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Typical neuroleptic drugs elicit their antipsychotic effects mainly
by acting as antagonists at dopamine D2 receptors. Much of this
activity is thought to occur in the cerebral cortex, where D2
receptors are found largely in inhibitory GABAergic neurons.
Here we confirm this localization at the electron microscopic
level, but additionally show that a subset of cortical interneu-
rons with low or undetectable expression of D2 receptor iso-
forms are surrounded by astrocytic processes that strongly
express D2 receptors. Ligand binding of isolated astrocyte prep-
arations indicate that cortical astroglia account for approxi-
mately one-third of the total D2 receptor binding sites in the
cortex, a proportion that we found conserved among rodent,
monkey, and human tissues. Further, we show that the D2
receptor-specific agonist, quinpirole, can induce Ca2* elevation
in isolated cortical astrocytes in a pharmacologically reversible
manner, thus implicating this receptor in the signaling mecha-
nisms by which astrocytes communicate with each other as well
as with neurons. The discovery of D2 receptors in astrocytes with
a selective anatomical relationship to interneurons represents a
neuron/glia substrate for cortical dopamine action in the adult
cerebral cortex and a previously unrecognized site of action for
antipsychotic drugs with affinities at the D2 receptor.

he circuit basis of all cortical functions involve a balance

between excitation and inhibition, and recent studies in this
laboratory have begun to reveal the mechanisms by which
interneurons exert control on cognitive processes mediated by
prefrontal circuits (1, 2). D2 family receptors are among the
neurotransmitter receptors through which inhibitory actions are
signaled in the cortex (3-6). Previous light microscopic investi-
gations have revealed that prefrontal cortical neurons express
the D2S and D2L isoforms (4). Here, we report the ultrastruc-
tural localization of these D2 receptor isoforms. Knowledge of
the precise cellular disposition of these receptors could have
relevance to the differential effects of typical and atypical
neuroleptic drugs as well as the modulation of cognitive pro-
cesses carried out by prefrontal circuits.

Materials and Methods

Immunocytochemistry. Affinity-purified anti-D2 polyclonal an-
tibodies were used for anatomical studies at both light and
electron microscopic levels, as described in detail in ref. 4. The
specificity of these antibodies to both the short and long
isoforms of the dopamine D2 receptor has been demonstrated
(4). In brief, sections from four perfused monkey brains were
incubated with anti-D2 antibodies and further processed by
incubation with either biotinylated goat anti-rabbit antibodies
(Jackson Immuno-Research) or goat anti-rabbit antibodies
coupled to 1.4-nm gold particles (Nanoprobes, Stony Brook,
NY). The bound anti-D2 antibodies were visualized by the
immunoperoxidase method using the ABC Elite kit (Vector
Laboratories) or by silver enhancement of gold particles
(Nanoprobes). Double-label immunofluorescence studies
were performed by incubating sections with anti-D2 antibodies
and mouse monoclonal antibodies to glial fibrillary acidic
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protein (GFAP; Chemicon) or parvalbumin (Chemicon) fol-
lowed by incubation with goat anti-rabbit I[gG-rhodamine and
goat anti-mouse IgG-FITC (both from Jackson Immuno-
Research). For double labeling electron microscopic analysis,
sections were incubated in a mixture containing the anti-D2
and anti-GFAP antibodies. The D2 receptor isoforms were
visualized by using the immunogold reaction and GFAP by the
immunoperoxidase technique.

Isolation of Astrocytes. Astrocytes were isolated from the cortical
gray matter by using a density gradient as described by Farooq
and Norton (7). Freshly obtained tissues were sliced and incu-
bated with 0.1% trypsin at 37°C for 45 min. Disaggregated cell
suspensions were used for the differential centrifugation. Iso-
lated astrocytes were kept in a CO, incubator with DMEM
(GIBCO) at 37°C for 2 h before they were used for further
studies. D2 receptor-deficient mice were generated by gene
disruption (8).

