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Alpha-2 Adrenoceptors Modulate the
Somatostatinergic System and G Protein
Levels in the Rat Hippocampus

Susana Lépez-Safiudo, Ph.D., Lilian Puebla, B.Sc., Luis G. Guijarro, Ph.D.,

Juan C. Prieto, Ph.D., and Eduardo Arilla, M.D.

a2-Adrenoceptor agonists and somatostatin (SS) exert
opposite effects on the spike discharge of pyramidal and
granule cells in the rat hippocampus. We studied whether
clonidine, an az-adrenoceptor agonist, and yohimbine, an
az-adrenoceptor antagonist, can modulate somatostatin-
like immunoreactivity (SSLI) levels, binding of 12°I-Tyr!1-
somatostatin (125I-Tyr'1-SS) to its specific receptors, SS-
inhibited adenylyl cyclase (AC) activity, and the guanine-
nucleotide binding regulatory proteins G; and G, in the
rat hippocampus. Clonidine (1 mg/kg, intraperitoneally
(IP) or yohimbine (5 mg/kg, IP) injected at both 10 and
16 hours before decapitation did not affect SSLI content
in the hippocampus. Clonidine administration decreased
the number of specific SS receptors and increased the
apparent affinity in hippocampal membranes. This change
in 55 binding was not the result of a direct effect of
clonidine on these receptors because no effect in binding
was produced by high concentrations of clonidine

(10~°> M) when added in vitro. Pretreatment with

yohimbine prevented the clonidine-induced in SS binding.
Yohimbine alone produced a significant increase in the
number of 125I-Tyr'1-SS receptors and a decrease in its
apparent affinity. Clonidine decreased the ADP-
ribosylation of a 41- and a 39-kDa G-protein by pertussis
toxin (PTX), whereas yohimbine had no effect on the
PTX-catalyzed ADP-ribosylation. No significant
differences were seen for the basal or for the forskolin
(FK)-stimulated AC enzyme activities in the control,
clonidine- and/or yohimbine-treated groups. Somatostatin
caused a significantly lower inhibition in AC activity in
hippocampal membranes of clonidine-treated rats, whereas
yohimbine led to an opposite effect. Pretreatment with
yohimbine prevented the clonidine-induced changes in
AC activity. These results support the existence of a
significant interaction between az-adrenoceptors and SS
receptors in the rat hippocampus.
[Neuropsychopharmacology 12:47-55, 1995]
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Noradrenaline (NA) and somatostatin (SS) are two im-
portant neurotransmitters that are widely distributed
in the central nervous system (CNS) (Moore and Bloom

From the Facultad de Medicina, Universidad de Alcald, Madrid,
Spain.

Address correspondence to: Unidad de Neuroendocrinologia Mo-
lecular, Departamento de Bioquimica y Biologia Molecular, Facultad
de Medicina, Universidad de Alcald, E-28871, Alcal4 de Henares,
Madrid, Spain.

Received March 18, 1994; revised July 1, 1994; accepted August
3, 1994.

NEUROPSYCHOPHARMACOLOGY 1995—VOL. 12, NO, 1

© 1995 American College of Neuropsychopharmacology
Published by Elsevier Science Inc.

655 Avenue of the Americas, New York, NY 10010

1979; Reichlin 1983; Epelbaum 1986). The major ascend-
ing NA tract from the locus coeruleus of the rat brain
is the dorsal (tegmental) bundle, from which fibers in-
nervate the cerebral cortex, thalamus, hippocampus,
amygdala, and septum (Levitt and Moore 1978; Milner
and Bacon 1989). In the hippocampus, immuno-
histochemical studies have revealed many SS-con-
taining interneurons and a profuse network of intrin-
sic and extrinsic SS-containing fibers that appear to
project to pyramidal and granule neurons (Bakst et al.
1986; Joéls et al. 1990). In addition, a dense colocaliza-
tion of SS with NA has been observed in several brain
areas, although is not constantly observed (Seroogy et
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al. 1989; Sakanaka et al. 1990). Specific high affinity
receptors for both az-adrenergic agonists (Bylund 1988;
Wamsley et al. 1992; Alburges et al. 1993) and SS (Epel-
baum et al. 1982; Palacios et al. 1986; Krantic et al. 1990)
have been characterized, and there is strong evidence
that these receptors mediate the biological effects of both
neurotransmitters in the hippocampus. There is good
evidence for the existence of SS receptors in the locus
coeruleus (Epelbaum et al. 1990), a small homogenous
cluster of NA-containing neurons located in the dor-
solateral pontine tegmentum. Recently, a study by our
group has suggested that a portion of the hippocampal
SS receptors may be localized presynaptically on the
noradrenergic nerve terminals (Lépez-Safiudo and
Arilla 1992).

