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In vivo, G protein-coupled receptors (GPCR) for neurotransmitters
undergo complex intracellular trafficking that contribute to regu-
late their abundance at the cell surface. Here, we report a previ-
ously undescribed alteration in the subcellular localization of D1
dopamine receptor (D1R) that occurs in vivo in striatal dopamino-
ceptive neurons in response to chronic and constitutive hyperdo-
paminergia. Indeed, in mice lacking the dopamine transporter, D1R
is in abnormally low abundance at the plasma membrane of cell
bodies and dendrites and is largely accumulated in rough endo-
plasmic reticulum and Golgi apparatus. Decrease of striatal extra-
cellular dopamine concentration with 6-hydroxydopamine (6-
OHDA) in heterozygous mice restores delivery of the receptor from
the cytoplasm to the plasma membrane in cell bodies. These results
demonstrate that, in vivo, in the central nervous system, the
storage in cytoplasmic compartments involved in synthesis and the
membrane delivery contribute to regulate GPCR availability and
abundance at the surface of the neurons under control of the
neurotransmitter tone. Such regulation may contribute to modu-
late receptivity of neurons to their endogenous ligands and related
exogenous drugs.

M ost neurotransmitters act through membrane-bound G
protein-coupled receptors (GPCR) (1, 2). These receptors
are synthesized in the cytoplasm and, in most instances, delivered
at the plasma membrane of cell bodies and dendrites (3—6). They
frequently display extrasynaptic localization (3-8). In the central
nervous system, activation of these receptors in acute conditions,
through the release of their endogenous ligand, such as sub-
stance P or dopamine, or through injection of exogenous ago-
nists, leads within minutes to modifications of their trafficking
and subcellular localization (8-14). These modifications include
mainly the translocation of the receptor from the surface of the
neurons to the endosomal compartment in the cytoplasm,
leading within minutes to decreased receptor abundance at the
membrane. In vivo and in vitro experiments have shown that
internalization under acute stimulation leads to receptor recy-
cling at the membrane within minutes to a few hours after the
end of agonist action (8-15). In vitro studies have demonstrated
that internalization in the cytoplasm is associated with molecular
modifications of the receptors that ultimately lead to their
desensitization, down-regulation, and recycling (15-17). A major
role of the cellular trafficking of GPCR after acute stimulation
is to contribute to the reestablishment of the cellular respon-
siveness (16). However, because different GPCR appear to
recycle with markedly different time courses (17), such alter-
ations of subcellular compartmentalization may contribute to
regulate sensitivity of neurons to neurotransmitters or drugs
through the control of receptor availability and abundance at the
surface of neurons.

We recently demonstrated that the D1 dopamine receptor
(D1R) undergoes such internalization in endosomes and recy-
cling at the membrane in striatal neurons under acute activation

by D1R agonist or amphetamine (12). Here, we provide evi-
dence that chronic stimulation of D1R is associated with other
modes of alteration of D1R localization, including exaggerated
accumulation of the receptor in the cytoplasmic compartments
involved in synthesis. For this, we used mice with a deletion for
the dopamine transporter (DAT) gene, which display chronic
hyperdopaminergic tone including high extracellular dopamine
concentration in the striatum. These mice were shown to down-
regulate D1R (18, 19). By using immunohistochemical analysis
at the cellular and ultrastructural level, we demonstrate that in
knockout (DAT™/7) mice, the receptor accumulates in rough
endoplasmic reticulum and Golgi apparatus and is greatly low-
ered at the plasma membrane in dendrites and cell bodies. These
properties are also evident, albeit less pronounced, in heterozy-
gous (DAT*/™) mice. Decreasing extracellular dopamine con-
centration with 6-hydroxydopamine (6-OHDA) in DAT*/~ mice
provokes recruitment of the D1R to the plasma membrane of cell
bodies with concomitant decrease in the endoplasmic reticulum,
therefore suggesting that membrane delivery of the receptor
from the cytoplasm is a regulated mechanism.

