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Abstract

The [358]GTPyS binding assay represents a functional approach to assess the coupling between receptors and G-proteins. The optimal
conditions for [355]GTPyS binding to human brain homogenates were established in postmortem samples of prefrontal cortex. The
influence of protein content, incubation time, GDP, Mg2+, and NaCl concentrations on the [%S]GTPVS binding were assessed in the
absence and presence of the a,-adrenoceptor agonist UK14304 5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalinamine). In
conditions of 50 WM GDP and 100 mM NaCl, UK 14304 increased the apparent affinity of the specific [SSS]GTP«/S binding without
changing the apparent density. Concentration—response curves to agonists of « ,-adrenoceptors, w-opioid, 5-HT,,, cholinergic mus-
carinic, and GABA g receptors displayed, in the presence of NaCl, maximal stimulations between 24% and 61% with ECg, valuesin the
micromolar range. Selective antagonists shifted to the right the agonist-induced stimulation curves. The G; /G-protein alkylating agent
N-ethylmaleimide decreased basal [*°SIGTPyS bi nding in a concentration-dependent manner and inhibited the stimulation induced by the
different agonists. In cortical sections, [SSS]GTPVS binding to gray matter was stimulated by the agonist UK14304. The present study
demonstrates that functional studies of the receptor coupling to G, /G-proteins can be performed in postmortem human brain samples.

© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many transmembrane signalling processes of extrace-
[lular hormones and neurotransmitters are mediated by
receptor interaction with heterotrimeric guanine nucleotide
binding proteins (G-proteins) (Gilman, 1987). It is well
accepted that receptor activation by specific agonists aters
the conformation of the G-proteins and leads to the ex-
change of GDP by GTP at an specific site on the «
subunit (Gilman, 1987; Birnbaumer et a., 1990). This
conformational change promotes the dissociation of the
heterotrimeric G-protein into «-GTP and B+ subunits,
both of which can regulate severa effector molecules
within the cell (Clapham and Neer, 1997).

A direct evaluation of the receptor-dependent G-protein
activity can be obtained by measuring the stimulation of
guanine nucleotide exchange on G-proteins through the
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use of radiolabelled GTP analogues. Thus, the modulation
of guanine nuclectide binding by the presence of G-pro-
tein-coupled receptor agonists represents a functiona in-
formation on receptor status and a valuable method for the
monitoring of agonist and antagonist drugs properties. In
particular, the non-hydrolizable GTP analogue guanosine
5-(y-[*Slthiotriphosphate) ((*SIGTPyS) has been used to
evaluate, among others, «,-adrenoceptors in reconstituted
systems of purified proteins (Cerione et al., 1986), mus-
carinic cholinergic and p-opioid receptors in membrane
homogenates (Hilf et al., 1989; Selley et a., 1997), formyl
peptide, muscarinic, 5-HT,,, and o ,-adrenoceptors in
lysate of cells transfected with the cloned receptors
(Gierschik et a., 1989; Lazareno and Birdsall, 1993; New-
man-Tancredi et a., 1996; Peltonen et al., 1998), w.-opioid,
cannabinoid, GABA g, and 5-HT, receptors in autoradiog-
raphy (Sim et a., 1995; Dupuis et a., 1998), and mus-
carinic and 3-adrenoceptors in immunopreci pitation assays
(Wang and Friedman, 1994). A common fact for almost all
the G-protein-coupled receptors tested by the [®SIGTPyS
binding assay is their coupling to pertussis-toxin sensitive
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G, /G,-proteins. However, up to now, there is not a deep
study of [®SJGTPyS binding developed in either mem-
brane preparations or autoradiographic sections obtained
from postmortem human brain. Two previous reports re-
stricted to [*SIGTPyS binding stimulation by a single
concentration of muscarinic agonists have been published
in human brain (Ferrari-DiLeo et al., 1995; Cowburn et al.,
1996). A very recent autoradiographic study has evauated
the [®S|GTPyS binding stimulation by 5-HT,, serotonin
receptor agonists (Dupuis et al., 1999).

Biochemical and functional alterations of G-protein-
coupled receptors have been repeatedly postulated to play
a role in the pathophysiology of some neurological and
psychiatric diseases. Other lines of evidence suggest the
existence of specific abnormalities of G-protein expression
and/or function in the brain of subjects with neuropsychi-
atric disorders (Manji, 1992; Young et d., 1993; Cowburn
et al., 1996; Friedman and Wang, 1996; Pacheco et d.,
1996). Therefore, the quantification of the [*SIGTPyS
binding to human brain tissue, and its stimulation induced
by selective receptor agonists could represent a powerful
tool for the study of CNS disorders.

The aim of the present study was to establish the
optimal conditions for the [*S]GTPyS binding in post-
mortem human brain preparations. The stimulation of
[*SIGTPyS binding by several G-protein-coupled receptor
agonists was also analysed. In addition, a preliminary
autoradiographic assay was done to delineate anatomical
resolution and to draw optimal conditions for a further
study in human tissue slices. Abstracts of this work were
given a the 1998 Forum of European Neuroscience
(Gonzalez-Maeso et a., 1998) and the 1998 Society for
Neuroscience (Rodriguez-Puertas et al., 1998).

2. Methods
2.1. Materials

[®SIGTPyS (1250 Ci/mmol) was purchased from
DuPont NEN (Brussels, Belgium). Atropine, bovine
seroalbumine (BSA), carbachol, [p-Ala&?, N-Me-Phe*,
Gly®-oll-enkephain (DAMGO), (4 )-8-hydroxy-2-(di-n-
propylamino)tetralin  (8-OH-DPAT), bL-dithiothreitol
(DTT), GDP, GTP, GTPyS, naloxone, and N-ethylmalei-
mide (NEM) were purchased from Sigma (St. Louis, USA).
Baclofen, 5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-
quinoxainamine (UK 14304) and phaclofen were obtained
from Tocris Cookson (Bristol, UK). 2-Methoxyidazoxan
(RX821002) was synthesized at Lasa Laboratorios (Bar-
celona, Spain); N-[2-[4-(2-methoxyphenyl)-1-pipe-
razinylJethyl]-N-(2-pyridinyl)cyclohexanecarboxamide
(WAY 100635-A-5) was from Wyeth-Ayerst (Princeton,
USA). All other chemicals were obtained from standard
sources and were of the highest purity commercially avail-
able.

2.2. Postmortem brain samples

Human brain samples were obtained from subjects who
had died by sudden and violent causes (motor-vehicle
accidents). Samples from prefrontal cortex (Brodmann's
area 9) were dissected at the time of autopsy and immedi-
ately stored at —70°C until assay. The collection was
performed in accordance with approved protocols of the
Instituto Anatobmico Forense, Bilbao, Spain for post-
mortem human studies. Toxicological screening for psy-
chotropic drugs and acohol was carried out in tissue
samples, and subjects with a positive test were excluded
from the study. Eight male subjects (age at death 37 + 6
years) were definitively included. The postmortem delay
between death and dissection was 32 4+ 5 h and the storage
period a —70°C was 43 + 9 months. Not all the brains
were used for each set of experiments because of the
limited availability of tissue. However, all the experiments
were performed at least in two, mainly three, different
brains. A block of prefrontal cortex from one subject (23
years, 14 h of postmortem delay, and 1 month of storage
time at —70°C) was dissected for autoradiographic assay.

2.3. Preparation of membranes and tissue sections

Tissue samples of each subject (~ 1 g) were homoge-
nized using a Teflon-glass grinder (10 up-and-down strokes
at 1500 rpm) in 30 volumes of homogenization buffer (1
mM EGTA, 3 mM MgCl,, 1 mM DTT, and 50 mM
Tris—HCI, pH 7.4) supplemented with 0.25 M sucrose. The
crude homogenate was centrifuged for 5 min at 1000 X g
(4°C) and the supernatant was recentrifuged for 10 min at
40,000 X g (4°C). The resultant pellet was washed twice in
20 volumes of homogenization buffer and recentrifuged in
similar conditions. Aliquots of 0.4—0.6 mg protein were
stored at — 70°C until assay. Protein content was measured
according to the method of Bradford (1976) using BSA as
standard, and were similar in the different brain samples
(10.9 + 0.8 mg protein /g tissue).