Recent studies support the view that SS is predomi-
nantly an inhibitory transmitter in the hippocampus
(Watson and Pittman 1988; Schweitzer et al. 1993),
whereas selective agonists for the az-adrenergic recep-
tors excite the hippocampal interneurons and the py-
ramidal neurons (Pang and Rose 1987). Furthermore,
SS produces opiate-like effects (Rezek et al. 1977) and
az-adrenergic antagonists, such as yohimbine, poten-
tiated the opioid agonist effects (Jackisch et al. 1986).
Therefore, it was of interest to determine whether the
receptors for SS were modulated by the az-adrenergic
system. Thus, clonidine, an a;-adrenergic agonist, and
yohimbine, an oz-adrenergic blocking agent, were uti-
lized. Because the post-receptor mechanism of action
of SSincludes, at least in part, the inhibition of adenylyl
cyclase (AC) activity following activation of SS recep-
tors coupled via GTP binding “G proteins” to the en-
zyme (Nagao et al. 1989; Schettini et al. 1989; Murray-
Whelan and Schlegel 1992), we studied SS-inhibited
AC activity in hippocampal membranes from clonidine
and/or yohimbine-treated rats. In addition, we mea-
sured the catalytic subunit of AC by means of stimula-
tion with the diterpene forskolin (FK), and assessed the
guanine-nucleotide regulatory proteins (G proteins) by
experiments on pertussis toxin (PTX)-catalyzed ADP-
ribosylation of hippocampal membranes. We extended
our analysis to study possible effects of clonidine and/or
yohimbine on hippocampal somatostatin-like im-
munoreactivity (SSLI) content.

MATERIALS AND METHODS
Materials

Synthetic Tyr!!-somatostatin (Tyr!1-SS) and SS tetra-
decapeptide were purchased from Universal Biologi-
cals Ltd (Cambridge, U.K.); yohimbine hydrocholoride,
clonidine hydrochloride, bacitracin, phenylmethyl-
sulfonyl fluroide (PMSF), 3-isobutyl-1-methylxanthine
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(IBMX), PTX, bovine serum albumin (BSA), GTP, FK,
and prestained protein markers and other reagents for
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) were supplied by Sigma Quimica
(Madrid, Spain); and carrier-free Nal?’I (IMS 30, 100
mCi/ml) from the Radiochemical Centre (Amersham,
U.K.). The rabbit antibody used in the radiocimmunoas-
say technique was purchased from the Radiochemical
Centre (Amersham, U.K.). This antiserum was raised
in rabbits against SS-14 conjugated to BSA and is specific
for SS, but because SS-14 also constitutes the C-terminal
portions of both SS5-25 and SS-28, the antiserum does
not distinguish between these three forms. Cross-
reactivity with other peptides was less than 0.5%. Cross-
reaction with several SS analogues demonstrated that
neither the N-terminal glycine nor the C-terminal cys-
teine residue is required for antibody binding, suggest-
ing that the antigen site is directed towards the central
part of the molecule containing the tryptophan residue.
The binding of 5S-14 to its antibody does not depend
on an intact disulfide bond in the molecule because
breaking of the disulfide bond by reaction with 0.1% mer-
captoethanol (boiling water bath, 5 minutes) did not
change peptide immunoreactivity (Penman et al. 1979).

