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Expression of recombinant proteins

The KRX/pFN2A-NR1 (segments C0-C1-C2; NM_008169.3),
KRX/pFN2A-HINT1 (NM_00824) and KRX/pFN2A-
RGSZ2 (NM_001161822) strains were obtained as previ-
ously described (12, 13). Murine full-length r1R (AF004927)
and the short variant (AB721301) were cloned after PCR
amplification from PAG cDNA into the pFN2A (GST) Flexi
vector (Promega, Madrid, Spain). Specific primers contain-
ing upstream SgfI and downstream PmeI restriction sites were
used. The PCR products were cloned downstream of the GST
coding sequence and the TEV protease site. The sequenced
proteins were identical to the GenBank� sequences. The
vector was introduced into Escherichia coli BL21 (KRX
#L3002; Promega), and clones were selected on solid me-
dium containing ampicillin. After overnight induction at
room temperature (1 mM IPTG and 0.1% Rhamnose), the
cells were collected by centrifugation, and the pellets were
maintained at - 80�C. The purification of GST fusion pro-
teins was improved using SUMO1-agarose (#UL-740; Bos-
ton Biochem, Cambridge, MA), which binds the SIM domain
of r1R; this was followed by purification under native con-
ditions on GStrap FF columns (17-5130-01; GE Healthcare,
Barcelona, Spain) and when necessary, the fusion proteins
that were retained were cleaved on the column with ProTEV
protease (#V605A; Promega); further purification was
achieved by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) followed by electroelution of
the corresponding gel band (GE 200; Hoefer Scientific In-
struments, San Francisco, CA) and immobilized through
agarose-coupled affinity-purified IgGs directed to the target
protein. Site-directed mutagenesis was performed with Ac-
cuprime Pfx DNA Polymerase (Invitrogen, Madrid, Spain)
using NR1 segments C0-C1-C2 as the template. Threonine
879 was mutated to Alanine (T879A), and the amplified
fragment was cloned into pFN2A (GST) Flexi� Vector
(Promega). The sequences were confirmed through auto-
mated capillary sequencing. The protein Calmodulin
(#208694) was obtained from Calbiochem (Merck-Millipore,
Barcelona, Spain); PKCc was from Millipore (14-483) and
Abnova (P4756; Taipei City, Taiwan); and Gai2 subunits
were from Calbiochem (#371796).

Drugs and intracerebroventricular injection

NMDA (#0114), MK801 (#0924), BD1063 (#0883),
BD1047 (#0956), PRE084 (#0589), NE100 (#3133), cloni-
dine (#0690), and WIN55,212-2 (#1038) were obtained from
Tocris Bioscience (Bristol, United Kingdom). We also used
BD1063 (EST0013430.A; 1-[2-(3,4-dichlorophenyl)ethyl]-
4-methylpiperazine dihydro-chloride) and the newly
synthesized r1R antagonist S1RA (EST-52862.A; 4-[2-[[5-
methyl-1-(2-naphthalenyl)-1H-pyrazol-3-yl]oxy]ethyl] mor-
pholine) (3) obtained from Laboratorios Esteve (Barcelona,
Spain). Progesterone (P7556), Pregnenolone (P9129), Preg-
nenolone acetate (P49902), and Pregnenolone sulfate (P162)
were obtained from Sigma (Barcelona, Spain), and Gö7874

(Calbiochem #365252) was obtained from Merck-Millipore.
Morphine sulfate was purchased from Merck (Darmstadt,
Germany). L-NG nitroarginine and NG-nitro-l-arginine
methyl ester were from Tocris Bioscience (L-NNA, 0664; L-
NAME, 0665). The substances were each injected into the
lateral ventricle of mice at 4 ll as previously described (8).
Compounds were dissolved in saline except r1R ligands that
were prepared in ethanol:cremophor EL:saline (1:1:18).
Doses of the compounds were taken from previous studies (5,
13, 14).