For autoradiography, sections of 20 uwm were cut at
— 25°C using a cryostat, mounted on gelatin coated slides,
and stored at —25°C (Gonzélez et al., 1994).

2.4. [*J GTPyS binding assays

Unless otherwise indicated, the incubation buffer for
measuring [*S]GTPyS binding to brain membranes con-
tained, in a total volume of 500 wl, 1 mM EGTA, 3 mM
MgCl,, 100 mM NaCl, 0.2 mM DTT, 50 M GDP, 50
mM Tris—=HCl at pH 7.4 and 0.5 nM [*S]GTPyS (about
700,000 cpm). For the binding studies, protein aliquots
were thawed and resuspended in a buffer containing 1 mM
EGTA, 3 mM MgCl,, 100 mM NaCl, and 50 mM Tris—
HCl, at pH 7.4. The incubation was started by addition of
the membrane suspension (40 p.g of membrane proteins)
to the previous mixture and was performed at 30°C for 120
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min with shaking. Optimization studies were carried out by
modifying protein content, incubation time, and GDP,
GTPyS, Mg?*, and NaCl concentrations. In order to
evaluate the influence of selective drugs on [¥*S|GTPyS
binding, several G-protein-coupled receptor agonists (10~ *
to 1072 M) and antagonists (107% or 10~% M) were
included in the incubation buffer. Incubations were termi-
nated by adding 3 ml of ice-cold resuspension buffer
followed by rapid filtration through Whatman GF/C fil-
ters presoaked in the same buffer. The filters were rinsed
twice with 3 ml of ice-cold resuspension buffer, transferred
to vials containing 5 ml of OptiPhase HiSafe Il cocktail
(Wallac, UK) and the radioactivity trapped was determined
by liquid scintillation spectrometry (Packard 2200CA).
The [®SIGTPyS bound was about 7-14% of the total
[®SIGTPyS added. Nonspecific binding of the radioligand
was defined as the remaining [®SIGTPyS binding in the
presence of 10 wM unlabelled GTPyS, and amounted to
0.2-05% of the total [®SIGTPyS added. Nonspecific
binding was substracted from total bound radioactivity to
determine [®SIGTPyS specific binding. Preliminary as-
says of presoaking the glassfiber filters with 0.5%
polyethylenimine (Bruns et a., 1983) increased nonspe-
cific binding by ~ 220 fold, which prevented detection of
specific [®SIGTPyS binding.

A preliminary autoradiographic study of [*S|GTPyS
binding to human frontal cortex was also carried out as
described by Sim et al. (1995) in rat brain. Cortical
sections were incubated by immersion in a buffer contain-
ing 1 mM EGTA, 3 mM MgCl,, 100 mM NaCl, 0.2 mM
DTT, 2 mM GDP, 50 mM Tris—HCI at pH 7.4 and 0.05
nM [*S|GTPyS during 120 min at room temperature.
After the incubation, the slides were rinsed in cold 50 mM
Tris—HCI buffer (pH 7.4, 4°C, 2 X 15 min) and dried in a
cold-air stream. Nonspecific binding and responses to G-
protein-coupled receptor agonists and antagonists were
defined in similar conditions to assays in brain membranes.
A single consecutive 20-pwm-thick section was used for
every different condition. Sections were apposed to a
B-radiation-sensitive film (Hyperfilm B-max film, Amer-
sham, UK) in a closed cassette at 4°C for 48 h. *'C
Standards were included on the film, scanned and a stan-
dard curve was prepared. The densities were converted to
nCi /g tissue equivalent.

2.5. Membrane treatment with NEM

NEM is a sulfhydryl-alkylating agent that selectively
uncouples receptor from G; /G,-proteins (Uedaet al ., 1990;
Olianas and Onali, 1996). Cortical membranes were prein-
cubated (1 ml) in the absence or presence of NEM (1
uM—=2 mM) for 60 min at 4°C. The reaction was stopped
by 100 wl of DTT (fina concentration 20 mM) followed
by two membrane wash-outs with resuspension buffer and
subsequent centrifugations at 20,000 X g for 20 min. The
final pellets were resuspended in the same buffer and used

immediately for binding studies. [**S|GTPyS binding as-
says in standard conditions were performed with NEM-
treated membranes and their respective non-treated con-
trols.

2.6. Data analysis

Experimental values of the agonist-induced increases of
[*SIGTPyS binding were obtained (agonist-stimulated mi-
nus basal values) and termed net stimulations. Under such
conditions, the maximal net stimulation of each receptor
agonist could be estimated. Further, to display pharmaco-
logical parameters of the agonist-induced stimulation of
[*SIGTPyS binding, concentration—response curves were
performed and their parameters were calculated by nonlin-
ear regression analysis. The theoretical maximal effect
fitted by the curves (E, ) and the concentration of the
agonist that determines the half-maximal effect (IC, or
EC.,) were obtained by using the Prism™ software. In
some cases (Fig. 5), and in order to allow better compar-
isons between agonists, the concentration—response curves
are displayed as relative stimulations over basal values
([stimulated values — basal values] X 100/basa values).
The isotopic dilution curve of the [®S|GTPyS binding by
unlabelled GTPyS was andysed by using the EBDA-
LIGAND software (Munson and Rodbard, 1980; McPher-
son, 1985) to calculate the apparent equilibrium dissocia-
tion constants (K ) and the apparent maximal number of
binding sites (B, ). The selection between binding mod-
els and the statistical comparison between curves was
made by the extra sum of squares principle (F-test), as
outlined by Munson and Rodbard (1980). Data are ex-
pressed as the mean + SEM of the results or the best
fit + SE obtained from the nonlinear analysis of the curves.
Statistical significance of the difference between means
was determined by the Mann—Whitney U-test with a level
of significance at p = 0.05.

3. Resaults

3.1. Influence of protein, GDP and Mg?* concentrations.
Effect of «,-adrenoceptor-mediated stimulation

The specific binding of [®SIGTPyS (1 nM) to human
brain cortical membranes was initially evaluated with in-
creasing amounts of proteins (up to 100 pg) at different
concentrations of GDP. The radioligand [**S|GTPyS bound
to membrane proteins linearly at GDP concentrations higher
than 10 wM (r2 > 0.9) (Fig. 1). However, at lower con-
centrations of GDP, [®S]GTPyS binding fitted to an hy-
perbolic curve (r?> 0.9) that saturated when membrane
protein concentrations were increased (Fig. 1). In order to
obtain an appropriate [*SIGTPyS bound /free ratio (~
1/10), 40 wg protein (0.08 mg/ml) was chosen as a
suitable concentration. When proteins were denatured by
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Fig. 1. Specific binding of [®S|GTPyS to postmortem human brain
cortical membranes as function of the amount of proteins at different
concentrations of GDP: 0 uM (m), 0.1 uM (a), 1 uM (@), 10 uM
(0), 50 uM (a), and 100 wM (O). The incubations were performed in
the presence of [®S|GTPyS (1 nM), and NaCl (100 mM) at 30°C for 60
min. Data are mean+ SEM (bars) values from three experiments per-
formed in different brains.

heating the membrane preparations at 70°C for 30 min,
[*SIGTPyS binding lowered to nonspecific levels.

The addition of GDP (0.1 w.M-1 mM) diminished in a
concentration-dependent manner, the [®S|GTPyS specific
binding with alC, value of 24.8 + 0.2 uM (n=3) in the
absence of any receptor agonist (Fig. 2). In the presence of
the o ,-adrenoceptor agonist UK14304 (10 M), the GDP
inhibition curve of [®S]GTPyS binding shifted to the right
(F[3,34] = 15.94, p < 0.0001), with a IC,, value of 37.5
+ 0.2 uwM (Fig. 2). The maxima relative stimulation of
[*SIGTPyS binding induced by UK 14304 at 30°C for 120
min was observed between 50 uM and 1 mM GDP (Fig.
2, inset). As consequence for subsequent assays, 50 uM
GDP concentration was chosen to get an appropriate basal
[®*SIGTPyS binding at the same time that an optimal
agonist-induced stimulation.

