were 0.22 6 0.01 nM and
2.0 6 0.02 nM, respectively. In brain tissue taken from
D4R1/1 mice the specific binding for [3H]nemonapride
and [3H]raclopride was saturable, with mean Bmax values
of 144.4 6 3.2 and 115 6 2.2 fmol/mg protein, respec-
tively. Similarly Bmax values of 115.3 6 2.2 fmol/mg
protein for [3H]nemonapride and 108 6 1.8 fmol/mg
protein for [3H]raclopride were calculated from
D4R2/2 mouse brains. The difference between the
Bmax values of both radioligands is assumed to represent
D4-like binding sites in D4R1/1 mice (29.4 6 1.0
fmol/mg protein). The Bmax difference in synaptosomes
from D4R2/2 mouse brains diminished 75% but still
showed a remnant of 7.3 6 0.4 fmol/mg protein. The Kd

Fig. 1. Saturation binding curves and Scatchard analysis of specific
binding of [3H]nemonapride (A) and [3H]raclopride (B) in D4R1/1
and D4R2/2 mice. The data are from a representative experiment.
Synaptosomes were prepared from a homogenate pool obtained from
caudate putamen, hippocampus, and frontal cortex of D4R1/1 and
D4R2/2 mice. The binding assays were performed as described in
Materials and Methods under standard conditions using 0.05 nM to 1
nM of [3H]nemonapride and 0.2 nM to 8 nM of [3H]raclopride. The
ordinate indicates the amount bound expressed in fmol/mg prot. 6
SD, and the abscissa indicates the concentrations of ligands. Insets:
Scatchard plot of the data. B, bound; F, free.
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and Bmax values for [3H]nemonapride and [3H]raclopride
specific binding are summarized in Table I.

Autoradiographic Binding Assays: Distribution of
D2-Like Binding Sites in D4R1/1 and D4R2/2
Mouse Brains

We have also studied the distribution of D2-like
binding sites in D4R1/1 and D4R2/2 mice using
quantitative autoradiography at a saturating concentration
of [3H]nemonapride (1 nM). We found that [3H]nemona-
pride binding sites in D4R1/1 mice were mainly de-
tected in caudate putamen, nucleus accumbens, olfactory
tubercle, and hippocampus showing a stronger signal in
brain sections taken from wild-type mice in comparison to
the signal detected in sections of D4 knockout mice.
Figure 2 shows the binding levels expressed in fmol/mm2

in the different brain areas of D4R1/1 and D4R2/2
mice. A 21%, 17%, 21%, and 40% decrease was found in
caudate putamen, nucleus accumbens, olfactory tubercle,
and hippocampus, respectively, in D4R2/2 mouse brain
sections, although caudate putamen was the only area that
reached statistical significance. These percentages can be
also interpreted as the contribution of D4Rs to the total
D2-like receptors present in the areas studied in mouse
brain sections. The absolute values for D4R1/1 and
D4R2/2 were 0.616 0.11 (12) and 0.48 6 0.015 (10)
for caudate putamen, 0.48 6 0.03 (5) and 0.40 6 0.09 (5)
for nucleus accumbens, 0.39 6 0.12 (6) and 0.31 6 0.08
(6) for olfactory tubercle, and 0.05 6 0.03 (9) and 0.03 6
0.015 (5) for hippocampus, respectively.

[3H]nemonapride binding was assessed in D4R2/2
brain sections in the presence of 1 mM unlabelled raclo-
pride (Fig. 3). We observed that [3H]nemonapride binding
was only partially inhibited by raclopride in all brain areas
analyzed, including caudate putamen, nucleus accumbens,
and olfactory tubercle (Fig. 3). The absolute values for
D42/2 and D42/2 with raclopride were and 0.48 6
0.015 (10) and 0.15 6 0.02 (10) for caudate putamen,
0.4 6 0.09 (5) and 0.15 6 0.03 (4) for nucleus accumbens,

and 0.31 6 0.08 (6) and 0.18 6 0.05 (3) for olfactory
tubercle. The raclopride concentration employed is
known to displace [3H]nemonapride from D2, D3, and
probably D4 receptors binding sites (Reynolds and Mason,
1994; Reynolds, 1996). Because our brain samples do not
express D4 receptor, the remaining labelled sites (shaded
bars in Fig. 3) are presumably nondopaminergic receptors.