Methods

Knockout Mice. The mouse strain in which the gene encoding the
DAT has been disrupted was obtained by in vivo homologous
recombination as described previously (18). Wild-type mice
(DAT™/*), heterozygous mice (DAT*/~), and homozygous mice
(DAT /") between the ages of 2-4 mo were used. They were
maintained under standard housing conditions in the transgenic
animal facility at the Université Victor Segalen, and given food
and water ad libitum. Experiments were performed in accor-
dance with the guidelines of the French Agriculture and Forestry
Ministry (decree 87849, license 01499) and with the approval of
the Centre National de la Recherche Scientifique.

6-OHDA Injections in the Medial Forebrain Bundle (MFB) of DAT+/~
Mice for D1R Detection. Injections were performed in the MFB as
described previously in rat (20). Briefly, adult DAT™/~ mice
were anesthetized with chloral hydrate (400 mg/kg) and fixed on
a stereotaxic frame with a mouse adaptator (Stoelting) accord-
ing to Franklin and Paxinos’s atlas. Dopaminergic axons into
MFB were localized with a carbon fiber electrode, which mon-
itored the extracellular 3,4-dihydroxyphenylacetic acid
(DOPAC) (20). This electrode was implanted 1.05 mm lateral to
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the medial line and 2.1 mm posterior to bregma. When the depth
corresponding to the maximal amplitude of the DOPAC signal
was determined, the carbon fiber electrode was replaced by a
glass micropipette filled with the following solution: 9 g/liter
NaCl/0.2 g/liter KCl/1 mM CaCl,2H,0O/1 mM ascorbic acid/3
pg/nl 6-OHDA (Sigma). Using an air pressure system, three
injections (220 nl in 1 min each) were performed at different
vertical levels: 0.3 mm above, at the level of, and 0.3 mm below
the point where the DOPAC signal reached its maximum.
Animals were sacrificed 3 days after 6-OHDA injection for
immunohistochemical studies.

Electrochemical Monitoring of Extracellular Dopamine Level. In an
independent experiment, the localization of the MFB was elec-
trochemically determined as described, and heterozygous mice
were treated with pargyline (75 mg/kg, i.p.) to block dopamine
degradation. One hour later, an electrochemically treated car-
bon fiber electrode was implanted in the striatum at the follow-
ing coordinates: 1.6 mm lateral to medial line, 1.0 mm rostral to

Fig. 1.

bregma, and 2.75 mm below the cortical surface. Voltammo-
grams from —240 mV to +200 mV were recorded every 90 s with
differential normal pulse voltammetry and showed a catechol
peak appearing at +90 mV. Because DOPAC synthesis was
blocked by pargyline, this catechol peak entirely corresponded to
extracellular dopamine (20). After a control period of 15 min,
6-OHDA or vehicle were injected in the MFB as described
above, and catechol peak was continuously monitored.

Immunohistochemical Detection of D1R. D1R was detected with a
polyclonal D1R antibody produced as described (21). The
specificity of the antiserum and immunolabelings were previ-
ously demonstrated (6, 12, 21).

Fixation and processing for immunohistochemistry were con-
ducted as previously described (12) for rats with minor modifi-
cations listed below. Mice were anesthetized with chloral hy-
drate, intracardially injected with 0.2 ml of heparin (Choay
Laboratories, Paris) and perfused with 20 ml of 0.9% NaCl and
100 ml of fixative [2% paraformaldehyde and 0.1% glutaralde-

Immunohistochemical detection of D1R at the light and electron microscopic level in DAT*/* (a and ¢) and DAT~/~ mice (b, d, and e). In wild-type mice