The basal binding of [*S]JGTPyS to human brain mem-
branes increased at concentrations above 10 wM free
Mg?*. The stimulation induced by UK 14304 (10 w.M) was
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Fig. 2. Influence of GDP on [®S|GTPyS specific binding to postmortem
human brain cortical membranes in the absence (v) or in presence (v)
of the o ,-adrenoceptor agonist UK 14304 (10 .M). The incubations were
performed with [®S|GTPyS (0.5 nM), and NaCl (100 mM) at 30°C for
120 min. Data are mean+ SEM (bars) values from three experiments
performed in different brains. Bars are not presented when SEM values
are lower than the symbol size. Inset: Stimulation of [®S]GTPyS binding
by UK 14304 expressed as the percentage of increase over basal binding
values determined at each concentration of GDP.

absolutely dependent on the presence of higher levels than
100 wM free Mg®*. A concentration of 3 mM Mg?",
which increased basal [®S]GTPyS binding by ~ 7-fold,
was assumed for all subsequent experiments.

3.2. [*9GTPyS binding saturation parameters. Effect of
a,-adrenoceptor-mediated stimulation

The saturation binding parameters (K, B.,) were
determined by dilution experiments of [*SIGTPyS (0.5
nM) with increasing concentrations of unlabelled GTPyS
(Fig. 3). Under steady-state conditions, the nonlinear anal-
ysis displayed a two-site binding model as the best fit of
the total [*S|GTPyS bound (F[2,17] = 3.94, p < 0.05).
When calculated at 0.5 nM concentration of [**S]GTPyS,
the high-affinity component (K, =54.2 + 252 nM) ac-
counted for the 95% of the total [*SIGTPyS binding
whereas the low-affinity component (estimated K, values
between 0.5 and 50 wM) represented the remaining 5%.
According to these findings, for subsequent experiments,
the nonspecific binding was chosen as the [*S|GTPyS
binding in the presence of 10 pM unlabelled GTPyS.
Under these conditions, the low-affinity component was
assumed to be nonspecific binding and the experimental
values of this nonspecific binding represented 5.1 + 0.5%
of the total [*°S]GTPyS binding.

Further, an analysis of the influence of the o ,-adrenoc-
eptor agonist UK 14304 (10 M) on these saturation bind-
ing parameters was performed. The inclusion of UK 14304
in the assay increased the [*S|GTPyS binding to the
high-affinity population (F[3,28] =5.94, p < 0.01) (Fig.
3). Nonlinear analysis of the curves showed that the in-
crease was due to an enhanced affinity (best fit for K
values: basal, 54.9 + 2.0 nM; UK 14304-stimulated, 38.7
+ 9.7 nM; F[2,30] = 9.47, p < 0.001) without significant
variations in the apparent maximal density of binding sites
(best fit for B, values: basal, 61 + 22 pmol /mg protein;
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Fig. 3. Isotopic dilution curve of [®SJGTPyS binding to postmortem
human brain cortical membranes. Increasing concentrations of unlabelled
GTPyS indicated on the abscissa were added to a fixed concentration of
[*SIGTPyS (0.5 nM), and the total radioligand binding was determined
in the absence (v) or presence (v) of the «,-adrenoceptor agonist
UK 14304 (10 wM). The incubations were performed with GDP (50 M),
and NaCl (100 mM) at 30°C for 120 min. Data are mean+ SEM (bars)
values from two experiments performed in different brains.
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UK 14304-stimulated, 62+ 15 pmol /mg protein). The
[*SIGTPyS binding parameters to the low-affinity popula-
tion (i.e., nonspecific binding under the present conditions)
were not affected by the presence of the agonist.

3.3. Time course of [**JGTPyS binding. Effect of recep-
tor-mediated stimulations

In order to elicit the best conditions to get the maximal
differences between receptor-stimulated and basal
[®SIGTPyS binding, the time course of the radioligand
binding was analysed under both situations (Fig. 4). The
[*SIGTPyS specific binding increased over time without
reaching equilibrium within 150 min of evaluation. The
relative stimulations of the binding by the o ,-adrenoceptor
agonist UK 14304, the p.-opioid receptor agonist DAMGO,
the 5-HT,, serotonin receptor agonist 8-OH-DPAT, the
cholinergic muscarinic agonist carbachol, and the GABA 5
receptor agonist baclofen (al of them at 10 wM) reached
top in 15 min and remained stable until 150 min (Fig. 4).
The optimal incubation time was chosen as 120 min.

3.4. Concentration—response of receptor-mediated stimula-
tions of [**3 GTPyS binding

The receptor-stimulated binding of [®S|GTPyS was
pharmacologicaly characterized in the presence of NaCl
(100 mM) by establishing concentration—response curves
to the agonists UK14304, DAMGO, 8-OH-DPAT, carba-
chol (Fig. 5) and baclofen. Baclofen and DAMGO dis-
played maximal stimulatory effects higher than UK 14304,
carbachol or 8-OH-DPAT (Table 1) (Fig. 5). In prelimi-
nary assays, other agonists such as bethanecol (cholinergic
muscarinic receptor agonist) and morphine (u.-opioid re-
ceptor agonist) produced lower stimulations (data not
shown). Under similar conditions, the 3-adrenoceptor ago-
nist isoprenaline did not stimulate [*SIGTPyS binding at
al. The potencies (EC,, values) of the different agonists
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Fig. 4. Time course curves of [®S|GTPyS specific binding to post-
mortem human brain corticall membranes in basal conditions (absence of
agonist,+) or in presence (10 wM) of UK14304 (v), DAMGO (a),
8-OH-DPAT (#), carbachol (m) and baclofen (@). The incubations
were performed with [®S|GTPyS (0.5 nM), GDP (50 p.M), and NaCl
(100 mM) at 30°C for 120 min. Data are mean+ SEM (bars) values from
three experiments performed in different brains.
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Fig. 5. Concentration—response curves of the stimulation of [*SIGTPyS
specific binding to postmortem human brain cortical membranes by
different agonistsin the absence(v,a , ¢ ,m®) or in presence (v, a,$,0)
of selective antagonists (1 wM). Membranes were incubated with
[®SIGTPyS (0.5 nM), GDP (50 M), NaCl (100 mM) at 30°C for 120
min and the addition of (A) UK14304 (v) or UK14304 and RX821002
(v), (B) DAMGO (a) or DAMGO and naoxone (), (C) 8-OH-DPAT
(#) or 8-OH-DPAT and WAY 100635-A-5 (<), and (D) carbachol (m)
or carbachol and atropine (0O0). Data are mean+ SEM (bars) values from
three experiments performed by triplicate in different brains.

were in the micromolar range (Table 1) with UK14304
being the most potent and baclofen the weakest agonist
(Table 1). The inclusion in the assay of specific antago-
nists such as RX821002 (1 M) for the o ,-adrenoceptor,
naloxone (1 wM) for the w-opioid receptor, WAY 100635
A-5(1 wM) for the 5-HT,, serotonin receptor, atropine (1
M) for the cholinergic muscarinic receptor and phaclofen
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Table 1

Pharmacological parameters of the stimulation of [355]GTPyS binding by different agonist drugs in postmortem human brain cortex

Maximal net stimulation data were obtained from the differences between maximal values of stimulation induced by the agonist and their respective basal
value. E,,, and ECg, values were obtained from the concentration—response curves. In such conditions, the experimental basal levels of the [®SIGTPyS
binding were 916 + 14 fmol /mg protein (in presence of NaCl) and 1937 + 18 fmol /mg protein (in absence of NaCl). In the absence of NaCl, carbachol
and baclofen did not produce a significant stimulation over the basal values to allow the delineation of E,,, and EC, values (ND = not detectable).
Data are mean + SEM values or the best fit + SE (nonlinear analyses of the curves) of three assays performed in triplicate in three different brains.