Figure 4 shows the distribution of [3H]nemonapride
binding in sagittal brain sections taken from D4R1/1
(Fig. 4A) and D4R2/2 mice (Fig. 4B). When raclopride
1 mM was present during the incubation reaction in brain
sections from D4R2/2 mice, a residual signal was still
present in all brain areas analyzed (Fig. 4C).

DISCUSSION
In the present studies, we have employed brains

taken from dopamine D4R2/2 mice and from their
D4R1/1 littermates to assess more clearly the overall
contribution of this receptor subtype within the D2-like
receptor family (D2R, D3R, and D4R). The radiorecep-
tor binding assay method employed to calculate the D4-
like binding sites that involves subtraction of the number
of sites defined with [3H]raclopride (D2/D3 receptor an-
tagonist) from the total number of sites defined with
[3H]nemonapride (a D2/D3/D4 antagonist) was pio-
neered by Seeman et al. (1993a,b) and was later used by
various groups both in biochemical binding techniques
and in quantitative autoradiography (Murray et al., 1995;

Fig. 2. Distribution of binding sites with affinity for [3H]nemonapride
D4R1/1 and D4R2/2 brain by quantitative autoradiography. Mice
brain sections were incubated with 1 nM of [3H]nemonapride. Specific
binding was analyzed on autoradiograms as described in Materials and
Methods. Values are reported as mean 6 SD obtained from four to nine
optical density readings made in each region of interest. A mean optical
density value was obtained for each relevant anatomical area of a tissue
section. *P , 0.05, significantly different from D4R1/1 mice value
(Student’s t test). CPu, caudate putamen; NAc, nucleus accumbens; Tu,
olfactory tubercle; H, hippocampus.

TABLE I. Bmax and Kd for [3H]Nemonapride and
[3H]Raclopride Specific Binding in D4R1/1 and D4R2/2
Synaptosomes*

Nemonapride (N) Raclopride (R) N 2 R

D4R1/1
Kd (nM) 0.25 6 0.01 2.3 6 0.02
Bmax (fmol/mg
protein) 144.4 6 3.2 115 6 2.2 29.4 6 1.0

D4R2/2
Kd (nM) 0.22 6 0.01 2.0 6 0.02
Bmax (fmol/mg
protein) 115.3 6 2.2 108 6 1.8 7.3 6 0.4

*Bmax and Kd values for [3H]nemonapride and [3H]raclopride were taken
from Figure 1. The values of 29.4 6 1.0 fmol/mg prot for D4R1/1 and
7.3 6 0.4 fmol/mg prot for D4R2/2 mice reflects the concentration of
the putative D4 receptor determined by subtracting the corresponding
Bmax of [3H]raclopride from that of [3H]nemonapride.
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Lahti et al., 1995; Defagot and Antonelli, 1997; Tarazi et
al., 1997). Employing this methodology, we have deter-
mined the Kd and Bmax values for nemonapride and
raclopride in synaptosomes from a pooled homogenate of
caudate putamen, frontal cortex, and hippocampus ob-
tained from D4R1/1 and D4R2/2 mouse brains. An
alternative approach to quantify D4 receptors is to employ
[3H]nemonapride in the presence of 300 nM or 1 mM of
cold raclopride to block D2 and D3 receptors (Reynolds
and Mason, 1994; Tarazi et al., 1997). We also used this
approach to determine the distribution and the relative
contribution of the D4 receptor in different brain areas
through quantitative autoradiography.

The Kds obtained in D4R2/2 mouse brain synap-
tosomes with both radioligands were similar to those ob-
tained for D4R1/1 mice, indicating that the affinity of
the radioligands for the D2-like dopaminergic receptors
was not altered for the absence of one of the members of
the family. Comparisons to Kd values reported in bio-
chemical binding assays in rat caudate putamen show that
our values are an order of magnitude higher for
nemonapride binding and two times higher for raclopride
binding (Kohler at al., 1985; Terai et al., 1989; Farooqui
et al., 1991; Vile et al., 1995). The difference might be
mainly related to the species difference and to the fact that
we are employing a pool homogenate of frontal cortex,
caudate putamen, and hippocampus.

