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Dopamine receptors with a pharmacological profile similar to D2 receptors are coenriched
with rhodopsin in preparations of bovine retinal membranes. A high density of these
receptors are present on photoreceptor membranes. The affinity of the agonist
apomorphine for these receptors is decreased by the guanine nucleotides GTP and
GppNHp. Treatment of photoreceptor membranes with pertussis or cholera toxin also
decreased the affinity of apomorphine and eliminated the effect of GTP. © 1985 Academic

Press, Inc.

Dopamine is involved in photoreceptor physiology. Light stimulates the synthesis
and release of dopamine (1), and dopamine containing amacrine cells are located in
anatomical register with photoreceptors (2). Dopamine is involved in the autophagy of
photoreceptors (3), and promotes light-adaptive photoreceptor movements via dopamine-
D2 receptors (4). The D2 selective antagonist metoclopropamide depresses the A wave of
the human ERG (5), implicating a role for D2 receptors in human photoreceptor
physiology. Radioligand binding experiments have indicated a low density of D2 receptors
in the total particulate fraction of crude retinal homogenates (6,7), and the affinity of
agonists for retinal dopamine receptors is decreased by guanine nucleotides (6,7).

The inhibition of adenylate cyclase by dopamine in striatum and pituitary is
mediated by D2 receptors (8,9,10). Inhibition of adenylate cyclase by these receptors is
sensitive to guanine nucleotides and is prevented by pertussis but not by cholera toxin
(9,10). The affinity of agonists for D2 receptors in striatal membranes is decreased by
pertussis toxin (11) and guanine nucleotides (11,12). Pertussis toxin catalyzes the ADP-
ribosylation of the guanine nucleotide binding proteins N; and N, in brain membranes
(11,13,14). In photoreceptor membranes, pertussis toxin catalyzes the ADP-ribosylation
of the guanine nucleotide-binding protein transducin (13,15). Transducin mediates

activation of cGMP-dependent phosphodiesterase by bleached rhodopsin (13,16). Unlike
N; and N, transducin is also sensitive to ADP-ribosylation catalyzed by cholera toxin (13).
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To determine if dopamine-D2 receptors are present on photoreceptor (rod outer
segment) membranes, we used radioligand binding techniques to examined several
preparations of retinal membranes for dopamine-D2 receptors. The sensitivity of these
dopamine receptors to guanine nucleotides, pertussis and cholera toxins were also

examined.

MATERIALS AND METHODS

Membrane Preparations. Retinas were dissected from bovine eyes (Trueth & Sons,
Baltimore, MD) and frozen on dry ice. The retinas were thawed, and the total particulate
fraction was prepared by homogenization in 50 mM Tris-HCL, pH 7.4, 1 mM EDTA, 120
mM NaCl (TEN) followed by centrifugation at 40,000 x g for 10 min, the pellet was
resuspended in TEN and centrifugation was repeated. Purified photoreceptor membranes
(rod outer segments) were isolated essentially as described (17). Briefly, retinas were
thawed and stirred for 3 min with isolation buffer,10 mM MOPS, pH 7.5, 60 mM KCl, 30
mM NaCl, 2 mM MgCl,, 1 mM NaN3, 1 mM dithiothreitol, 0.1 mM EGTA (IB)
containing 45% sucrose followed by centrifugation at 27,000 x g for 20 min. The pellet
(P1) was saved, and the supernatant diluted 1:1 with IB (no sucrose) and centrifugation
repeated. The pellet was washed twice, and floated on 45% sucrose in IB followed by
centrifugation at 45,000 x g for 45 min. The buoyant material was diluted 1:1 with IB and
centrifugation repeated, the pellet was washed twice, resuspended in TEN, and stored at -
700C. Electron microscopic examination of this preparation revealed intact rod outer
segments and very small membrane fragments. Only a portion of the retinal photoreceptors
could be isolated by this procedure. A less pure, but higher yield preparation of
photoreceptors (crude photoreceptors) was prepared by homogenization of P1 in TEN
containing 45% sucrose with centrifugation at 27,000 x g for 20 min. The pellet (P2) was
saved, and the supernatant was diluted 1:1 with TEN, centrifuged as before and the
resulting pellet was washed, and resuspended in TEN for storage at - 700C. For
preparation of the pigmented fraction, P2 was resuspended in TEN and stored at - 70°C.
Approximately 40% of the retinal protein was recovered in the pigmented fraction, 20% in
the crude and less than 5% in the purified photoreceptor membranes.