Agonist drug Maximal net stimulation (fmol /mg protein) E,,, (fmol /mg protein) ECso (WM)

NaCl 100 mM NaCl absence NaCl 100 mM NaCl absence NaCl 100 mM NaCl absence
UK 14304 230.4 £ 52.1° 309.2 + 44.3 1163 + 34 2246 + 33 0.23+0.01 0.12 + 0.07
DAMGO 375.8 + 29.6% 295.7 + 70.5% 1337 + 96 2110+ 93 115+ 0.12 0.15 + 0.03
8-OH-DPAT 241.2 + 42,92 349 + 77.32 1159 + 58 2226 + 43 0.82 + 0.08 0.44 + 0.03
Carbachol 187.2 + 15.4° 30.5 + 8.5° 1145 + 180 ND 599+ 1.38 ND
Baclofen 548.8 + 50.2% 1235+ 68.7° 1482 + 106 ND 291+ 270 ND

aSignificantly different from basal values (Mann-Whitney U-test, p < 0.05).
PSignificantly different from basal values (Mann—Whitney U-test, p < 0.01).
“Significantly different from net stimulation values in the presence of NaCl 100 mM (Mann-Whitney U-test, p < 0.01).

(at the higher concentration of 100 ..M because of its low
potency) for the GABA ; receptors, inhibited the stimula-
tion of [*SJGTPyS hinding by their respective agonists.
The concentration—response curves to agonists were shifted
to the right by the inclusion of their selective antagonists
confirming the presence of an interaction of the agonist
drugs with the respective receptor (Fig. 5).
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Fig. 6. Concentration—response curves of the stimulation of [**S]GTPyS
specific binding to postmortem human brain cortica membranes by the
o ,-adrenoceptor agonist UK 14304 in the absence (v ) or in presence (v)
of NaCl (100 mM). (A) Absolute values showing the net effects of NaCl
and UK 14304. (B) Percentage of the respective maximal stimulation for
each curve. The incubations were performed with [**SIGTPyS (0.5 nM),
and GDP (50 wM) at 30°C for 120 min. Data are mean+ SEM (bars)
values from three experiments performed in different brains.

3.5. Influence of NaCl on receptor-mediated stimulations
of [*3 GTPyS binding

The influence of NaCl on the binding of [*SIGTPyS
was evaluated in the absence and presence of agonist
drugs. The addition of NaCl (100 mM) to the assay buffer
reduced to half the basal [*SIGTPyS binding (Table 1)
(Fig. 6). In the absence of NaCl, the maximal stimulations
were displayed by the agonists UK14304, DAMGO and
8-OH-DPAT, whereas the stimulations induced by carba-
chol or baclofen were abolished (Table 1). The net maxi-
ma stimulations (in fmol /mg protein) induced by each
agonist were not statistically different between those in
absence and those in presence of NaCl, except for the
agonists carbachol and baclofen (Table 1). In the absence
of NaCl, the concentration response curves for UK14304,
DAMGO and 8-OH-DPAT displayed dlight increases of
potency (lower EC,, values) when compared with curves
in the presence of NaCl (Table 1). However, the nonlinear
analysis of the curves did not show any statistically signifi-
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**s1GTPYS bound
(fmol/mg protein)

500

0 ) T I T
0 1.0 10.0 100.0
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Fig. 7. Influence of NaCl and GDP on the [®S|GTPyS specific binding
to postmortem human brain cortical membranes in the absence (0, A,0)
or presence (M, a @) of the agonist UK 14304 (10 w.M). The incubations
were performed with [®S|GTPyS (0.5 nM) in the absence (00, m) or
presence of GDP a 5 uM (a,a) or 50 uM (O,@®) concentrations at
30°C for 120 min. Data are mean+SEM (bars) vaues from three
experiments performed in different brains. Bars are not present when
SEM values are lower than the symbol size.
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Table 2

Effect of preincubation with NEM on the stimulation by different ago-
nists of the specific [®°S|GTPyS binding in postmortem human brain
cortex

Membrane preparations were preincubated in the absence (control) or
presence (50 wM) of NEM for 60 min at 4°C. After stopping the reaction
and membrane wash-out, each set of membranes was resuspended and
incubated with [**S]GTPyS (0.2 nM) in 50 wM GDP and 100 mM NaCl
conditions for 120 min at 30°C. Basal and stimulation of [®S|GTPyS
binding induced by the different agonist drugs were performed in control
and NEM -pretreated membranes. Stimulation data were obtained from the
difference between agonist-induced stimulation values and the respective
basal values. Experimental basal levels under the present conditions were
360.4+29.3 fmol /mg protein in control membranes and 144.6+8.1
fmol /mg protein in NEM-pretreated membranes.

Data are mean+SEM values of two or three assays performed in
triplicate in two or three different brains.

Adgonist (concentration)  Control NEM

Net stimulation Net stimulation

(fmol /mg protein)  (fmol /mg protein)
UK 14304 (10 wM) 87.9+229 1274182
DAMGO (10 nM) 152+6.1 19.4+45%
8-OH-DPAT (10 uM) 1221838 3721262
Carbachol (100 p.M) 108+ 9.6 254178
Baclofen (100 M) 254419 9.9+1.9%

aSignificantly different from control values (Mann—Whitney U-test,
p < 0.001).

cant difference between them (UK14304: F[3,71] = 0.31,
p=0.97;, DAMGO: F[3,58] =8.02, p=0.06; 8OH-
DPAT: F[3,54] = 1.94, p=0.33) (Fig. 6).

3.6. Interaction between NaCl and GDP on [*YGTPyS
binding

A similar approach was applied to test the combined
influence of GDP and NaCl on the [*S|GTPyS binding to
human brain cortical membranes. Thus, the influence of
NaCl (0.1-200 mM) on the binding of the radioligand was
investigated in the absence and presence of 5 and 50 pM
of GDP evaluating simultaneously the possible stimulation
elicited by UK14304 (10 wM). Three features of the
combined effect became evident as shown in Fig. 7. First,
both GDP and NaCl decreased the [®S|GTPyS binding in
a concentration-dependent manner. However, the presence
of GDP was necessary to produce the NaCl effects. Sec-
ond, both compounds enhanced the relative agonist stimu-
lation when the NaCl concentration was increased up to
100 mM. Third, NaCl concentrations higher than 100 mM
produced a reduction of the stimulations induced by the
agonist at 5 and 50 wM of GDP ( p < 0.05; 100 vs. 200
mM NaCl values, Mann—-Whitney U-test).

3.7. Qubtypes of G-protein involved in the [*YGTPyS
binding

In order to verify that the recorded stimulations by
receptor agonist drugs were dependent of the [*SIGTPyS
binding to G;/G, proteins, the membrane preparations
were exposed to NEM in a new set of assays. After
incubation with NEM (1 pM—2 mM), basal [*SIGTPyS

nCi/g tissue equivalent

B s
B 403
B 27
1550
78.1
38.9

Fig. 8. Autoradiograms showing the binding of [35S]GTPyS to tissue sections of postmortem brain cortex (Brodmann's area 9) from a representative
subject. Sections were incubated with [**SIGTPyS at the appropriate concentration, followed by exposure to Hyperfilm B-max. (A) Basal [®S|GTPyS
binding. (B) Nonspecific [*°S]GTPyS binding defined in the presence of unlabelled GTPyS (10 wM). (C) [*®*SIGTPyS binding sites in the presence of the
o ,-adrenoceptor agonist UK 14304 (10 wM). (D) [®SIGTPyS binding sites in the presence of UK 14304 (10 p.M) and the o ,-adrenoceptor antagonist
RX 821002 (1 M). Note the inhibition of the [**S]GTPyS binding stimulation when the tissue section was incubated in the presence of the antagonist (C

vs. D). Scale bar 5 mm.
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binding decreased in a concentration-dependent manner by
68% ( p < 0.01; Mann—Whitney U-test) with a IC, value
of 22.7 + 2.2 pwM. The maximal inhibitory effect on basal
levels was obtained at 100 wM of NEM. The previous
exposure of the membranes to NEM also produced a
progressive reduction of the net stimulatory response of
[*SIGTPyS binding to the agonist UK14304 (10 wM)
reaching a full inhibition at 50 wM NEM. In subsequent
experiments with different G-protein-coupled receptor ago-
nists, the stimulatory effect on [*S|GTPyS binding (0.2
nM) showed a clear reduction after preincubation of mem-
branes with NEM (50 nM) (Table 2).