Experimental Animals

The animals used in this study were male Sprague
Dawley rats (n = 60) weighing between 200 and 250 g.
Rats were maintained on a 12-hour light/dark cycle (07.00
to 19.00) and allowed free access to food. The rats were
acclimated to the light/dark cycle from the moment of
birth until they weighed 200 to 250 g. Clonidine (1 mg/kg)
and yohimbine (5 mg/kg) were dissolved in distilled
water or saline, respectively, as previously described
(Blaustein and Letcher 1987). Drug doses were selected
according to the effective doses reported in previous
studies (Blaustein and Letcher 1987). Fresh solutions
were prepared every day just before the administration.
Drugs were diluted such that injections were in volumes
of 2.0 ml/rat and were administered intraperitoneally (IP)
at both 10 and 16 hours prior to assay as previously de-
scribed (Blaustein and Letcher 1987). In another ex-
perimental group, yohimbine (5 mg/kg, IP) was ad-
ministered 1 hour before clonidine (1 mg/kg, IP). Control
injections were equivalent volumes of distilled water or
saline. The rats were treated at 16.00 h and at 22.00 hours
and were sacrificed at 9.00 hours of the following morn-
ing. Rats were killed by decapitation, the brain was rap-
idly removed, and the hippocampus was dissected over
ice according to the method of Glowinski and Iversen
(1966).

All procedures conform to guidelines set for our Ani-
mal Care and Use Committee and were approved by the
Committee before implementation.
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Tissue Extraction and SS Radioimmunoassay

For SSLI measurements, the hippocampus was rapidly
homogenized using a Brinkman polytron (setting 5,
30 s), in 1 ml 2 mol/L acetic acid. Extracts were boiled
for 5 minutes in a water bath, chilled in ice, and aliquots
(100 pl) were removed for protein determination (Lowry
et al. 1951). Subsequently, homogenates were cen-
trifuged at 15,000 g for 15 minutes at 4°C, and the su-
pernatant was neutralized with 2 mol/L NaOH. Extracts
were immediately stored at —70°C until assay. Somato-
statin-like immunoreactivity level was determined in
tissue extracts by a modified radioimmunoassay method
(Patel and Reichlin 1978), with a sensitivity limit of
10 pg/ml. Incubation tubes prepared in duplicate con-
tained 100 pl samples of unknown or standard solu-
tions of 0 to 500 pg cyclic SS tetradecaptide diluted in
phosphate buffer (0.05 mol/L, pH 7.2 containing 0.3%
BSA, 0.01 M EDTA), 200 pl of appropriately diluted
anti-serum, 100 pl of freshly prepared 1%I-Tyr1l-SS
diluted in buffer to give 6,000 cpm/assay tube (equiva-
lent to 5 to 10 pg), and enough buffer to give a final vol-
ume of 0.8 ml. All reagents as well as the assay tubes
were kept chilled on ice before incubation at 4°C for
48 hours. Separation of bound and free hormone was
accomplished by the addition of 1 ml dextran-coated
charcoal (dextran T70: 0.2% w/v, Pharmacia, Uppsala,
Sweden; charcoal: Norit A 2% w/v, Serva, Feinbi-
ochemica, Heidelberg, Germany). Dilution curve for
this brain area was parallel to the standard curve. The
intra- and interassay variation coefficients were 6.8%
and 8.1%, respectively.

Binding Assay

Tyr!-SS was radioiodinated by chloramine-T iodina-
tion according to the method of Greenwood et al. (1963).
Separation of iodinated SS from unincorporated iodine
was performed on a Sephadex G-25 (fine) column
equilibrated and eluted with 0.1 mol/L acetic acid in BSA
(0.1% w/v). The specific activity of the radioligand was
600 Ci/mmol.

Hippocampal membranes were prepared as de-
scribed by Reubi et al. (1981). Proteins were assayed
by the method of Lowry et al. (1951), with BSA as a
standard. Specific SS binding was measured accord-
ing to the modified method of Czernik and Petrack
(1983). The membranes (0.15 mg protein/ml) were in-
cubated in 0.25 ml of a medium containing 50 mmol/L
Tris-HCl buffer (pH = 7.5), 5 mmol/L MgClz, 0.2%
(w/v) BSA and 0.1 mg/ml bacitracin with 250 pmol/L
125L-Tyr!1-SS either in the absence or in the presence of
0.01 to 10 nmol/L unlabeled SS. After 60 minutes incu-
bation at 30°C, membrane-bound peptide was isolated
by centrifugation at 11,000 g for 2 minutes, and radio-
activity was determined in a Kontron gamma counter.
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Nonspecific binding was obtained from the amount of
radioactivity bound in the presence of 107 mol/L SS
and represented approximately 20% of the binding ob-
served in the absence of unlabeled peptide. This
nonspecific component was subtracted from the total
bound radioactivity to obtain the corresponding specific
binding.