As expected, the Bmax obtained with [3H]nemona-
pride in brain tissue from D4R2/2 mice was lower than

that obtained in normal mice. Because raclopride has a
very low affinity for D4Rs (Seeman et al., 1993a), the
Bmax values obtained with this ligand were similar in both
cases. The subtraction of the Bmax obtained with [3H]ra-
clopride from [3H]nemonapride in D4R1/1 mice might
represent the D4-like component, which is 20% of the
total D2 type. The value obtained after subtracting the
Bmax in D4R2/2 mouse brain synaptosomes is 75%
lower than that obtained in normal mice. We belive that
the remaining 25% represents nondopaminergic sites that
exhibit high affinity for nemonapride. It has been argued
that [3H]nemonapride is not a specific ligand for labelling
dopamine receptors because it binds to sigma (Helmeste et
al., 1996; Tang et al., 1997) and 5-HT1A serotoninergic
receptors (Helmeste et al., 1997). In addition, the binding
buffer composition seems to be an important factor. High
Na1 levels and Tris-HCl buffers enhance nemonapride
binding to D2 receptors, whereas K1 phosphate buffers
favor sigma receptor binding (Ujike et al., 1996). In our
hands, and in spite of using high Na1 levels and a Tris-
HCl buffer, we still find nondopaminergic binding com-
ponents. Some authors routinely include the sigma recep-
tor antagonist DTG 0.5 mM and the serotoninergic
receptor blocker pindolol 0.1 mM (Lahti et al., 1995,
1996; Tarazi et al., 1997), although it seems that these
antagonists do not completely block the nondopaminergic
sites labelled by [3H]nemonapride. In fact, Tarazi et al.
(1997) report that the specific D4 antagonist L-745,870
displaces 74–83% of raclopride-insensitive binding of
[3H]nemonapride; the remaining 17–26% probably re-
flects the nondopaminergic sites. In our hands, these sites
were inhibited by 16% with 0.5 mM DTG and 8% with 50
nM ketanserine, a serotoninergic antagonist (data not

Fig. 3. [3H]nemonapride binding in D4R2/2 brain sections in pres-
ence of 1 mM of unlabeled raclopride. Mice brain sections obtained
from D4R2/2 mice were incubated with 1 nM of [3H]nemonapride
in the presence or absence of 1 mM of unlabeled raclopride. The
specific binding was analyzed on autoradiograms as described in Ma-
terials and Methods. Values are reported as mean 6 SD obtained from
four to nine optical density reading made in each region of interest.
*P , 0.05 significantly different from knockout mice value (Student’s
t test). CPu, caudate putamen; NAc, nucleus accumbens; Tu, olfactory
tubercle.

Fig. 4. Autoradiographic images of [3H]nemonapride in mouse brain.
Slide-mounted sagittal sections obtained from D4R1/1 (A) and
D4R2/2 (B) mice were incubated with 1 nM [3H]nemonapride. C:
D42/2 mouse brain sections incubated with 1 mM unlabeled raclo-
pride. D: Nonspecific binding in the presence of 80 mM sulpiride. H,
hippocampus; CPu, Caudate putamen; NAc, nucleus accumbens core;
Tu, olfactory tubercle.
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shown). A more thorough study is needed to define the
identity of these nondopaminergic nemonapride binding
sites in order to define the necessary blockers to include
during the incubation.

To asses the D4R-like binding distribution in differ-
ent brain areas, quantitative autoradiography studies were
undertaken. [3H]nemonapride binding was clearly de-
tected in caudate putamen, nucleus accumbens, olfactory
tubercle, and hippocampus, in the same rank order as that
observed in the rat brain (Defagot and Antonelli, 1997).
From sections obtained from D4R2/2 mouse brains, we
observed a 21% binding in the caudate putamen, 17% in
the nucleus accumbens, 21% in the olfactory tubercle, and
40% in the hippocampus. We added unlabeled raclopride,
at a concentration that inhibits D2, D3, and D4 receptors,
when incubating with [3H]nemonapride on D4R2/2
mouse brain sections to observe a complete blockade of
the binding. However, 25%, 31%, and 46% binding was
still present in caudate putamen, nucleus accumbens, and
olfactory tubercle, respectively, probably representing the
nondopaminergic sites discussed above. This binding was
not further blocked by L-745,870 a specific blocker of D4
receptor (data not shown), because there are no D4 re-
ceptors in the D4R2/2 mouse brains.