3.8. Autoradiographic distribution of [**g GTPyS binding.
Effect of a,-adrenoceptor-mediated stimulation

In tissue sections, specific [**SIGTPyS binding to frontal
cortex gray matter could be observed (Fig. 8A and B). The
a ,-adrenoceptor agonist UK14304 (10 p.M) induced an
stimulatory effect on [®S|GTPyS binding over al the
frontal cortex layers (Fig. 8C). This stimulatory effect was
inhibited in the presence of the o ,-adrenoceptor antagonist
RX 821002 (1 wM) (Fig. 8D).

4, Discussion

The present study establishes conditions and require-
ments for the quantification of [*S]JGTPyS binding in
cortical membranes from postmortem human brain. The
receptor-mediated stimulation of [*S]JGTPyS binding by
several agonists was used to demonstrate that the func-
tional coupling between receptors and G-proteins remains
activable in postmortem human tissue. The results also
reveal that the reported conditions allow to evaluate the
GDP/GTP exchange on the G, /G, type of G-proteins in
postmortem human brain membranes.

The effects on the [**S|GTPyS hinding exerted by
GDP, Mg?*, incubation time and NaCl were analysed
under basal conditions and following receptor activation
by the o ,-adrenoceptor agonist UK14304. The impacts of
DTT and incubation temperature were not evaluated and
were obtained from previously published data. Tempera
ture in the range 25-37°C does not affect the relative
stimulation or the EC,, values of [**S|GTPyS binding
stimulation by 5-HT,, receptor agonists (Alper and Nel-
son, 1998). In the human brain, the «,-adrenoceptor is
abundant in prefrontal cortex (Meana et al., 1989) and
corresponds mainly to the o,,-adrenoceptor subtype
(Grijalba et a., 1996). The « ,,-adrenoceptor represents a
G, /G,-protein-coupled receptor that in human brain has
been implicated in several neuropsychiatric disorders, as
depression (Meana et al., 1992a; Gonzalez et al., 1994;
Ordway et a., 1994; De Paermentier et al., 1997; Calado
et a., 1998), opiate addiction (Gabilondo et al., 1994) or
Alzheimer’s disease (Meana et ., 1992b). Previous stud-

ies in cultured cell membranes have demonstrated the
pharmacological profile of selective drugs for the different
o ,-adrenoceptor subtypes on the [®S|GTPyS binding (Tian
et al., 1994; Jasper et al., 1998; Peltonen et a., 1998). In
fact, UK14304 acts as a full agonist at the o ,, -adrenocep-
tor subtype in CHO cells (Peltonen et al., 1998). More
recently, the ability of the o,,-adrenoceptor subtype to
modulate the [*S]GTPyS binding in mammalian brain
membranes has been established (Happe et a., 1999).
Therefore, the technical possibility of a functional monitor-
ing of ,-adrenoceptors based on the [*S]GTPyS binding
assay and the involvement of «,-adrenoceptors in neu-
ropsychiatric disorders provide rational support for con-
ducting studies of [*S|GTPyS binding modulation by
o ,-adrenoceptors in normal and pathological human brain.

The GDP concentration in the incubation buffer has
been demonstrated to be acritical factor for the [*°SIGTPyS
binding in membrane of rat CNS (Sim et al., 1995; Olianas
and Onali, 1996; Alper and Nelson, 1998). A linear corre-
lation between the radioligand specifically bound and the
amount of proteins was observed only when the GDP
concentration was higher than 10 wM (Fig. 1). The finding
confirms the sensitivity of the [®S|GTPyS binding to
protein concentration (Lorenzen et al., 1993; Sim et al.,
1996). Subsequently, the GDP concentration necessary to
obtain an optimal rate of agonist-mediated stimulation of
the [*SIGTPyS specific binding over basal values was
determined. GDP reduced in a concentration-dependent
manner the basal [®S|GTPyS hinding, presumably by
displacing the equilibrium of the nucleotide exchange to
the GDP-bound state of the G-protein (Birnbaumer et al.,
1990). The stimulation of [358]GTPyS binding in human
cortical  membranes by the «,-adrenoceptor agonist
UK 14304 was found to be highly dependent on the pres-
ence of micromolar concentrations of GDP (Fig. 2).
UK14304 at 10 pM elicited maximal relative stimulation
at GDP concentrations from 50 uM to 1 mM (Fig. 2).
Similar concentrations of GDP have been found to be
required for the stimulation of [*S]JGTPyS binding in
rodent and bovine brain membranes by adenosine A,
receptor agonists (Lorenzen et al., 1993), w-opioid receptor
agonists (Sim et al., 1995; Selley et al., 1997), cholinergic
muscarinic receptor agonists (Olianas and Olani, 1996),
5-HT,, receptor agonists (Alper and Nelson, 1998), and in
PC-12 cells expressing the o ,, -adrenoceptor subtype (Tian
et a., 1994). In the present study, the addition of exoge-
nous GDP seems to be absolutely necessary to maintain
the G-proteins in a GDP-bound state, the inactive state.
The receptor activation by agonists would induce the
exchange of guanine nucleotides, shifting the o subunit of
the G-protein to alower affinity state for GDP and promot-
ing the [®S|GTPyS binding (Birnbaumer et al., 1990;
Wieland and Jakobs, 1994). In agreement, the stimulation
of [®SIGTPyS hinding by the «,-adrenoceptor agonist
UK 14304 involves an increase in the apparent affinity of
the radioligand (decreased K, values) with no changes in
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the apparent maximal binding capacity (B, values). The
observed decrease of K, values induced by UK14304
would reflect the receptor-stimulated guanine nuclectide
exchange on G-proteins that favours the binding of
[*SIGTPyS over GDP by modifying their relative affini-
ties. Similar results have been shown in rodent brain
membranes (Olianas and Onali, 1996; Sim et d., 1996)
and cultures of cell lines (Tian et al., 1994; Traynor and
Nahorski, 1995; Williams et a., 1997) when o ,-adrenoc-
eptors and other G-protein-coupled receptors were evalu-
ated. An important issue in the determination of
[®*SIGTPyS binding parameters is the proposed irre-
versibility of the process, which precludes the possibility
of obtaining parameters ‘‘at equilibrium” (Fig. 4)
(Breivogel et a., 1997). However, under the present assay
conditions, the stimulation of [*S]JGTPyS binding by
cannabinoid receptor agonists in rat brain has been shown
to bereadily dissociable, reaching steady-state levels within
2 h (Breivogel et al., 1998). This finding allows the data to
be analysed in the manner of traditional radioligand bind-
ing athough the [*S]GTPyS binding parameters (K,
B..x) should always be considered as apparent more than
absolute estimates. Therefore, differences between binding
parameters should be considered in the context of similar
GDP and [®S|GTPyS concentrations. The isotopic dilution
curves of [*S|GTPyS binding by unlabelled GTPyS fitted
to a two-site model with a high- and a low-affinity binding
populations. The agonist UK14304 selectively increased
the affinity of [®S|GTPyS binding to the high-affinity
population, whereas the low-affinity population was not
affected. Parallel observations have been reported for -
opiate receptors (Selley et al., 1997) and cannabinoid
receptors (Breivogel et al., 1998). The low-affinity binding
sites of [®S|GTPyS seem to be functionally non-coupled
to receptors and could represent proteins with very low-af-
finity for GTP and analogs (present results) and a high-K
GTPase intrinsic activity (Aktories et al., 1981). The delin-
eation of the nonspecific binding of [*S|GTPyS as the
remaining binding in the presence of 10 wM unlabelled
GTPyS adlows to selectively identify the high-affinity
population of the [®S|GTPyS binding, which represents
the binding component to receptor-coupled G-proteins (Fig.
3.