Evaluation of Radiolabeled Peptide Degradation

To determine the extent of tracer degradation during
incubation, we measured the ability of preincubated
peptide to bind to fresh hippocampal membranes as
previously described (Aguilera et al. 1982). Briefly, 12I-
Tyr!1-SS (250 pmol/L) was incubated with membranes
from rat hippocampus (0.15 mg protein/ml) for 60
minutes at 30°C. After this preincubation, aliquots of
the medium were added to fresh membranes and in-
cubated for an additional 60 minutes at 30°C. The
fraction of the added radiolabeled peptide that was
specifi-cally bound during the second incubation was
measured and expressed as a percentage of the bind-
ing that had been obtained in control experiments per-
formed in the absence of membranes during the prein-
cubation period.

Adenylyl Cyclase Assay

Adenylyl cyclase activity was measured as previously
reported (Houslay et al. 1976) with minor modifications
(Guijarro et al. 1992). Briefly, rat hippocampal mem-
branes (0.06 mg/ml) were incubated with 1.5 mmol/L
ATP, 5 mmol/L MgSOs, 10 uM GTP, an ATP-regen-
erating system (7.5 mg/ml creatine phosphate and 1
mg/ml creatine kinase), 1 mmol/L IBMX, 0.1 mM PMSF,
1 mg/ml bacitracin, 1 mM EDTA, and test substances
(10-4 mol/L SS or 10-% mol/L FK) in 0.1 ml of 0.025
mol/L triethanolamine/HCl buffer (pH 7.4). After 15
minutes incubation at 30°C, the reaction was stopped
by heating the mixture for 3 minutes. After refrigera-
tion, 0.2 ml of an alumina slurry (0.75 g/ml in
triethanolamine/HCl buffer, pH 7.4) was added, and
the suspension was centrifuged. The supernatant was
taken to assay the cyclic AMP (cAMP) by using the
method of Gilman (1970). The SS concentration was
the one that is known to inhibit rat (Nagao et al. 1989;
Schettini et al. 1989) and human (Garlind et al. 1992)
brain AC. Forskolin was used at a concentration of
10-5 mol/L, which primarily stimulates the catalytic
subunit of AC (Seamon and Daly 1986).

Pertussis Toxin-Catalyzed ADP-Ribosylation

The PTX-catalyzed ADP-ribosylation was performed as
previously reported (Bokoch et al. 1983). After PTX ac-



50 S. Lopéz-Safiudo et al.

tivation, membranes (0.8 mg of protein/ml) were in-
cubated with PTX (16 pg/ml) in 100 mmol/L Tris/Cl
buffer (pH 8.0), containing 10 mmol/L thymidine, 1
mmol/L. ATP, 100 pM GTP, 2.5 mmol/L MgCl,, 1
mmol/L EDTA, 1 umol/L [32P]NAD+* (30 Ci/mmol) and
an ATP-regenerating system. After 30 minutes at 30°C,
the reaction was stopped by addition of 1 ml of ice-cold
100 mmol/L Tris/HCI buffer (pH 8.0), sedimented by
centrifugation for 10 minutes at 30,000 g solubilized with
0.1 ml of 60 mmol/L-Tris/HCl buffer (pH 6.8) contain-
ing 10% glycerol, 0.001% bromophenol blue, and 3%
SDS (SDS-sample buffer). After heating for 30 minutes
at 60°C, the suspension was centrifuged for 10 minutes
at 100,000 g, and aliquots of the supernatant were sub-
mitted to SDS-PAGE, using the procedure of Laemmli
(1970) as previously described (Laburthe et al. 1984).
The gels were run, fixed, dried, and exposed to Dupont
films (cronex 4) for 1 to 7 days at —80°C, using an in-
tensifying screen.