Immunohistochemistry

The mice were deeply anesthetized with chloral hydrate
28% weight/volume (0.1 ml/100 g body weight), before in-
tracardially perfusing them with a physiological solution
and then with 4% paraformaldehyde in 0.1 M phosphate
buffer (PB, pH 7.4) at 4�C. The mice’s brains were removed,
cut into small blocks, and postfixed for 4 h at room tem-
perature in the same fixative. The blocks were cryoprotected
at 4�C in a 30% sucrose solution in PB saline (PBS), snap
frozen on dry ice, and stored at - 80�C. Coronal cryosec-
tions (10 lm, 2800 Frigocut; Reichert-Jung, Depew, NY)
were mounted on gelatin-coated slides and permeabilized in
PBS containing 0.3% Triton X-100 (PBT) for 30 min at
room temperature. The sections were incubated with PBT
containing 1% bovine serum albumin for 1 h at room tem-
perature, and a rabbit IgG labeling kit (Zenon Tricolor
Rabbit IgG labeling Kit #1; Molecular Probes, Eugene, OR)
was then used to detect the rabbit polyclonal IgGs used that
fulfilled the recommended criteria for use in immunohis-
tochemistry (15): anti-MOR (C-terminal region, Abcam,
Cambridge, United Kingdom, ab134054; Alexa Fluor 647)
(2), anti-NMDAR NR1 subunit (C-terminus, Merck-Milli-
pore, Chemicon AB9864; Alexa Fluor 555) (11), and anti-
r1R (internal region139-157, Invitrogen 42-3300; Alexa
Fluor 488) (1). The labeling of the used antibodies was
performed according to the Zenon Complex Formation
protocol and diluted in PBT to the desired working con-
centration. The sections were incubated with the labeled
IgGs in a humidified chamber overnight at 4�C, and then the
sections were washed with PBS, mounted, and examined
with confocal microscopy (Leica TCS SP-5/LAS AF Lite
Software; Microsystems, GmbH, Hohenstein-Ernstthal,
Germany). DAPI (4¢-6-diamidino-2-phenylindole) nuclear
counterstaining was performed to localize the cells. For
each channel, the first four microphotographs at a distance
of 1 lm apart were Z-merged and the background was
subtracted to enhance the specificity and visibility of the
signals (ImageJ; NIH, Bethesda, MD) (16). Controls for
immunohistochemistry were performed following standard
protocols (for further details see Supplementary Fig. S3).

Immunoprecipitation and Western blotting

After intracerebroventricular (icv) morphine, groups of
eight mice were killed at various intervals postopioid;
periaqueductal grey matter (PAG) were obtained and



processed to obtain the synaptosomal pellet as previously
described (13), and used for mu-opioid receptor (MOR) and
NR1 immunoprecipitation and co-precipitation of HINT1,
NR1, and MOR. This procedure has been described else-
where (4, 7). Briefly, the PAGs were collected and ho-
mogenized in 10 volumes of 25 mM Tris-HCl pH 7.4, and
0.32 M sucrose supplemented with a phosphatase inhibitor
mixture (P2850; Sigma), H89 (B1427; Sigma), and a pro-
tease inhibitor cocktail (P8340; Sigma). The homogenate
was centrifuged at 1000 g for 10 min to remove the nuclear
fraction. The supernatant (S1) was centrifuged twice at
20,000 g for 20 min to obtain the crude synaptosomal pellet
(P2). The final pellet was diluted in Tris buffer supple-
mented with a mixture of protease inhibitors (0.2 mM phe-
nylmethylsulphonyl fluoride, 2 lg/ml leupeptin, and 0.5 lg/
ml aprotinin), followed by division into aliquots and
freezing at - 80�C.

For immunoprecipitation studies, the PAG from eight
mice were typically pooled. The assays were repeated at
least twice on samples receiving an identical treatment and
collected at the same interval postadministration. The af-
finity purified IgGs against the extracellular domains of the
MOR 2EL (205-216: MATTKYRQGSID; GenScript Co.,
Piscataway, NJ) and the NMDAR NR1 subunit (483-496:
KFGTQERVNNSNKK; GenScript Co.) were labeled with
biotin (Pierce #21217 and 21339). Pilot assays were performed
to optimize the amount of IgG and sample protein needed to
precipitate the desired protein in a single run. Target proteins
were subsequently immunoprecipitated from solubilized
membranes and resolved through SDS/PAGE as previously
described (13). The Nonidet P-40 solubilized proteins were
incubated overnight at 4�C with biotin-conjugated primary
antibodies raised against the target protein, for example, mu-
rine MOR or NR1 subunits. The immunocomplexes were re-
covered and resolved by SDS-PAGE. HINT1 was resolved in
4%–12% Bis–Tris gels (NuPAGE NP0341; Invitrogen) with
NuPAGE MES SDS running buffer (NP0002; Invitrogen) and
SeeBlue Plus2 prestained Standards (3–188 kDa, LC5925;
Invitrogen). Sufficient protein was obtained by immunopre-
cipitation to load about four gel lanes.