Another important condition for the optimal detection
of the agonist [**S]GTPyS binding stimulation was the
presence of NaCl. The addition of NaCl diminished the
basal levels of [®S|GTPyS bound, probably by induction
of the uncoupling of receptors from G-proteins (Gierschik
et a., 1989; Tian et d., 1994) (Fig. 6A). Despite the Na*
ion site is probably located on the receptor protein, the
cation modifies the GDP.GTP equilibrium exchange on the
o subunit of the G-protein by promoting the uncoupling of
pre-coupled receptors and, thus, favouring the formation of
the GDP-G-protein complex (Lorenzen et al., 1993).
Therefore, it could be postulated that occurrence of NaCl
effects require the presence of GDP to bring about the

formation of the G-protein in the GDP—-G-protein confor-
mation complex.

In the absence of NaCl, the agonist responses were
weaker than in the presence of NaCl (Table 1) (Fig. 6). It
is well known that Na® ions are inhibitors of agonist
binding to many G-protein-coupled receptors such as a ,-
adrenoceptors (Michel et al., 1980), w-opioid receptors
(Pert and Snyder, 1974), 5-HT,, receptors (Hal et d.,
1985), and cholinergic muscarinic receptors (Rosenberger
et al., 1980). Therefore, it is likely that a highly homolo-
gous protein domain confers Na* sensitivity of agonist
binding to G-protein-coupled receptors. In fact, many G-
protein-coupled receptors possess an aspartate residue in
their second membrane-spanning domain that is directly
involved in the Na* regulation of receptor—ligand interac-
tions (Horstman et al., 1990).

The receptor-mediated stimulation of [*S]GTPyS bind-
ing to postmortem human brain membranes by the differ-
ent agonists reached maximal effects of 25-60% above
basal values (Fig. 5). A similar rate of stimulation over
basal values (21-25%) has been reported in human brain
for the stimulation of the [*S|GTPyS binding by 1 mM of
the cholinergic muscarinic agonist carbachol (Ferrari-Di-
Leo et al., 1995) or 10 wM of the 5-HT,, receptor agonist
8-OH-DPAT (Dupuis et al., 1999). These maximal effects
in human brain were lower than those previously reported
in other mammalian CNS areas (Lorenzen et a., 1993;
Sim et d., 1995; Waeber and Moskowitz, 1997) and could
be attributed to intrinsic characteristics of human tissues or
to methodologica conditions (postmortem delay, freezing,
storage period, etc.) (Happe et al., 1999). In the present
study, clear influences of these conditions on basal and
agonist-stimulated [**S|GTPyS binding could not be estab-
lished, due to the small number of brain samples. The
feature requires further studies with a larger sample size.
The finding that the stimulation induced by several ago-
nists on the [**S|GTPyS binding can be effectively quanti-
fied in postmortem human brain, adds major advantages
over the GTPase assay (Wieland and Jakobs, 1994). Thus,
when the high-affinity GTPase assay has been used in
human frontal cortex, receptor agonists produced smaller
maximal effects than in the present study or, even failed to
modulate the GTPase enzymatic activity (Cutler et al.,
1994; Odagaki et al., 1998). The concentration—response
curves of the agonist-stimulated [®S|GTPyS binding in
human brain yielded ECy, values in the micromolar range
(Table 1) (Fig. 5). The dight reduction of potency as
compared with previously reported ECg, values in mam-
malian tissues (Sim et al., 1995, 1996; Olianas and Onali,
1996; Waeber and Moskowitz, 1997; Alper and Nelson,
1998; Dupuis et a., 1998; Jasper et d., 1998) could
represent differences in the receptor:G-protein ratio in
humans (Newman-Tancredi et al., 1997), differences in the
methodological conditions (notably the GDP concentra-
tion), or could be intrinsic to study conditions in post-
mortem human brain (postmortem delay, freezing and
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storage) (Happe et al., 1999). Baclofen elicited the lowest
potency in stimulating [**SIGTPyS binding (Table 1) which
agrees with results in rat brain sections where 100-fold
more baclofen than DAMGO was used to obtain signifi-
cant [*SIGTPyS binding stimulations (Sim et al., 1995).
Under the same binding conditions, the G.-protein-coupled
B-adrenoceptor agonist isoprenaline did not stimulate
[*SIGTPyS binding. This phenomenon could be explained
by the low GTPase activity of G¢-proteins (Katada et a.,
1984) and the higher relative abundance of G, /G,-proteins
in human brain when compared with G, (Sternweis and
Robishaw, 1984; Sastre and Garcia-Sevilla, 1994; Laitinen
and Jokinen, 1998).

The anatomical distribution of [*S]GTPyS binding in
sections of human frontal cortex displayed a prominent
basal binding to G-proteins in the gray matter that was
increased by the o ,-adrenoceptor agonist UK 14304 (Fig.
8). This preliminary finding is a demonstration that
[®*SIGTPyS binding stimulation by « ,-adrenoceptor ago-
nists can be performed in sections from postmortem hu-
man brain. Complementary studies are being currently
developed to examine the [**SIGTPyS binding in sections
of different postmortem human brain areas and the modu-
lation exerted by different receptor agonist drugs on this
autoradiographic binding.

NEM, at micromolar concentration, induces a selective
functional uncoupling of receptors from G; /G,-proteins by
alkylation of the same cysteine residue that is ADP-
ribosylated by pertussis toxin (Asano and Ogasawara, 1986;
Ueda et al., 1990). The exposure of human brain mem-
branes to NEM decreased the basal [*S|GTPyS binding
and reduced the stimulations induced by the different
receptor agonists (Table 2). The finding is similar to those
described in previous studies (Lorenzen et al., 1993;
Olianas and Onali, 1996) and suggests the active coupling
to G, / G,-proteins of unoccupied receptorsin human frontal
cortex. Furthermore, the inactivation induced by NEM
technically confirms the preservation in postmortem hu-
man tissue of the ability for the coupling of the different
receptors to the G, /G-proteins (Table 2).

In conclusion, the present study demonstrates that in
human frontal cortex, [**SIGTPyS binds specifically with
high affinity to G, /G, proteins. The [*S]|GTPyS specific
binding can be modulated by agonist and antagonist drugs
through the interaction with their respective G-protein-cou-
pled receptor. The technique of [*S|GTPyS binding pro-
vides a functional method to study both biochemical and
anatomically the transmission of an extracellular signal to
an intracellular response in a postmortem human tissue.

Acknowledgements
This study was supported by grants from the Basque

Government (PI98/8) and the University of the Basque
Country (G13/98). JG-M and RR-P were supported by

fellowships from the MEC and the Basgue Government,
respectively. The authors wish to thank Dr. R. Alcaraz,
Medica Examiner Chief and the staff members of the
Instituto Anatdbmico Forense, Bilbao, for their cooperation.
The technical facilities for autoradiography provided by
Dr. A. Pazos, University of Cantabria, are kindly acknowl-
edged.

References

Aktories, K., Schultz, G., Jakobs, K.H., 1981. Stimulation of a low K
GTPase by inhibitors of adipocyte adenylate cyclase. Mol. Pharmacol.
21, 336—-342.

Alper, RH., Nelson, D.L., 1998. Characterization of 5-HT,, receptor-
mediated [*®S]GTPyS binding in rat hippocampal membranes. Eur. J.
Pharmacol. 343, 303-312.

Asano, T., Ogasawara, N., 1986. Uncoupling of y-aminobutyric acid B
receptors from GTP-binding proteins by N-ethylmaleimide: effect of
N-ethylmaleimide on purified GTP-binding proteins. Mol. Pharmacol.
29, 244-249.