Data Analysis

The computer program LIGAND (Munson and Rod-
bard 1980) was used to analyze the binding data. The
use of this program enabled models of receptors that
best fit given sets of binding data to be selected. The
same program was also used to present data in the form
of Scatchard plots (Scatchard 1949) and to compute
values for receptor affinity (Kd) and density (Bmax) that
best fit the sets of binding data for each rat. Statistical
comparisons of all the data were performed with one
way analysis of variance (ANOVA) and the Student’s
Newman-Keuls test. Means among groups were con-
sidered significantly different when the P value was less
than 0.05. Each individual experiment was performed
in duplicate.

Figure 1. Scatchard plots of the
specific binding of »I-Tyr!! so-
matostatin (I-Tyr!-SS) to hip-
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Table 1. Effect of Clonidine, Yohimbine, and Yohimbine
plus Clonidine on Somatostatin-like Immunoreactive
(SSLI) Concentration and Equilibrium Parameters for S5
Binding to Hippocampal Membranes

SS Receptors

Group Bmax Kd SSLI
Control 518 + 19 0.43 + 0.01 9.44 + 0.84
Clonidine 324 + 18*  0.20 + 0.02° 8.90 + 0.27
Control 513 + 39 0.31 + 0.04 9.02 + 1.11
Yohimbine 676 + 36® 0.53 + 0.03* 9.31 + 0.89
Control 499 + 25 0.33 + 0.05 9.84 + 0.50
Yohimbine

plus clonidine 482 + 11  0.30 + 0.04 9.51 + 0.73

Binding parameters were calculated from Scatchard plots by linear
regression (Scatchard 1949). Units for SSLI are ng of SS per mg pro-
tein, units for Kd are nmol/L, and units for Bmax are femtomoles
of 5S bound per mg of protein. The results are represented as the
mean + SEM of five separate experiments. Statistical comparison
versus control:  p < .001, b p < .01

RESULTS

Clonidine or yohimbine had no effect on the SSLI con-
tent in the hippocampus as compared with the control
group (Table 1). Preliminary experiments confirmed
that specific binding of 1%I-Tyr!1-SS to hippocampal
membranes changed linearly with protein concentra-
tion and was time-dependent in all experimental groups.
An apparent equilibrium was observed between 50 and
180 minutes at 30°C (data not shown). All subsequent
binding experiments were therefore conducted at 30°C
for 60 minutes. Hippocampal membranes from control
and clonidine- or yohimbine-treated rats showed a simi-
lar peptide degradation capacity, and the values var-
ied by no more than 10% in all the experimental groups.

HIPPOCAMPUS

pocampal membranes from controls
and the rats treated with clonidine
(A), yohimbine (B), and yohim-
bine-plus-clonidine (C). Mem-
branes (0.15 mg protein/ml) were
incubated for 60 minutes at 30°Cin
the presence of 250 pmol/L
151.Tyr!1-SS and increasing con-
centrations of native peptide. Points
correspond to controls (®), clo-
nidine- (O), yohimbine- (A), and
yohimbine-plus-clonidine-treated
rats ((J). Values are expressed as the
mean of five replicate experiments. oF
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Table 2. Equilibrium Parameters of Somatostatin (SS)
Binding to Normal Rat Hippocampal Membranes in

the Absence or Presence of 10~° mol/L Clonidine and/or
Yohimbine Added to the Incubation Medium

Group Bmax Kd
Absence of clonidine 507 + 21 0.43 + 0.02
Presence of clonidine 530 + 21 0.42 + 0.02
Absence of yohimbine 531 + 44 0.33 £ 0.05
Presence of yohimbine 519 + 46 0.31 + 0.05

Binding parameters were calculated from Scatchard plots by linear
regression (Scatchard 1949). Units for Kd are nmol/L and units for
Bmax are femtomoles of SS bound per mg of protein. The results
are represented as the mean + SEM of five separate experiments.

Clonidine injection was associated with a decrease
in SS binding (Table 1). This decrease is the result of
a decrease in the maximal number of SS receptors as
revealed by Scatchard plots of the binding data (Table
1 and Figure 1A). This treatment was associated with
a decrease in the Kd of SS binding to hippocampal
membranes (Table 1). To assess whether clonidine or
yohimbine exerted a direct action on SS receptors,
10-5 mol/L clonidine or yohimbine was included in the
incubation medium at the time of the binding assay with
membranes from the hippocampus of normal rats. The
addition of clonidine or yohimbine to the incubation
medium changed neither the number nor the affinity
of the SS receptors in the membranes (Table 2 and Fig-
ure 2). Pretreatment with yohimbine completely blocked
the clonidine-induced changes in the number of SS
receptors following clonidine injection (Table 1 and Fig-
ure 1C). The administration of yohimbine alone pro-
duced a significant increase in %I-Tyr!!-SS binding in
hippocampal membranes (Table 1 and Figure 1B).