Rhodopsin measurements. Eyes were dark-adapted for 6 hrs before isolation of
retinas and isolations and membrane preparations were performed under dim red light.
Membranes were solubilized with 10% deoxycholate. Rhodopsin was measured as
absorbance at 500, and rhodopsin content is reported at the ratio of absorbance at 280 (total
protein) / absorbance at 500 (18).

Dopamine receptor measurements. Receptor assays, minor modifications of
established procedures (12), were performed in a 0.5 ml volume of buffer 50 mM Tris-
HCI, pH 7.4, 1 uM pargyline, 0.1% ascorbic acid, 120 mM NaCl, 5 mM KCl, 1 mM
MgCl,, 1 mM CaCl, containing 0.05 mg of retinal protein, the dopamine agonist (SH)N-
propyl-norapomorphine (NEN, 68 Ci/mmole) or the dopaminine antagonist (3H)spiperone
(NEN, 24 Ci/mmole) and cold ligands. Tissue was incubated for 30 min at 30°C, and
nonspecific binding was defined by displacement with 10 pM (-)sulpiride a D2-specific
antagonist. Assays were terminated by rapid filtration through GF/C filters, filters were
washed with 10 ml 20 mM Tris-HCl, pH 7.4 and counted at an efficiency of 50%. Data
were analyzed by nonlinear regression using a form of the Hill equation. Protein was
measured by the method of Lowry ez. al. (19 ).

ADP-ribosylation. Pertussis and cholera toxins were activated by incubation in 50
mM glycine, pH 8.0, 20 mM dithiothreitol, 1 mg/ml ovalbumin, for 10 min at 30 oC.
Crude photoreceptor membranes were incubated with activated toxin (2.5 pg/ml), 50 mM
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potassium phosphate, 20 mM thymidine, 40 uM NAD, 1 mM ATP, 1 mM GTP for 45 min
at 300C. Membranes were centrifuged at 40,000 x g for 20 min and washed once and
resuspended in the buffer used in the binding assays. Control membranes were treated in
an identical fashion except no toxin was included in the incubation. (32P)ADP-
ribosylations were performed under identical conditions with (32P)-labeled NAD (NEN, 1
H Ci/assay) as a substrate, reactions were terminated by centrifugation and samples were
subsequently prepared for SDS-PAGE (20 ).
RESULTS AND DISCUSSION
As illustrated in Table 1, pharmacological characterization of (3H)spiperone-labeled
sites in both crude and purified photoreceptor membranes (rod outer segments) suggests
labeling of D2-like sites (21). The dopamine agonist apomorphine showed high affinity,
and this affinity was decreased by GTP and GppNHp. The dopamine antagonists sulpiride
and butaclamol showed the expected stereoselectivity and relative potencies, and both the
-1 antagonist prazocin, and the serotonin antagonist, mianserin, had very low affinity for
these sites (Table 1).

A high density of dopamine receptors is present in photoreceptor membrane

preparations of the retina (Table 2). The density of dopamine receptors was 2-fold higher

TABLE 1

PHARMACQOLOGICAL CHARACTERIZATION OF SITES LABELED WITH
(’H)SPIPERONE IN PHOTORECEPTOR MEMBRANES

IC50 (nM)
Purified Photoreceptor Crude Photoreceptor

membranes membranes
apomorphine 4 3
apomorphine + GTP 19 17
apomorphine + GppNHp 15 10
( + ) butaclamol 33 44
( -) butaclamol > 10,000 > 10,000
( - ) sulpiride 330 410
(+) sulpiride 6,200 7,200
prazocin > 10,000 > 10,000

Values represent the mean of 2-3 independent fxperiments performed in triplicate with 6
concentrations of the indicated agents and 0.4 nM (°H)spiperone. The concentrations of GTP and
GppNHp were 100 pM.
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TABLE 2

DOPAMINE RECEPTORS LABELED WITH (3H)SPIPERONE AND
(3H)N-PROPYL-NORAPOMORPHINE IN PREPARATIONS OF RETINAL

MEMBRANES

(3H)Spiperone (3H)NPA Rhodopsin

Kp Bmax Kp  Bmax Abs 280/500
total particulate 04 183 0.5 210
pigmented 0.6 60 0.3 o4 ND
membranes
crude photoreceptor 0.4 380 0.5 430 42
membranes
photoreceptor 0.5 710 0.6 710 2.7
membranes