(DAT**) (a and ¢), D1R is located in the neuropile and at the plasma membrane of cell bodies (a, Inset; and ¢, arrowheads). Stars point to dendrite profiles.
Ultrastructural localization of D1R in c shows very few intracytoplasmicimmunoparticles associated with the Golgi apparatus (Go) and the endoplasmic reticulum
(er). In DAT/~ mice (b, d, and e), D1R is located primarily in the cytoplasm of cell bodies (b, Inset). The receptor is associated with the Golgi apparatus (Go), the
endoplasmic reticulum (arrows and er), and some vesicles (v). A few immunoparticles are detected along the plasma membrane (d, arrowheads). In e, part of
D1R immunoreactivity associated with endoplasmic reticulum (arrows) is in the pericentriolar area (asterisk). [Scale bar = 50 um (a and b), 10 um (a and b, Insets),

and 1 um (c, d, and e)].
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hyde in 0.1 M phosphate buffer (pH 7.4)]. Brains were removed,
left in 2% paraformaldehyde overnight, and cut with a Vi-
bratome. Sections were cryoprotected, freeze-thawed, and pre-
incubated in 0.2% PBS containing acetylated BSA (BSAc) for
1h.

Detection of D1R on Vibratome Sections with Tyramide Signal Am-
plification. Vibratome sections were incubated in D1R antiserum
(1/10,000) for 48 h at 4°C, incubated in biotinylated goat
anti-rabbit IgG (1/200 in PBS-BSAc; Amersham Pharmacia) for
2 h, then in streptavidin-horseradish peroxidase (SA-HRP) for
30 min (1/100). They were washed and incubated in biotinyl
tyramide. After washing, the sections were incubated again in
SA-HRP (1/100) for 30 min and rinsed. Peroxidase activity was
revealed with 3,3'-diaminobenzidine in the presence of hydrogen
peroxide, and the sections were mounted for observation at the
light microscopic level.

Detection of D1R by Inmunogold Method at the Ultrastructural Level.
Vibratome sections were incubated with D1R antibody at a
dilution of 1/1,000, rinsed in PBS-BSAc with gelatin, and
incubated in goat anti-rabbit IgG conjugated to ultrasmall
colloidal gold particles (0.8 nm; Aurion, the Netherlands). After
several washes, the sections were postfixed in 1% glutaraldehyde
for 10 min and rinsed (two times in PBS and two times in 2%
sodium acetate). The gold labeling was intensified by using a
silver enhancement kit (Aurion). The sections were rinsed and
postfixed in osmium tetroxide. After washing, they were dehy-
drated in ascending series of dilution of ethanol, including 70%
ethanol containing 1% uranyl acetate. They were then treated
with propylene oxide (two times for10 min), impregnated in resin
overnight (Durcupan ACM; Fluka), mounted on glass slides, and
curred at 60°C for 48 h. Areas of interest were cut out from the
sections and glued to blank cylinders of resin. Ultrathin sections
were collected on copper grids, contrasted with lead citrate, and
observed in a Philips CM10 electron microscope.

Quantitative Analysis of the D1R Distribution. Morphometric anal-
ysis was performed at the electron microscopic level from
immunogold-treated sections. Photomicrographs were collected,
and the negatives were scanned (Magicscan, UMax) and ana-
lyzed with METAMORPH software (Universal Corporation, Paris).
Gold particles were identified and counted either in association
with plasma membrane or with intracytoplasmic compartments.
Three morphologically defined subcellular compartments were
counted in the cell bodies: Golgi apparatus, rough endoplasmic
reticulum, and vesicles. Immunoparticles were classified as as-
sociated with an unidentified compartment when they were
associated with cytoplasmic structures that could not be iden-
tified. Comparative analysis was performed on sections from
four DAT/~ mice, four DAT*/* mice, and six DAT"/~ mice
(15 cell bodies and 20-30 dendritic profiles per animal). Four
unilaterally 6-OHDA-injected mice were analyzed. Injected side
was compared with the control contralateral side. The results
were expressed as a number of immunoparticles per membrane
length (100 pwm) and cytoplasmic surface (100 um?). For each set
of experiments, the values were subjected to a one-way ANOVA
followed by a post hoc ¢ test.