Because the mechanism of action of S5 in the CNS
is mediated by G proteins that are ADP-ribosylated in
the presence of PTX, we have studied the PTX sub-
strates in hippocampus after the treatment with cloni-
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Figure2. Scatchard plots of the effect of clonidine (A) and/or
yohimbine (B) added to the incubation medium on the com-
petitive inhibition by unlabeled somatostatin (SS5) of the
specific binding of ZI-Tyr!!-SS (250 pmol/L) to normal rat
hippocampal membranes (0.15 mg protein/ml). Receptor bind-
ing was assessed in the absence (®) or presence of 10-5 mol/L
clonidine (O) or yohimbine (A), respectively. Values are ex-
pressed as the mean of five replicate experiments. The corre-
sponding equilibrium binding parameters are included in Ta-
ble 2.

dine and yohimbine. Pertussis toxin-induced incorpo-
ration of 3P in a 41-KDa and 39-KDa G protein under
the conditions studied here (Figure 3). Clonidine de-
creased the PTX-catalyzed ADP-ribosylation of the
41-kDA and 39-kDa G protein alpha subunits, whereas
yohimbine had no effect on the PTX-catalyzed ADP-
ribosylation of the alpha subunits.

To study SS-modulated AC activity, hippocampal
membranes were incubated with SS (10 mol/L), ei-
ther alone or together with FK (10-> mol/L), a direct
AC activator. As shownin Table 2, no significant differ-

Table 3. Effect of Somatostatin (SS) and Forskolin (FK) on Hippocampal Adenylyl Cyclase (AC) Activity (pmol

cAMP/min/mg protein) in Control (n = 15), Clonidine- (n
and Yohimbine-plus-Clonidine-Treated Rats (n = 5)

5), Yohimbine- (n = 5)

Yohimbine
Clonidine Yohimbine Plus Clonidine

Control Treated Control Treated Control Treated
Basal activity 269 + 2 261 + 9 225 + 9 220 + 11 257 + 7 239 + 3
Basal activity + 1074 mol/L 5S 194 + 5 219 + 11 162 + 6 116 + 5 168 + 11 154 £+ 5
% SS inhibition of basal activity 28+1 16 + 17 28 + 2 47 + 5° M +3 35+ 2
+ 1075 mol/L FK 614 + 19 632 + 12 571 + 19 527 + 28 569 + 20 553 + 14
Fold FK stimulation over basal 23+ 01 24 + 0.1 25+ 13 24 + 04 22+ 0.1 23 + 0.1
10-3 mol/L FK + 10~4 mol/L SS 428 + 16 543 + 9 379 + 6 261 + 16 356 + 32 316 + 17
% SS inhibition of FK stimulation 30 +1 14 + 1° 34 +2 50 + 2% 37 +5 43 + 2

Values represent the mean + SEM of the determinations performed. Statistical comparison versus control: * p < .001, bp < .01
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Figure 3. Autoradiograph of [*?P]JADP-
ribosylated brain membrane proteins. Hip-
pocampal membranes (0.8 mg protein/ml)
from controls, clonidine-, and yohimbine-
treated rats were incubated for 30 minutes
at 30°C in the presence of [*?P[NAD* (30
Ci/mmol), with or without pertussis toxin
(16 ug/ml). This experiment is representa-
tive of six others.

toxin

ences were seen for either the basal or the FK-stimulated
AC enzyme activities in the control, clonidine, and/or
yohimbine groups in hippocampal membranes. In all
experimental groups, SS inhibited the basal and the
FK-stimulated AC activities. In the clonidine group,
however, the capacity of SS to inhibit the basal and
FK-stimulated AC activity in the hippocampus was
significantly lower than in the control group (Table 2),
whereas yohimbine had the opposite effect (Table 2).