Because no selective radioligand is commercially
available for determining direct D4R concentration in
brain, the issue of the contribution of the D4R subtype to
the overall D2-like receptors remains controversial. Sev-
eral authors have reported D4R concentrations, but there
are still some discrepancies that seems to be mainly related
to the methodology employed. Seeman et al. (1993a) and
Sumiyoshi et al. (1995), employing a biochemical binding
method and subtracting the two radioligand Bmax values,
reported a 11% to 16% of D4Rs present in human stria-
tum. Reynolds and Mason (1995) employing [125I]epide-
pride found 11%. When the same subtraction method was
employed with an autoradiographic approach, Lahti et al.
(1996) reported 23%, 65%, 91%, 79%, 77%, and 88% of
D4Rs in caudate putamen, substantia nigra, insula, hip-
pocampus, and entorhinal and temporal cortices, respec-
tively. At saturating concentrations of the ligands, the
percentages reported were 46–62% in nucleus accumbens
and caudate putamen (Murray et al., 1995), employing a
autoradiographic approach. It should be pointed out that
the density of D4Rs calculated with the subtraction
method shows higher values than when the density is
estimated with [3H]nemonapride in the presence of cold
raclopride. An estimation of D4R values calculated from
the data reported by Tarazi et al. (1998) employing the
first method shows values of 40%, 57.5%, and 57%,
whereas, when the second method was employed, the
values were 13%, 13%, and 16% in the same areas: medial
caudate putamen, lateral caudate putamen, and nucleus
accumbens, respectively. The difference between [3H]nemo-
napride levels in D4R1/1 and D4R2/2 mice seems to
be a more accurate approach in determining the percent-
age of D4Rs; similar nondopaminergic receptor sites are
presumably present in both brain types and disregarded

after the subtraction. In our hands, and at saturating
nemonapride concentrations, this difference is 17% in
nucleus accumbens, 21% in caudate putamen and olfactory
tubercle, and 40% in hippocampus, when assayed by
quantitative autoradiography. From this point of view,
quantification of the D4R-like population employing
[3H]nemonapride in the presence of cold raclopride is in
better agreement with our data and seems to be a more
accurate method than the two radioligand subtraction
method.

In summary, comparing the results obtained in this
study regarding the overall contributions of D4Rs to the
D2R-like population, it can be suggested that in the
absence of a commercially available specific D4R ligand
the biochemical binding method that employs [3H]nemo-
napride in the presence of cold raclopride is currently the
most accurate method for quantifying D4Rs. Based on this
consideration and subtracting the probable contribution of
nondopaminergic sites, we conclude that in most of the
prominent mouse forebrain structures the D4R contribu-
tion to D2R-like total population is between 17% and
40%.

ACKNOWLEDGMENTS
This research was supported by grants from Funda-

ción Antorchas (M.C.A.). The autoradiograms were ana-
lyzed in the MCID Digital Imaging System from the
“LANAIS de Microscopı́a Electrónica” Facultad de Me-
dicina (UBA-CONICET).

REFERENCES
Alvarez Maubecin V, Sanchez VN, Rosato Siri MD, Cherksey BD, Sugi-

mori M, Llinás R, Uchitel O. 1995. Pharmacological characterization of
the voltage-dependent Ca21 cannels present in synaptosomes from rat and
chicken central nervous system. J Neurochem 64:2544–2551.

Antonelli MC, Baskin DG, Garland M, Stahl WL. 1989. Localization and
characterization of binding sites with high affinity for [3H]ouabain in
cerebral cortex of rabbit brain ussing quantitative autoradiography. J Neu-
rochem 52:193–200.

Ariano MA, Wang J, Noblett KL, Larson ER, Sibley DR. 1997. Cellular
distribution of the rat D4 dopamine receptor protein in the CNS using
anti-receptor antisera. Brain Res 752:26–34.

Baldessarini RJ, Tarazi FI. 1996. Brain dopamine receptors: a primer on
their current status, basic and clinical. Harvard Rev Psychiatr 3:301–325.