Birnbaumer, L., Abramowitz, J., Brown, A.M., 1990. Receptor—effector
coupling by G proteins. Biochim. Biophys. Acta 1031, 163—224.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein—

dye binding. Anal. Biochem. 72, 248—254.

Breivogel, C.S., Selley, D.E., Childers, S.R., 1998. Cannabinoid receptor
agonist efficacy for stimulating [*®SJGTPyS binding to rat cerebellar
membranes correlates with agonist-induced decreases in GDP affinity.
J. Biol. Chem. 273, 16865-16873.

Breivogel, C.S,, Sim, L.J,, Childers, S.R., 1997. Regiona differences in
cannabinoid receptor /G-protein coupling in rat brain. J. Pharmacol.
Exp. Ther. 282, 1632—-1642.

Bruns, R.F., Lawson-Wendling, K., Pugsley, T.A., 1983. A rapid filtra-
tion assay for soluble receptors using polyethylenimine-treated filters.
Anal. Biochem. 132, 74-81.

Callado, L.F., Meana, J.J., Grijalba, B., Pazos, A., Sastre, M., Garcia
Sevilla, JA., 1998. Selective increase of « ,,-adrenoceptor agonist
binding sites in brain of depressed suicide victims. J. Neurochem. 70,
1114-1123.

Cerione, RA., Regan, JW., Nakata, H., Codina, J., Benovic, JL.,
Gierschik, P., Somers, R.L., Spiegel, A.M., Birnbaumer, L.,
Lefkowitz, R.J., Caron, M.G., 1986. Functional reconstitution of the
a ,-adrenergic receptor with guanine nucleotide regulatory proteins in
phospholipid vesicles. J. Biol. Chem. 261, 3901-3909.

Clapham, D.E., Neer, E.J., 1997. G protein By subunits. Annu. Rev.
Pharmacol. Toxicol. 37, 167—203.

Cowburn, R.F., Wiehager, B., Ravid, R., Winblad, B., 1996. Acetyl-
choline muscarinic M2 receptor stimulated [*®S]GTPyS binding shows
regional selective changes in Alzheimer's disease postmortem brain.
Neurodegeneration 5, 19—26.

Cutler, R., Joseph, JA., Yamagami, K., Villaobos-Molina, R., Roth,
G.S., 1994. Area specific aterations in muscarinic stimulated low K ,
GTPase activity in aging and Alzheimer's disease: implications for
altered signd transduction. Brain Res. 664, 54—60.

De Paermentier, F., Mauger, JM., Lowther, S., Crompton, M.R., Katona,
C.L.E., Horton, RW., 1997. Brain «-adrenoceptors in depressed
suicides. Brain Res. 757, 60—68.

Dupuis, D.S., Pamier, C., Colpaert, F.C., Pauwels, P.J., 1998. Autoradio-
graphy of serotonin 5-HT,, receptor-activated G proteins in guinea
pig brain sections by agonist-stimulated [**SIGTPyS binding. J. Neu-
rochem. 70, 1258-1268.

Dupuis, D.S., Pauwels, P.J.,, Radu, D., Hall, H., 1999. Autoradiographic
studies of 5-HT, ,-receptor-stimulated [**SJGTPyS-binding responses
in the human and monkey brain. Eur. J. Neurosci. 11, 1809-1817.



J. Gonzilez-Maeso et al. / European Journal of Pharmacology 390 (2000) 25-36 35

Ferrari-DiLeo, G., Mash, D.C., Flynn, D.D., 1995. Attenuation of mus-
carinic receptor-G-protein interaction in Alzheimer disease. Mol.
Chem. Neurophatol. 24, 69-91.

Friedman, E., Wang, H.-Y., 1996. Receptor-mediated activation of G
proteins is increased in postmortem brains of bipolar affective disor-
der subjects. J. Neurochem. 67, 1145-1152.

Gabilondo, A.M., Meana, J.J., Barturen, F., Sastre, M., Garcia-Sevilla,
JA., 1994. n-Opioid receptor and o ,-adrenoceptor agonist binding
sites in the postmortem brain of heroin addicts. Psychopharmacology
115, 135-140.

Gierschik, P., Sidiropoulos, D., Steisslinger, M., Jakobs, K.H., 1989.
Na* regulation of formyl peptide receptor-mediated signal transduc-
tion in HL 60 cells. Evidence that the cation prevents activation of the
G-protein by unoccupied receptors. Eur. J. Pharmacol. 172, 481-492.

Gilman, A.G., 1987. G proteins: transducers of receptor-generated sig-
nals. Annu. Rev. Biochem. 56, 615—649.

Gonzalez, A.M., Pascud, J, Meana, J.J.,, Barturen, F., del Arco, C,,
Pazos, A., Garcia-Sevilla, JA., 1994. Autoradiographic demonstration
of increased o ,-adrenoceptor agonist binding sites in the hippocam-
pus and frontal cortex of depressed suicide victims. J. Neurochem. 63,
256-265.

Gonzalez-Maeso, J., Rodriguez-Puertas, R., Meana, J.J., 1998. Character-
ization of [®S|GTPyS binding in postmortem human brain. Eur. J.
Neurosci. 10 (Suppl. 10), 290.

Grijalba, B., Callado, L.F., Meana, J.J., Garcia-Sevilla, JA., Pazos, A.,
1996. o ,-Adrenoceptor subtypes in the human brain: a pharmacol ogi-
cal delineation of [*H]-RX821002 binding to membranes and tissue
sections. Eur. J. Pharmacol. 310, 83-93.

Hall, M.D., El Mestikawy, S., Emerit, M.B., Pichat, L., Hamon, M.,
Gozlan, H., 1985. [*H]8-Hydroxy-2-(di-n-propylamino)tetralin bind-
ing to pre- and postsynaptic 5-hydroxytryptamine sites in various
regions of the rat brain. J. Neurochem. 44, 1685—-1696.

Happe, H.K., Bylund, D.B., Murrin, L.C., 1999. Alpha-2 adrenergic
receptor functional coupling to G proteinsin rat brain during postnatal
development. J. Pharmacol. Exp. Ther. 288, 1134-1142.

Hilf, G., Gierschik, P., Jakobs, K.H., 1989. Muscarinic acetylcholine
receptor-stimulated binding of guanosine 5-O-(3-thiotriphosphate) to
guanine-nucleotide-binding proteins in cardiac membranes. Eur. J.
Biochem. 186, 725-731.

Horstman, D.A., Brandon, S., Wilson, A.L., Guyer, C.A., Cragoe, E.J.
Jr., Limbird, L.E., 1990. An aspartate conserved among G-protein
receptors confers allosteric regulation of « ,-adrenergic receptors by
sodium. J. Biol. Chem. 265, 21590—21595.

Jasper, JR., Lesnick, J.D., Chang, L.K., Yamanishi, S.S., Chang, T.K.,
Hsu, SA.O., Daunt, D.A., Bonhaus, D.W., Eglen, R.M., 1998. Lig-
and efficacy and potency at recombinant «, adrenergic receptors.
Biochem. Pharmacol. 55, 1035-1043.

Katada, T., Northup, JK., Bokoch, G.M., Ui, M., Gilman, A.G., 1984.
The inhibitory guanine nucleotide-binding regulatory component of
adenylate cyclase. J. Biol. Chem. 259, 3578—3585.

Laitinen, J.T., Jokinen, M., 1998. Guanosine 5-(y-[**Slthio)triphosphate
autoradiography allows selective detection of histamine H5 receptor-
dependent G protein activation in rat brain tissue sections. J. Neu-
rochem. 71, 808-816.

Lazareno, S., Birdsal, N.J.M., 1993. Pharmacologica characterization of
acetylcholine-stimulated [®S]-GTPyS binding mediated by human
muscarinic m1-m4 receptors. antagonists studies. Br. J. Pharmacol.
109, 1120-1127.