DISCUSSION

The results of these experiments further support the
notion that the o,-adrenergic system modulates the SS
action mechanism in the hippocampus. The SSLI con-
tent as well as the binding parameters of SS receptors
in the control rats were similar to those previously
reported by others (Srikant and Patel 1981; Epelbaum
et al. 1982; Reubi 1985; Pitkanen et al. 1986). The Scatch-
ard analysis (Scatchard 1949) of the stoichiometric data
suggests the existence of only one type of SS receptor.
This finding agrees with some studies in rat brain mem-
branes (Epelbaum et al. 1982; Czernik and Petrack 1983)
but differs from other previously reported data (Reubi
1984; Tran et al. 1985). Both Reubi (1984) and Tran et
al. (1985) have shown that a newly developed SS ana-
logue, SMS 201-995, is able to identify subtypes of SS
receptors in the brain. The photocrosslinking studies
of Thermos et al. (1989) suggest that the brain may ex-
press at least two molecularly distinct types of SS recep-
tors. Raynor and Reisine (1989) have identified two SS
analogues (CGP 23996 and MK 678) that label phar-
macologically distinct types of SS receptors in the brain.
Recently, five different SS receptor subtypes have been
cloned (Raynor et al. 1991; Raynor and Reisine 1992;
Bell and Reisine 1993; Bruns et al. 1993; Raynor et al.
1993).

The mechanism by which clonidine and yohimbine
cause a modification in SS binding is unknown. How-
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HIPPOCAMPUS

Clonidine Yohimbine

Control Treated COntrpl Treated

«— 41 KDa
«— 39 KDa

LAY

ever, the changes in 12I-Tyr!1-SS binding were not a
result of a direct effect of clonidine or yohimbine on 5SS
receptors, because no change was detected in tracer
binding following incubation of fresh hippocampal
membranes with clonidine or yohimbine. In addition,
az-adrenoceptors seem to mediate the action of cloni-
dine on the somatostatinergic system, because the
changes induced by clonidine in SS binding were
prevented by pretreatment with the az-adrenergic
blocking agent yohimbine. Nah et al. (1993) have shown
that clonidine inhibits the voltage-dependent Ca?*
influx in spinal cord-dorsal root ganglia cocultures, and
several electrophysiological studies have shown that
az-adrenoceptor agonists decrease Ca?* channel activ-
ity in various peripheral and central neurons (Rosen-
thal et al. 1988; Sah 1990). The antagonist yohimbine
blocks these inhibitory effects of clonidine. Thus, it is
conceivable that some of the effects of clonidine or yo-
himbine on SS binding may be to mobilize a membrane-
bound pool of intracellular Ca?* that elicits effects in
a microenvironment near the plasma membrane result-
ing in changes in Ca2* conductance, K+ conductance,
or both. In this regard, it has been shown that the con-
centration of calcium in the assay medium regulates
both the number of binding sites and the receptor
affinity for SS (Susini et al. 1985). On the other hand,
exposure to G protein-coupled receptor agonists has
been shown to regulate cellular levels of G protein. A
mechanism for this type of control likely includes the
co-internalization of the receptor and the G protein (Mil-
ligan and Green 1991).

Inhibition of rat AC activity by SS was found, which
is in agreement with the literature (Nagao et al. 1989;
Schettini et al. 1989; Bergstrom et al. 1991). A relatively
high concentration of SS (10-* mol/L) was required to
produce inhibition. The same concentration was used
by Schettini et al. (1989), Bergstrom et al. (1991) and
Garlind et al. (1992) in their studies on SS inhibition
of human and rat brain AC. Several lines of evidence
suggest that the effect of SS is receptor-mediated rather
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than being a nonspecific inhibitory effect. In this re-
spect, the GTP dependence of the inhibitory effect sug-
gests involvement of a G protein in the response. This
finding is consistent with binding studies on post-
mortem human and rat brain tissue that have shown
that the binding of SS to its recognition site is affected
by GTP in a manner consistent with the involvement
of a G protein (Garlind et al. 1992). In addition, Moser
and Cramer (1990) have shown that SS acts through
G proteins on dopaminergic AC in rat brain. Further-
more, Nagao et al. (1989) and Schettini et al. (1989) have
shown that SS-reduced cAMP production in the rat
brain occurs via a G protein coupled to AC. These
findings, plus the lack of an inhibitory effect of SS (1
umol/L) on basal AC activity in primary cultures of
mouse embryonic glial cells reported by Chneiweiss et
al. (1985) would argue against a nonspecific inhibitory
effect of the neuropeptide.