Results

Localization of D1R Immunoreactivity in the Striatal Neurons of
Wild-Type (DAT+/*) Mice. Analysis at the light microscopic level
demonstrated D1R immunoreactivity throughout the striatum
with prominent labeling of the neuropile and of the membrane
of the cell bodies (Fig. 1a). Ultrastructural studies confirmed
that immunostained structures were medium-sized spiny neu-
rons and that a large part of immunogold particles corresponding
to D1R were located at the plasma membrane of perikarya and
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dendrites (Fig. 1c), as previously shown in normal adult rat (3,
6, 12). In the cell body cytoplasm, D1R immunoreactivity was
present in several compartments, including mostly the rough
endoplasmic reticulum (54% of cytoplasmic immunoreactivity),
Golgi apparatus (20%), and vesicles (17.5%). A small percentage
of immunoreactivity (8.5%) was not associated with a recogniz-
able organelle (Fig. 2).
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Fig. 2. Quantitative analysis of the subcellular distribution of D1R at the
electron microscopic level. (a) Measure of D1Rimmunoreactivity at the plasma
membrane and in the cytoplasm: The number of immunoparticles +/— SEM
was counted in relation to the plasma membrane length (Mb IP/100 um) and
to the cytoplasmic surface (Cyt IP/100 um?) in cell bodies and dendrites.
DAT~/~ neurons show a sharp and significant decrease of D1R at the plasma
membrane of cell bodies and dendrites as compared with DAT*/* neurons.
They also display sharp increase of intracytoplasmic immunoparticles in the
cell bodies. DAT*/~ mice display significant increase of D1R in the cytoplasm
without significant reduction at the plasma membrane. (b) Measure of D1R
immunoreactivity in the cytoplasmic organelles in the cell bodies. In DAT+/+
cell bodies, the largest part of cytoplasmic D1R is detected in association with
the endoplasmic reticulum (er) and the Golgi apparatus (Go). Other particles
are present in vesicles (ves) or in an unidentified cytoplasmic compartment
(UD). Immunoparticles density is dramatically increased in the endoplasmic
reticulum and in the Golgi apparatus in DAT~/~ mice and only in the endo-
plasmic reticulum in DAT*/~ mice. **, P < 0.01; *, P < 0.05.
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Fig.3. Immunohistochemical detection of D1R at the light and electron microscopic level in heterozygous mice unilaterally treated with 6-0HDA. In the control
side (a and ¢), striatal neurons display D 1R mostly located in the cytoplasm, associated with the Golgi apparatus (Go), the endoplasmic reticulum (er), and vesicles
(arrows). In the 6-OHDA-injected side (b and d), D1R appears homogeneously distributed in the neuropile and largely redistributed at the plasma membrane
of cell bodies (b, Inset; and d, arrowheads) with a limited number of immunoparticles in the cytoplasm. Star points to a dendritic profile. (Magnification bar: a

and b = 50 um; a and b, Insets = 10 um; cand d = 1 um).

Localization of D1R Immunoreactivity in Mice with Inactivated DAT
Gene. DAT/~ mice demonstrated dramatic alterations of D1R
subcellular localization in neurons. Analysis of D1R distribution
at the light microscopic level showed that the cell bodies

1882 | www.pnas.org

displayed intense intracytoplasmic labeling (Fig. 1b). Observa-
tion (Fig. 1 d and e) and quantification (Fig. 2) at the ultrastruc-
tural level demonstrated a significant decrease of D1R immu-
noparticles at the plasma membrane of cell bodies and dendrites

Dumartin et al.



- Vehicle

80 1

D
o
1,

nH
o
L

MFB injections

Striatal extracellular dopamine (%)

= .

0
-15 0 15 30 45 60 75 90

Fig.4. Effect of 6-OHDA injection in the MFB on the extracellular dopamine
concentration in the striatum of DAT*/~ mice. The extracellular dopamine
concentration was monitored every 90 s in the striatum with an electrochem-
ically treated carbon fiber electrode combined with differential pulse
voltammetry. Injections of the 6-OHDA solution or of the vehicle were
performed after a control period of 15 min. The extracellular dopamine level
was expressed in percent of the mean of the 10 absolute peak amplitudes
recorded before injections. 6-0HDA provokes a rapid and dramatic decrease
of the dopamine content as compared with control experiment with vehicle.