Baskin DG, Stahl WL. 1993. Fundamentals of quantitative autoradiography
by computer densitometry for in situ hybridization with emphasis on 33P.
J Histochem Cytochem 41:1767–1776.

Baskin DG, Filuk PE, Stahl WL. 1989. Standardization of tritium sensitive
film for quantitative autoradiography. J Histochem Cytochem 37:1337–
1344

Defagot MC, Antonelli MC. 1997. Autordiographic localization of the
putative D4 dopamine receptor in rat brain. Neurochem Res 22:401–407

Defagot M C, Malchiodi EL, Villar MJ, Antonelli MC. 1997. Distribution
of D4 dopamine receptor in rat brain with sequence-specific antibodies.
Mol Brain Res 45:1–12.

Farooqui SM, Brock JW, Hamdi A, Prasad C. 1991. Antibodies against
synthetic peptides predicted from the nucleotide sequence of D2 receptor
recognize native dopamine receptor protein in rat striatum. J Neurochem
57:1363–1369.

Flamez A, De Backer J-P, Wilczak N, Vauquelin G, De Keyser J. 1994.
[3H]Clozapine is not a suitable radioligand for the labelling of D4 dopa-
mine receptors in postmorten human brain. Neurosci Lett 175:17–20.

D4 Receptor in Mouse Brain 207



Helmeste D, Tang SW, Fang H, Li M. 1996. Brain s receptors labelled by
[3H]nemonapride. Eur J Pharmacol 301:R1– R3.

Helmeste D, Tang S W, Li M, Fang H. 1997. Multiple [3H]nemonapride
binding sites in calf brain. Arch Pharmacol 356:17–21

Kahn RS, Davis KL. 1995. New developments in dopamine and shizo-
phrenia. In: Bloom FE, Kupfer DJ, editors. Psychopharmacology: the
fourth generation of progress. New York: Raven Press. p 1193–1203.

Kohler C, Hall H, Ogren SO, Gawell L. 1985. Specific in vitro and in vivo
binding of [3H]raclopride. A potent substituted benzamide drug with high
affinity for dopamine D2 receptors in the rat brain. Biochem Pharmacol
34:2251–2259.

Lahti RA, Roberts RC, Tamminga CA. 1995. D2 family receptor distri-
bution in human postmorten tissue: an autoradiographic study. Neuro-
report 6:2505– 2512.

Lahti RA, Roberts RC, Conley RR, Cochrane EV, Mutin A, Tamminga
CA. 1996. D2-type dopamine receptors in postmorten human brain
sections from normal and schizophrenic subjects. Neuroreport 7:1945–
1948.

Lahti RA, Roberts RC, Cochrane EV, Primus RJ, Gallager DW, Conley
RR, Tamminga CA. 1998. Direct determination of dopamine D4 recep-
tors in normal and schizophrenic postmortem brain tissue: a [3H]NGD-
94-1 study. Mol Psychiatr 3:528–533.

Lowry OH, Rosebrough, NJ, Farr AL, Randall RJ. 1951. Protein mea-
surement with the Folin phenol reagent. J. Biol Chem 193:265–275.

Mansour A, Meador Woodruff J, Burke S, Bunzow J, Akil H,Van Tol
HHM, Civelli O, Watson SJ. 1991. Differential distribution of D2 and
D4 dopamine receptor mRNA in the rat brain: an in situ hybridization
study. Soc Neurosci Abstr 17:599

Mrzljak L, Bergson C, Pappy M, Huff R, Levenson R, Goldman-Rakic PS.
1996. Localization of dopamine D4 receptor in GABAergic neurons of
the primate brain. Nature 381:245–248.

Murray AM, Hyde TM, Knable MB, Herman MM, Bigelow LB, Carter
JM, Weinberger DR, Kleinman JE. 1995. Distribution of putative D4
dopamine receptorin postmorten striatum from patients with schizophre-
nia. J Neurosci 15:2186–2191.

O9Malley KL, Harmon S, Tang L, Todd RD. 1992. The rat D4 dopamine
receptor: sequence, gene structure and demonstrationof expression in the
cardiovascular system. New Biol 4:137–146.