Radioligand Binding Assay. Aliquots of frozen astrocyte samples
containing 50 pg of protein were used for binding studies with
radiolabeled ligands, as described in refs. 4 and 5. Astrocyte
samples were incubated with 2 nM *H-radioligand for 1 h at 24°C
in a total volume of 1 ml. The reaction was terminated by rapid
filtration through glass filters and the retained radioactivity was
counted. Nonspecific binding was determined by performing the
assay in the presence of 2 uM (+)-butaclamol-HCI or raclopride
(Research Biochemicals), and background activity was sub-
tracted from total activity.

Calcium Imaging. Optical recordings of intracellular calcium con-
centrations were performed essentially as described in ref. 9.
Freshly isolated astrocytes were plated on poly-L-lysine-coated
coverslips and incubated with 5 uM cell-permeant fluo-3 (fluo-3
acetoxymethyl ester from Molecular Probes). The fluo-3 fluo-
rescence present in the cells was measured with a Bio-Rad
MRC-1024 system. While exciting the dye containing cells with
light of 488 nm wavelength, variations in intracellular calcium
were measured at 522 nm. Fluorescence images were acquired
every 3 s. Changes in the Ca?* concentrations were calculated by
dividing the measured fluorescence intensity after drug appli-
cation (F) by the measured average fluorescence intensity at
baseline (F/Fy).

Results

D2 Receptors in Interneurons and in Astrocytic Processes. Immuno-
reactivity of the D2S and D2L isoforms of the dopamine D2
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Fig. 1. The short and long isoforms of the dopamine D2 receptor were expressed at similar levels in interneurons of the prefrontal cortex (arrows in a and c).
These receptors were concentrated in proximity to the plasma membrane (arrowheads in b); particularly evident in d, where the D2 (red) receptors enwrap the
parvalbumin-labeled (green) neuron. The D2 receptors (red) coexpress with GFAP (in green), a marker for astrocytic processes (e and f). The D2 receptors also

colocalize with GFAP in isolated astrocytes (g—).

receptor subtype was strongly associated with nonpyramidal
neurons (Fig. 1 a—), as evidenced by coexpression with parv-
albumin (Fig. 1d) or glutamic acid decarboxylase (GAD; data
not shown). The dark punctate immunolabeling was most often
associated with the cell plasma membrane (Figs. 16 and 2 Inset),
strongly suggesting a distinct postsynaptic localization of D2
receptors. Analysis of 80 interneurons at the electron micro-
scope revealed two subsets of D2-labeled cells. The larger
proportion (60%) of neurons expressed D2 receptor within the
cytoplasm (Fig. 3 @ and b) and in dendritic shafts (4). However,
the other group of 32 neurons exhibited no evidence of cyto-
plasmic labeling. Instead, immunoreactivity was present in as-
trocytic processes that enwrapped the soma (Fig. 2 a and b). In
both diaminobenzidine (DAB) and gold particle immunoreac-
tion experiments, the reactions were observed outside the cell,
adjacent to the plasma membrane (arrowheads), and were not
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associated with neuronal elements, such as synapses (arrows)
(Fig. 2 b—d).

To confirm the localization of D2 receptors in the astrocytes
surrounding neuronal soma, we performed double-labeling
with antibodies both to the D2 receptor and GFAP, a marker
for glial astrocytic processes. Coexpression of the D2 receptors
and GFAP was observed at both the light (Fig. 1 ¢ and f) and
electron microscopic levels (Fig. 4 a—c). Ultrastructural
evidence of colocalization of the D2 receptors with S-100,
another astrocytic protein, was also observed (data not
shown). GFAP-immunoreactive structures containing D2 re-
ceptors were commonly juxtaposed to unlabeled axons and
dendrites (Fig. 4 b and ¢). Close appositions of this kind have
previously been described in the cerebral cortex (10, 11), and
may serve as release sites for neurotransmitters (10), such as
dopamine.

PNAS | February 13,2001 | vol.98 | no.4 | 1965

NEUROBIOLOGY



Fig. 2.