(—=52% and —40%, respectively, as compared with DAT*/*
mice). This was associated with an increase of DIR immuno-
particles in the cytoplasm of cell bodies as compared with
DAT** mice (+97%), with DIR immunoreactivity preferen-
tially concentrated in the perinuclear area. Analysis of cytoplas-
mic compartments demonstrated that the increased immunore-
activity was prominent and significant in the endoplasmic retic-
ulum and Golgi apparatus (+95% and +131%, respectively).
DIR abundance or distribution was not modified in dendrite
cytoplasm.

Localization of D1R Immunoreactivity in Heterozygous Mice: Effect of
6-OHDA. DAT ™/~ mice displayed alterations of D1R intermediate
between DAT™/* and DAT /'~ mice with large variations from
one animal to another (Fig. 3 a and ¢). In DAT*/~ mice with
significant increase in cytoplasmic D1R immunoreactivity, stri-
atal neurons were analyzed after decrease of extracellular do-
pamine concentration provoked by a unilateral injection of
6-OHDA in the MFB (Fig. 4) as previously developed (20).
Indeed, since 6-OHDA acts by entering in dopamine neurons
through the DAT molecule, DAT /'~ mice could not be used in
such experiments to obtain low dopamine level in the striatum.
Three days after injection, 6-OHDA-injected side of DAT*/~
mice showed prominent changes in D1R immunoreactivity as
compared with the control contralateral striatum of the same
animal (Fig. 3 b and d and Fig. 5). The control side displayed
D1R prominently in the cytoplasm of cell bodies, associated with
Golgi complex, endoplasmic reticulum, and vesicles (Fig. 3c).
6-OHDA-injected side showed redistribution of D1IR immuno-
reactivity at the plasma membrane of the cell bodies (Fig. 3 b and
d). Quantification at the ultrastructural level (Fig. 5) confirmed
increased DIR immunoreactivity at the plasma membrane of
cell bodies in 6-OHDA-injected side (+54% as compared with
control side) with concomitant decrease of DIR immunoreac-
tivity in the cytoplasm of cell bodies (—32% as compared with
the control side). Decrease was significant in the rough endo-
plasmic reticulum and the vesicular compartment (—33% and
—55%, respectively). Dendrites did not show changes in mem-
brane-bound D1R immunoreactivity, but showed increased in-
tracytoplasmic immunoreactivity (+81%).
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Fig.5. Quantitative analysis of the subcellular distribution of D1R in DAT*/~
mice after 6-OHDA injection. (a) Measure of D1R immunoreactivity at the
plasma membrane and in the cytoplasm: The number of immunoparticles +/—
SEM was counted in relation to the plasma membrane length (Mb IP/100 pm)
and to the cytoplasmic surface (Cyt IP/100 um?) in cell bodies and dendrites.
Cell bodies in 6-OHDA-injected side display decreased cytoplasmic D1R and
increased D1R at the plasma membrane. Dendrites display unchanged mem-
brane-bound receptor but increased cytoplasmic D1R. (b) Measure of D1R
immunoreactivity in the cytoplasmic organelles in the cell bodies: the endo-
plasmic reticulum (er) and the vesicles (ves) display a significant decrease of
D1Rin 6-OHDA-injected side as compared with the control side. **, P < 0.001;
*, P = 0.05.

Discussion

Modifications of abundance and availability of GPCR at the
surface of the neurons contribute to regulate sensitivity to
neurotransmitters (15). Changes in subcellular localization of
these receptors and internalization in endosomes after acute
stimulation have recently been shown to contribute to these
modifications (8-14).

In the present study, we have analyzed the subcellular local-
ization of D1R in neurons under chronic stimulation by dopa-
mine in mice that display neurochemical and behavioral features
of exaggerated dopamine tone, including high extracellular
dopamine concentration in the striatum. In these animals, DIR
is down-regulated in the striatal dopaminoceptive neurons at the
mRNA and protein levels (ref. 15, and unpublished observa-

PNAS | February 15,2000 | vol.97 | no.4 | 1883

NEUROBIOLOGY



tions). Such down-regulation most probably reflects an adaptive
response of the striatal neurons to high dopamine concentration.
We show here that this regulation involves D1R sequestration in
cytoplasmic compartments, which can be partially reversed by
decrease of the dopamine tone.