The SS concentration eliciting the maximal inhibition
of AC activity was approximately three fold that which
was necessary to displace ZI-Tyr!'-SS binding. A pos-
sible explanation for this discrepancy may lie in the ob-
servation that the PTX-sensitive G proteins can modu-
late the affinity of SS receptors and/or the coupling to
the effector system (AC among others). In this respect,
it has been shown by Enjalbert et al. (1983) and by Koch
and Schonbrunn (1984) that the mobilization of the G
protein by GTP reduces SS receptor affinity for SS in
cerebral cortical and in GH4C; pituitary cell clones. In-
deed, in the presence of GTP necessary to couple the
SS receptor to the AC catalyst, the SS receptors may
shift from an apparent high-affinity state (observed in
binding studies) to an apparent low-affinity state (ob-
served in AC studies). The present results show that
the PTX substrate decreases in hippocampus from
clonidine-treated rats with respect to control rats. This
change could affect the affinity and/or the recruitment
of spare receptors and have the consequences observed
in these SS binding site experiments.

The ability of SS to inhibit AC was decreased in hip-
pocampal membranes from clonidine-treated rats as
compared to controls. However, there did not appear
to be any defect in the catalytic unit of AC itself because
in hippocampal membranes from either control or
clonidine-treated animals, similar levels of activities
were noted when this enzyme was stimulated directly
by the diterpene FK. Similar heterologous desensitiza-
tion was observed for AC response in the hippocampus
following dopamine treatment (unpublished results).
The mechanism of heterologous desensitization is
poorly understood. It has been suggested that heterol-
ogous desensitization involves post-receptor modifica-
tions, including receptor uncoupling from the G pro-
tein transduction mechanism (Klein et al. 1989). Indeed,
we found that treatment with clonidine decreased ADP-
ribosylation, suggesting that the decreased ADP-
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ribosylation is agonist-specific. Furthermore, additional
changes, including down-regulation of SS receptors,
accompanied receptor desensitization. A similar reduc-
tion in PTX-induced ADP-ribosylation was observed fol-
lowing exposure to clonidine in spinal cord-dorsal root
ganglion cocultures (Nah et al. 1993). In addition, yo-
himbine blocked the effects of clonidine on PTX-
catalyzed ADP-ribosylation in this coculture.

The mechanism by which the az-adrenoceptor
agonist clonidine decreases the PTX-catalyzed ADP-
ribosylation of the 41- and 39-kDa G protein subunits
is still not clear. However, we cannot rule out the pos-
sible involvement of a protein kinase C in the reduc-
tion of the ADP-ribosylation by clonidine. Protein ki-
nase C was shown to phosphorylate Gia, thereby
suppressing its function in hormonal inhibition of AC
(Katada et al. 1985). In addition, adrenergic agonist
treatment may induce alterations in the association-
dissociation of the various subunits of the heterotrimeric
G protein or in the capacity of the G proteins to inter-
act with the receptor molecules. It is possible that the
az-adrenoceptors and the SS receptors are utilizing a
common pool of Gi to inhibit AC activity. The clonidine-
induced changes in the organization and/or phosphory-
lation of the G protein subunits could therefore be
responsible for the development of heterologous desen-
sitization in the clonidine-treated animals.

In conclusion, the present data show that hippocam-
pal 41- and 39-kDa G proteins are severely disturbed
by the a-adrenergic system and, as a result, the
efficiency of the coupling between AC and the corre-
sponding membrane receptors is profoundly affected.
As shown in the SS receptor/effector system, the im-
pairment of the final response is further reinforced by
the low levels of SS receptors. At present, there is no
direct evidence that the regulation of the hippocampal
somatostatinergic system by the az-adrenergic system
is of physiological significance. However, this mecha-
nism may provide a means by which the environment
could modulate the SS action mechanism, and there-
fore, the sensitivity to 55 in a subset of SS-sensitive
neurons.
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