Electron micrograph of a D2-immunolabeled cortical neuron (Inset), showing that the D2 receptors are localized exterior to the plasma membrane of

the neuron, on surrounding processes (small arrowheads), and not within the neuron (a). At higher magnification in b and ¢, the peroxidase reactivity was clearly
associated with astrocytic processes (stars) and was not present at synaptic sites (arrows). (d) Similarly, immunogold labeling of D2 receptors (notched
arrowheads) also confirmed the presence of this receptor in glial astrocytic processes. Small arrowheads point to the plasma membrane of the cell body. (Scale

bars: a, 2 um; b and ¢, 200 nm; d, 500 nm.)

D2 Receptor-Specific Ligand Binding Sites in Isolated Astrocytes. We
next isolated cortical astrocytes from tissues obtained from mice,
rats, monkey, and human and examined their ability to bind ligands
that have specificity for dopamine D2 receptors (e.g., spiperone,
raclopride, haloperidol, and YM-09151). Double labeling with
antibodies to the D2 receptor and GFAP further confirmed the
localization of D2 receptors in isolated astrocytes (Fig. 1 g). We
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found that approximately 32-38% of the total ligand binding
activity was associated with astrocytes isolated from these species
(Fig.5). As a control, astrocytes isolated from D2 receptor-deficient
mice (8) failed to show D2-ligand binding, suggesting that the
binding activity observed in normal animals is specific for D2
receptors (Fig. 5). Other reports have also observed dopamine
receptors on glial membranes as well as in glial cell lines by
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Fig. 3. A large proportion of the D2-labeled interneurons showed reac-
tivity within the cell body (arrowheads in a and b). An electron micrograph
represents the parvalbumin-labeled [diaminobenzidine (DAB)-peroxidase
reaction] neuron expressing D2 receptors (immunogold particles). (Scale
bars: a, 2 um; b, 200 nm.)

radioligand binding (12, 13), mRNA expression (14), autoradiog-
raphy (15), and electrophysiology (16). An interaction between the
D2 receptor and its antagonists in astrocytes can also be inferred
from the recent observation that chronic treatment with D2-
antagonist drugs tend to alter the density of glia in prefrontal cortex
in rhesus monkey (17).

Khan et al.

Fig. 4. (a and c) Electron micrographic evidence of double immunolabeling
of D2 receptors with GFAP in the prefrontal cortex, where the receptor is
labeled with immunogold particles (notched arrowheads) and GFAP by the
peroxidase reaction (stars). a shows the colocalization of the D2 receptor with
GFAP, whereas b and ¢ show the astrocytic structures making close contacts
(arrows) with unidentified axons (a) and dendrites (d). Small arrowheads
identify the plasma membrane of the cell body. (Scale bar = 200 nm.)

Ca2* Elevation in Astrocytes on Activation with D2 Agonist. To
determine whether the D2 receptor in astrocytes is functional,
we used calcium imaging. Application of 150 uM quinpirole,
a D2 receptor agonist, produced a temporary increase in
intracellular Ca?>" whose F/F, peaked at 1.25 (Fig. 6a and
Table 1) and 1.31 (Fig. 6b and Table 1) in rat and mice,
respectively. Typically a subset of astrocytes (25% of 643 cells
evaluated) showed a similar response, and their activation was
significantly different from basal Ca?* levels (Table 1). More-
over, coapplication of raclopride (300 uM) blocked the in-
crease in intracellular Ca?* (Fig. 6b and Table 1). A decrease
in intracellular Ca? * concentration after raclopride applica-
tion suggests that the D2 receptor associated signaling pathway
was probably already stimulated to a certain degree (Table 1).
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Fig.5. Specificbinding activity in isolated astrocytes from the cerebral cortex to
spiperone, raclopride, haloperidol, and YM-09151, compounds with high affin-
ities at D2 receptor. About 35% of the total binding activity in cortex was
observed in the astrocytes isolated, respectively, from human, monkey, rat, and
mouse preparations. D2 receptor-deficient mice lacked binding activity, whereas
it was present in wild-type mice.

Direct involvement of D2 receptors in the activation of Ca?*
in isolated astrocytes was also evident from analysis of the
D2-deficient mice. Mice lacking the dopamine D2 receptors
failed to show Ca?" elevation after quinpirole stimulation (Fig.
6b and Table 1), whereas wild-type mice retained this activity
(Table 1).