Lorenzen, A., Fuss, M., Vogt, H., Schwabe, U., 1993. Measurement of
guanine nucleotide-binding protein activation by A, adenosine recep-
tor agonists in bovine brain membranes: stimulation of guanosine-5-
O-(3®Slthio)triphosphate binding. Mol. Pharmacol. 44, 115—123.

Manji, H.K., 1992. G proteins. implications for psychiatry. Am. J.
Psychiatry 149, 746-760.

McPherson, G.A., 1985. Andysis of radioligand binding experiments: a
collection of computer programs for IBM PC. J. Pharmacol. Methods
14, 213-228.

Meana, J.J., Barturen, F., Garcia-Sevilla, JA., 1989. Characterization and
regional distribution of o ,-adrenoceptors in postmortem human brain
using the full agonist [*H]JUK14304. J. Neurochem. 52, 1210-1217.

Meana, J.J., Barturen, F., Garcia-Sevilla, JA., 1992a. «,-Adrenoceptors
in the brain of suicide victims: increased receptor density associated
with mgjor depression. Biol. Psychiatry 31, 471-490.

Meana, J.J., Barturen, F., Garro, M.A., Garcia-Sevilla, JA., Fontan, A.,
Zarranz, J.J., 1992b. Decreased density of presynaptic o ,-adrenocep-
tors in postmortem brains from patients with Alzheimer’'s disease. J.
Neurochem. 58, 1896—1904.

Michel, T., Hoffman, B.B., Lefkowitz, R.J., 1980. Differential regulation
of the o,-adrenergic receptor by Na*® and guanine nucleotides.
Nature 288, 709—711.

Munson, P.J., Rodbard, D., 1980. LIGAND: a versatile computerized
approach for characterization of ligand binding system. Anal.
Biochem. 107, 220—239.

Newman-Tancredi, A., Chaput, C., Verrigle, L., Millan, M.J,, 1996. S
15535 and WAY 100,635 antagonise 5-HT-stimulated [®S|GTPyS
binding at cloned human 5-HT,, receptors. Eur. J. Pharmacol. 307,
107-111.

Newman-Tancredi, A., Conte, C., Chaput, C., Verrigle, L., Millan, M.J,,
1997. Agonist and inverse agonist efficacy at human recombinant
serotonin 5-HT,, receptors as a function of receptor:G-protein stoi-
chiometry. Neuropharmacology 36, 451—4509.

Odagaki, Y., Nishi, N., Ozawa, H., Saito, T., Takahata, N., Riederer, P.,
Koyama, T., 1998. Measurement of receptor-mediated functional
activation of G proteins in postmortem human brain membranes.
Brain Res. 789, 84-91.

Olianas, M.C., Ondli, P., 1996. Stimulation of guanosine 5-O-(3-
[*Slthiotriphosphate) binding by cholinergic muscarinic receptors in
membranes of rat olfactory bulb. J. Neurochem. 67, 2549—-2556.

Ordway, G.A., Widdowson, P.S., Smith, K.S,, Haaris, A., 1994. Agonist
binding to a,-adrenoceptors is elevated in the locus coeruleus from
victims of suicide. J. Neurochem. 63, 617—624.

Pacheco, M.A., Stockmeier, C., Méeltzer, H.Y., Overholser, J.C., Dilley,
G.E., Jope, R.S., 1996. Alterations in phosphoinositide signalling and
G-protein levels in depressed suicide brain. Brain Res. 723, 37-45.

Peltonen, JM., Pihlavisto, M., Scheinin, M., 1998. Subtype-specific
stimulation of [**S|GTPyS binding by recombinant o ,-adrenoceptors.
Eur. J. Pharmacol. 355, 275-279.

Pert, C.B., Snyder, SH., 1974. Opiate receptor binding of agonists and
antagonists affected differentially by sodium. Mol. Pharmacoal. 10,
868-879.

Rodriguez-Puertas, R., Gonzalez-Maeso, J., Meana, J.J., Pazos, A., 1998.
Visualization of receptor-activated G proteins in postmortem human
brain. Soc. Neurosci. 24, 603.

Rosenberger, L.B., Yamamura, H.l., Roeske, W.R., 1980. Cardiac mus-
carinic cholinergic receptor binding is regulated by Nat and guanyl
nucleotides. J. Biol. Chem. 255, 820-823.

Sastre, M., Garcia-Sevilla, JA., 1994. Density of alpha-2A adrenoceptors
and Gi proteins in the human brain: ratio of high-affinity agonist sites
to antagonist sites and effect of age. J. Pharmacol. Exp. Ther. 269,
1062-1072.

Sdlley, D.E., Sim, L.J, Xiao, R, Liu, Q., Childers, SR., 1997. n-Opioid
receptor-stimulated guanosine-5-O-(-y-thio)-triphosphate binding in
rat thalamus and cultured cell lines: signal transduction mechanisms
underlying agonist efficacy. Mol. Pharmacol. 51, 87—96.

Sim, L.J., Selley, D.E., Childers, S.R., 1995. In vitro autoradiography of
receptor-activated G proteinsin rat brain by agonist-stimulated guany-
Iyl 5-[y-[*Slthio]-triphosphate binding. Proc. Natl. Acad. Sci. U. S.
A. 92, 7242-7246.

Sim, L.J, Seley, D.E., Xiao, R., Childers, S.R., 1996. Differences in
G-protein activation by - and 3-opioid, and cannabinoid, receptors
in rat striatum. Eur. J. Pharmacol. 307, 97-105.

Sternweis, P.C., Robishaw, J.D., 1984. Isolation of two proteins with high
afinity for guanine nucleotides from membranes of bovine brain. J.
Biol. Chem. 259, 13806-13813.



36 J. Gonzilez-Maeso et al. / European Journal of Pharmacology 390 (2000) 25-36

Tian, W.-N., Duzic, E., Lanier, SM., Deth, R.C., 1994. Determinants of
o ,-adrenergic receptor activation of G proteins: evidence for a pre-
coupled receptor /G protein state. Mol. Pharmacol. 45, 524-531.

Traynor, JR., Nahorski, SR., 1995. Modulaton by p.-opioid agonists of
guanosine-5-0-(3-{*Sthio)triphosphate binding to membranes from
human neuroblastoma SH-SY5Y cells. Mol. Pharmacol. 47, 848—854.

Ueda, H., Misawa, H., Katada, T., Ui, M., Takagi, H., Satoh, M., 1990.
Functional reconstitution of purified G; and G, with w.-opioid recep-
tors in guinea pig striatal membranes pretreated with micromolar
concentrations of N-ethylmaleimide. J. Neurochem. 54, 841-848.

Waeber, C., Moskowitz, M.A., 1997. 5-Hydroxytryptamine;, and 5-hy-
droxytryptamine; receptors stimulate [*®S]guanosine-5-0-(3-thio)tri-
phosphate binding to rodent brain sections as visualized by in vitro
autoradiography. Mol. Pharmacol. 52, 623—-631.

Wang, H.-Y., Friedman, E., 1994. Receptor-mediated activation of G
proteins is reduced in postmortem brains from Alzheimer's disease
patients. Neurosci. Lett. 173, 37-39.

Wieland, T., Jakobs, K.H., 1994. Measurement of receptor-stimulated
guanosine 5-O-(-y-thio)triphosphate binding by G proteins. Methods
Enzymol. 237, 3—-13.

Williams, A.J., Michel, A.D., Feniuk, W., Humphrey, P.P.A., 1997.
Somatostating receptor-mediated [**S]guanosine-5-0-(3-thio)triphos-
phate binding: agonist potencies and the influence of sodium chloride
on intrinsic activity. Mol. Pharmacol. 51, 1060—1069.

Young, L.T., Li, P.P, Kish, S.J,, Siu, K.P., Kamble, A., Hornykiewicz,
O., Warsh, JJ.,, 1993. Cerebral cortex Gsa protein levels and
forskolin-stimulated cyclic AMP formation are increased in bipolar
affective disorder. J. Neurochem. 61, 890—898.