Kp (nM) and By, (fmole/mg protein) values were obtained from a single retinal isolation and are
representative of several experiments. These values were estimated as described in methods.
Assays were performed in duplicate with 6 concentrations of the indicated ligand, and nonspecific
binding was defined with 10 uM (-) sulpiride. Rhodopsin content was estimated in dark-adapted
retinal tissue as described in methods.

in purified photoreceptor membranes relative to crude photoreceptor membranes, while the
pigmented fraction had a very low density of receptors. The rhodopsin content of the
purified photoreceptor membranes was also 2-fold higher than the crude preparation, and
rhodopsin was not detectable in the pigmented fraction. Dopamine receptors were 4-fold
higher in the pure photoreceptor membranes than in the total particulate fraction of a total
retinal homogenate. The dopaminergic agonist (3H)N-propyl-norapomorphine labeled
approximately the same number of binding sites as (3H)spiperone in each of these
membrane preparations. Since photoreceptors account for approximately 20% of the
protein in the total particulate fraction of crude retinal homogneates, these data are
consistent with the majority of retinal dopamine-D2 receptors being present on
photoreceptor membranes.

In control photoreceptor membranes, the apomorphine-inhibition-curve was
shallow with a low Hill number, suggesting receptor cooperativity or heterogeneity (Table
3, Figure 1). GTP decreased the affinity of apomorphine and increased the Hill number to
unity, suggesting a homogeneous receptor population. Pertussis and cholera toxin

decreased the affinity of apomorphine for dopamine receptors, and GTP was without effect
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TABLE 3

AFFINITY OF APOMORPHINE FOR DOPAMINE RECEPTORS IN
PHOTORECEPTOR MEMBRANES TREATED WITH TOXINS

ICSO (nM)
- GTP + GTP
control 1.9£0.2 (.49 £ .06) 189+9.5 (.98 +.18)
pertussis 63£2.0 (.73%.14) 950+2.1 (.67 £.09)
toxin
cholera 68+25 ((72£.16) 640+2.2 (.60 £ .15)
toxin

Values represent the mean IC5( £ SD (Hill number + SD) of 3 separate toxin experiments, each
experjment was performed in friplicate with 6 concentrations (1 - 300 nM) of apon}’orphine and 0.4
nM (°H)spiperone. No effect of toxins or GTP was observed on the binding of (*H)spiperone in
the absence of apomorphine. Data was analyzed by a nonlinear regression to a form of the Hill
equation as described in methods.

on either apomorphine-affinity or Hill number in toxin-treated membranes. Under these
conditions, pertussis toxin catalyzed the ADP-ribosylation of a single protein with a Mr
40,000 in both crude and purified photoreceptor membranes (data not shown).

The colocalization of dopamine receptors and rhodopsin to photoreceptor

membranes, and their coupling to a pertussis and cholera toxin sensitive GTP-binding

X SPIPERONE BOUND
o
S

0 ————————
-10 -9 -8 -7 -8

LOG APOMORPHINE MOLARITY

Fig. 1. Pertussis and cholera toxins decrease the affinity of apomorphine for dopamine receptors
on photoreceptor membranes. Values, calculated by nonlinear regression of the Hill equation as
described in methods, represent the means of triplicate determinations performed in 3 independent
experiments. At all but the highest concentration of apomorphine, u'eatglcnt with cholera (4) and
pertussis (@) toxin decreased the ability of apomorphine to inhibit (°H)spiperone binding to
dopzméne receptors. Photoreceptor membranes were treated with activated toxins as described in
methods.
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protein, support the concept that both receptors couple to transducin, since transducin is
present in a high concentration in photoreceptor membranes and has a Mr 40,000 subunit
with is a substrate for ADP-ribosylation catalyzed by both toxins (13). Since D2 receptors
couple to N; in other tissues, these data indicate that coupling is tissue dependent. Together
with the observation that rhodopsin s able to couple to both Ni and transducin in
reconstitution systems (16,22), these data suggest a structural homology between

dopamine receptors and rhodopsin, and is consistent with the known structural homology

between transducin N; and N, (13,16,22).
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