Discussion

In line with our previous light microscopic observations in the
prefrontal cortex of nonhuman primates (4), immunoreactivity
of D2 receptors was mainly localized in the interneurons (Fig
1 a—c). As far as we know, this is the first ultrastructural
evidence for the presence of D2 receptors in a subset of
cortical interneurons. About 60% of these cells showed label-
ing in soma (Fig. 3 a and b) and dendritic shafts (4). We also
found that a subset (=40%) of these neurons were devoid of
intracellular reaction product and instead showed immunola-
beling in astrocytic processes that enwrapped their cell body
(Fig. 2a) and we have focused on this finding in the present
report. We estimate that approximately 35% of the total D2
receptor binding activity in the cortex may be associated with
astrocytes (Fig. 5). Our electron microscopic analysis shows
that D2 receptors in this class of glial cells make close
anatomical association with interneurons in the cerebral cortex
and suggest that this association might provide a substrate for
functional interaction between the two cell types. Astrocytic
processes that surround neurons have been shown to express
other G-protein coupled receptors, including glutamate re-
ceptors (18).

There is accumulating evidence that astrocytes may play an
active role in neural communication (19-25). Ca?* elevation in
astrocytes evokes a glutamate-dependent inward current in
adjacent neurons (19-21) and modulates action—potential-
mediated synaptic transmission between cultured hippocampal
cells (21, 23). We detected a 25% increase in intracellular Ca?*
concentration induced by quinpirole, a D2-receptor-specific
agonist (Fig. 6 a and b and Table 1), and reversibly blocked this
response with the D2 antagonist, raclopride. This finding sug-
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Fig. 6. D2 receptor agonist-dependent Ca2* elevation in isolated astrocytes.
(a) Atypical response for asingle cell, showing baseline Ca2* level (buffer), and
an increase in Ca2* concentration after stimulation with 150 uM quinpirole at
3sand6s. (Scale bar = 10 um.) (b) Traces from individual experiments showing
the calcium concentration in single astrocytes over time. (Upper) Responses to
the application of buffer, 150 uM quinpirole, or 300 uM raclopride followed
by 150 uM quinpirole, and 50 mM potassium chloride. No effect was observed
in astrocytes isolated from D2 receptor-deficient mice.

gests that D2 receptors may trigger Ca?>" waves on activation,
analogous to other neurotransmitter receptors (21, 23, 26).
Therefore, it is possible that D2-facilitated Ca’* excitation in
astrocytes may increase neuronal excitability (19-24) and, ulti-
mately, synaptic transmission (25), whereas neuronal D2 recep-

Table 1. D2 receptor dependent Ca2* elevations in astrocytes

Number of Significance,

Treatment cells F/Fo p > 0.001
Rat

Buffer 268 1.00 = 0.04

Quinpirole 643 1.25 = 0.07 **

Raclopride + quinpirole 206 0.89 = 0.09

Quinpirole after washout of 69 1.36 = 0.20 *k

raclopride

KCl in buffer 152 2.55 +£0.85 **
Wild-type mice

Buffer 96 1.00 = 0.03

Quinpirole 96 1.31 = 0.27 **
D2-deficient mice

Quinpirole 184 1.00 = 0.03 No effect

KCl in buffer 184 1.79 = 0.63 i

Changes in Ca?* concentration are represented as the ratio of fluorescence
intensity after drug application to baseline (F/Fo).
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tors inhibit the action of GABAergic neurons (3), similar to D4
receptors.

Typical neuroleptic drugs are thought to achieve their anti-
psychotic efficacy by 70-80% occupancy at D2 receptors (27,
28). Administration of these drugs in clinically effective doses to
psychiatric patients also produces extrapyramidal side effects
(29, 30). Our results suggest a dual mode of action for D2
receptors in the cerebral cortex, by which they may act directly
through GABAergic neurons or indirectly via glial processes. In
contrast, D4 receptors might only participate in a direct mode of
inhibition, because this receptor is mainly localized in GABAer-
gic neurons and not in glia (6). These findings raise the question
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of whether some portion of the difference between typical and
atypical neuroleptic drugs with respect to relief of clinical
symptoms or production of side-effects might account for ther-
apeutic actions at glial targets.
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