Primus RJ, Thurkauf A, Xu J, Yevich E, Mcinerney S, Shaw K, Tallman
JF, Gallager DW. 1997. Localization and characterization of dopamine D4
binding sites in rat and human brain by use of the novel, D4 receptor-
selective ligand [3H]NGD-94-1. J Pharmacol Exp Ther 282:1020–1027.

Reynolds GP, Mason SL. 1994. Are striatal dopamine D4 receptors in-
creased in schizophrenia? J Neurochem 63:1576–1577.

Reynolds GP, Mason SL. 1995. Absence of detectable striatal dopamine D4
receptors in drug-treated schizophrenia. Eur J Pharmacol 281.R5–R6.

Rubinstein M, Phillips TJ, Bunzow JR, Falzone TL, Dziewczapolski G,
Zhang G, Fang Y, Larson JL, Mc Dougall JA, Chester JA, Saez C, Pugsley
TA, Gershanik O, Low MJ, Grandy DK. 1997. Mice lacking dopamine
D4 receptors are supersensitive to ethanol, cocaine, and methamphet-
amine. Cell 90:991–1001.

Stahl WL, Baskin DG. 1990. Histochemistry of ATPases. J Histochem
Cytochem 38:1099–1122.

Seeman P. 1995. Dopamine receptors. Clinical correlates. In Bloom FE,
Kupfer DJ, editors. Psychopharmacology: the fourth generation of
progress. New York: Raven Press. p 295–302.

Seeman P, Guan H-C, Van Tol HHM. 1993a. Dopamine D4 receptors
elevated in schizophrenia. Nature 365:441–445.

Seeman P, Guan H-C, Van Tol HHM, Niznik HB. 1993b. Low density of
dopamine D4 rceptors in Parkinson’s, Schizophrenia and control brain
striata. Synapse 14:247–253.

Sumiyoshi T, Stockmeier CA, Overholser JC, Thompson, PA, Meltzer
HY. 1995. Dopamine D4 receptor and effects of guanine nucleotides on
[3H] raclopride binding in postmorten caudate nucleus of sujects with
schizophrenia or major depression. Brain Res 681:109–116.

Tang S W, Helmeste DM, Fang H, Li M, Vu R, Bunney W, Potkin S,
Jones EG. 1997. Differential labeling of dopamine and sigma sites by
[3H]nemonapride and [3H]raclopride in postmorten human brains. Brain
Res 765:7–12.

Tarazi FI, Baldessarini RJ. 1999) Brain dopamine D4 receptors basic and
clinical status. Int J Neuropharmacol 2:41–58.

Tarazi FI., Kula NS, Baldessarini RJ. 1997. Regional distribution of dopa-
mine D4 receptors in rat forebrain. Neuroreport 8:3423–3426.

Tarazi FI, Campbell A, Yeghiayan SK, Baldessarini RJ. 1998. Localization
of dopamine receptos subtypes in caudate-putamen and nucleus accum-
bens septi: comparison of D1-, D2-and D4-like receptors. Neuroscience
83:169–176.

Terai M, Hidaka K, Nakamura Y. 1989. Comparison of [3H]YM-09151-2
with [3H]spiperone and [3H]raclopride for dopamine D2 receptor binding
to rat striatum. Eur J Pharmacol 173:177–182.

Ujike H, Akiyama K, Kuroda S. 1996. [3H]YM-09151-2 (nemonapride), a
potent radioligand for both sigma1 and sigma2 receptor subtypes. Neu-
roreport 7:1057–1061

Van Tol, HHM, Bunzow JR,Guan HC, Sunahara RK, Seeman P, Niznik
HB, Civelli O. 1991. Cloning of the gene for a human dopamine D4
receptor with high affinity for the antipsychotic clozapine. Nature 350:
610–614.

Vile JM, D9Souza UM, Strange PG. 1995. [3H]Nemonapride and
[3H]Spiperone label equivalent numbers of D2 and D3 dopamine recep-
tors in a range of tissues and under different conditions. J Neurochem
64:940–943.

208 Defagot et al.


	MATERIALS AND METHODS
	RESULTS
	Fig. 1
	Table 1

	DISCUSSION
	Fig. 2
	Fig. 3
	Fig. 4

	ACKNOWLEDGMENTS
	REFERENCES