The separated proteins were then transferred onto
0.2 lm polyvinylidene difluoride (PVDF) membranes
(162-0176; Bio-Rad, Madrid, Spain) and probed overnight
at 6�C with the selected primary antibodies diluted in
Tris-buffered saline pH 7.7 (TBS) + 0.05% Tween 20
(TTBS) in DecaProbe chambers (PR 150; Hoefer-GE,
Barcelona, Spain). Those were detected using secondary
antibodies conjugated to horseradish peroxidase. Anti-
body binding was visualized by chemiluminescence
(#170-5061; Bio-Rad) and recorded using a ChemiImager
IS-5500 (Alpha Innotech, San Leandro, CA). Densito-
metry was performed using Quantity One Software (Bio-
Rad), and expressed as the mean – SEM of the integrated
volume (average optical density of the pixels within the
object area/mm2). Immunosignals are shown relative to
these of control animals that were attributed an arbitrary
value of 1. Equal loading among the postopioid intervals
was verified after determining the target protein in par-
allel blots of the same immunoprecipitated samples used
to study co-precipitation. Each bar is the mean – SEM of
three assays performed on PAG samples obtained from
independent groups of mice.

Effect of zinc ions and NO generators
on the recruitment of PKCg to PAG MORs
in synaptosomal membranes

The effect of zinc ions, the NO generator (5)-nitroso-N-
acetylpenicillamine (SNAP [#0598; Tocris Bioscience], and
the metal ion chelator N¢,N¢,N¢,N¢-tetrakis(2-pyridylmethyl)
ethylenediamine [TPEN; Fluka WA16827]) on the associa-
tion of PKCc with MORs was studied in PAG synaptosomal
membranes. Membranes were incubated with zinc chloride
(Puratronic, 231-592-0; Alfa Aesar, Ward Hill, MA) for 4 h at
4�C before the MORs were immunoprecipitated. Subsequently,
free zinc ions were removed by centrifugation and extensive
washing. The synaptosomal membranes were then solubilized
in Nonidet P-40 buffer as described (13). The solubilized
membranes were incubated overnight at 4�C with *3 lg of a
biotin (Pierce #21217 and 21339) conjugated primary antibody
(affinity-purified IgGs) raised against extracellular sequences in
MOR. The MOR-associated proteins were then separated by
SDS-PAGE and analyzed by Western blotting.

Antibodies

The primary antibodies included a newly synthesized anti-
r1R against the murine peptide sequence SRLI-
VELRRLHPGH (amino acids 59–72; GenScript Co.) ex-
hibiting < 10% homology to other known protein sequences
(EMBL, GenBank and SwissProt databases). Anti-r1R IgGs
were purified by affinity chromatography using the antigenic
peptide coupled to NHS-activated Sepharose 4 Fast Flow
(#17-0906-01; GE Healthcare). Other antibodies included
anti-r1R (AB2 #42-3300; Invitrogen); anti-MOR CT (13);
anti-NMDAR1 (#MAB1586; Merck-Millipore); anti-NMDAR1
phospho-S890 (#3381; Cell Signaling, Danvers, MA); anti-
NMDAR1 phospho-S896 (#ABN88; Merck-Millipore);
anti-NMDAR1 phospho-S897 (#ABN99; Merck-Millipore);
anti-NMDAR2A phospho-Y1325 (#ab16646; Abcam); anti-
NMDAR2B phospho-Y1472 (#ab59205; Abcam); anti-
CAMKIIpan (#3362; Cell Signaling); anti-CaMKIIa phospho-
T286 (#3361; Cell Signaling); anti-calmodulin (#4830; Cell
Signaling); and anti-PKCI/HINT1 (#H00003094-A01; Ab-
nova). Anti-RGSZ2 was raised against aa 192-215, Gen-
Script Co. (6); Anti-PKCc (#ab4145; Abcam); anti-Actin
(#CSA-400; Stressgen); Phosphoserine detection kit (clones
1C8, 4A9 and 16B4; #525282; Calbiochem); and Phospho-
threonine detection kit (#525288; Calbiochem).
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Sánchez-Blázquez P. Activation of l-opioid receptors
transfers control of Ga subunits to the regulator of G-pro-
tein signaling RGS9-2: role in receptor desensitization. J
Biol Chem 280: 8951–8960, 2005.
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