Indeed, not only D1R displays decreased abundance at the
plasma membrane in cell bodies and in dendrites, but also this
decrease is associated with exaggerated receptor abundance
specifically in the two cytoplasmic compartments that contrib-
ute to synthesis, namely the endoplasmic reticulum and the
Golgi apparatus, where D1R is not available for ligands. The
most conservative explanation of these results is to consider
that, under conditions of down-regulation, the DIR, once
synthesized, remains trapped in these cytoplasmic compart-
ments and is not delivered to the plasma membrane. This
phenomenon is reversible because recruitment of D1R to the
plasma membrane of cell bodies and decrease of the immu-
noreactivity in the endoplasmic reticulum is observed after
decrease of extracellular dopamine concentration with
6-OHDA treatment. This suggests that, in such conditions,
dopamine decrease in the striatum constitutes a signal for
delivery of D1R at the plasma membrane. 6-OHDA injection
had no effect on D1R abundance at the membrane of den-
drites, and increased immunoreactivity in their cytoplasm. A
delayed membrane delivery of D1R in dendrites resulting from
the intraneuronal transport of the receptors from the cell body
to the dendrites after dopamine decrease may explain such
discrepancy. This hypothesis would explain the increased
intradendritic D1R immunoreactivity after 6-OHDA. Differ-
ential innervation of cell bodies and dendrites by dopamine
fibers (22) may possibly lead to heterogenous decrease of
dopamine concentrations at the vicinity of cell bodies and
dendrites.

Receptor abundance at the plasma membrane is determined
by the activity of several pathways of receptor trafficking.
These include the delivery of newly synthesized receptor,
receptor internalization after activation, receptor degradation
in lysosomes, and receptor recycling at the membrane (14, 15).
Modifications of GPCR trafficking after acute stimulation that
include internalization in endosomes and receptor recycling at
the membrane within a few hours have been substantially
documented (8-15). The sequestration of GPCR in the rough
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endoplasmic reticulum and Golgi apparatus may be a previ-
ously underestimated mechanism controlling receptor abun-
dance at the surface of the neurons under situation of chronic
stimulation. However, we cannot exclude that down-regulation
of the DIR may also include degradation or accelerated
endocytosis, but the absence of variation in endosomal or
lysosomal structures bearing D1R immunoreactivity in the
cytoplasm of neurons of DAT™/~ mice does not favor this
hypothesis.

There is limited information on the functional importance of
delivery to the membrane of newly synthesized receptors under
chronic activation. In vivo, GPCR are generally located at the
plasma membrane of neurons, but can also be found promi-
nently in the cytoplasm, especially under high neurotransmit-
ter tone (7). Indeed, anatomical evidence suggests that in the
normal brain, a given GPCR may be present in the cytoplasm
or at the plasma membrane, depending on the relationships
between the innervation delivering the ligand and the neurons
bearing receptors, as shown for somatostatin (7) or acetylcho-
line receptor (23). Also, in vitro models demonstrate that acute
dopamine agonist treatment can promote the delivery of newly
synthesized receptors from an unidentified cytosolic compart-
ment to the plasma membrane of renal cells (24). Long-term
exposure to cocaine that blocks dopamine transporter activity
down-regulates DIR in striatal neurons (25). These findings
raise the interesting question as to whether chronic alteration
of dopamine transporter production or action as observed
during aging or psychostimulant administration (25-27) may
also influence D1R trafficking and delivery in certain patho-
logical situations. At any rate, the present results provide
evidence that regulated delivery of GPCR from the endoplas-
mic reticulum and Golgi complex to the plasma membrane can
be a component of the response of neurons to abnormal
stimulation by a neurotransmitter. It can be expected that such
phenomenon contributes to the control of the abundance of
GPCR available for ligand at the surface of the neurons and
consequently of signaling efficiency.
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