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Pharmacological characterization of two specific binding sites for
neurohypophyseal hormones in hippocampal synaptic plasma
membranes of the rat
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Communicated by Paul Cohen

Synaptic plasma membranes containing binding sites for tri-
tiated oxytocin and arginine vasopressin were isolated from
rat hippocampus. The binding parameters for oxytocin and
vasopressin sites were determined and statistically analysed.
The fitted curve for oxytocin binding was compatible with
a model where the ligand interacts with two classes of recep-
tors with different capacities and affinities. The sites with low
binding capacity had an apparent dissociation constant at
equilibrium of 1.8 nM and a maximal binding capacity of
17 fmol/mg protein. By contrast, the Scatchard plot failed
to reveal a marked heterogeneity in the population of sites
labelled with [3H]vasopressin with an affinity of 1.5 nM and
a maximal binding capacity of 39 fmol/mg protein. The speci-
ficity of these binding sites, tested in competition experiments,
revealed that these neurohypophyseal hormones labelled two
distinct populations of sites. One population with a high af-
finity for vasopressin, oxytocin and vasotocin, the other popu-
lation with a high affinity for vasopressin and vasotocin and
a low affinity for oxytocin. Adenylate cyclase activity was not
affected by arginine-vasopressin or oxytocin. These receptors
are compared with previously characterized peripheral re-
ceptors.
Key words: oxytocin/vasopressin/binding sites/hippocampus

Introduction
Vasopressin and oxytocin have long been recognized as the neuro-
hypophyseal hormones carried by a vascular route to affect peri-
pheral target tissues. More recently, immunocytochemical
techniques have provided evidence that a direct transport of vaso-
pressin and oxytocin within the brain occurs via long axonal pro-
jections from the hypothalamus to several extrahypothalamic
regions (for reviews, see Kozlowski et al., 1983; Buijs, 1983).
These studies, and other observations that neurohypophyseal pep-
tides have several behavioural effects including an influence on
the retention of conditioned avoidance tasks in rats (De Wied,
1980), have led to the conclusion that these hormones may also
have neural functions. Thus arginine-vasopressin binding sites
have been shown in brain tissue using either autoradiographic
techniques (Baskin et al., 1983; Van Leeuwen and Wolters, 1983;
Yamamura et al., 1983; Biegon et al., 1984; De Kloet et al.,
1985) or radioligand binding techniques (Pearlmutter et al., 1983;
Dorsa et al., 1983). In a previous study, we characterized specific
lysine vasopressin binding sites to rat hippocampal membranes,
suggesting that vasopressin receptors are present in the hippo-
campus (Barberis, 1983). The particularly interesting electro-
physiological study of Muhlethaler et al. (1983) suggested that
a class of hippocampal neurons is endowed with receptors for
oxytocin. This means that both vasopressin and oxytocin recep-

IRL Press Limited, Oxford, England.

tors may be present in the hippocampus. Here we report the char-
acterization of two specific binding sites for neurohypophyseal
hormones in the rat hippocampus and compare them with the
previously characterized binding sites for vasopressin (Jard, 1983)
and oxytocin (Soloff et al., 1977).

Results
Rat hippocampal synaptic plasma membranes were found to bind
[3H]oxytocin specifically. In the presence of 3.2 nM of labelled
ligand, the specific component of binding, increased as a func-
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Fig. 1. Time-course of the association of [3H]oxytocin with its high-affinity
binding sites; reversibility of binding. Synaptic plasma membranes (260 jig
protein) were incubated in a final volume of 200 il in the presence of
[3H]oxytocin (3.2 nM). Oxytocin binding was measured as a function of
time as indicated under Materials and methods. To test binding reversibility,
the enzyme was first incubated for 20 min at 30°C in the presence of
[3H]oxytocin (3.0 nM). Unlabelled oxytocin (1 AM final concentration) was

then added and total residual binding measured as a function of time after
addition of unlabelled hormone. The K+1 and K_1 (association and
dissociation constants) were determined from the semilogarithmic plots
shown in the lower part of the figure assuming: (i) that the binding process
corresponds to the equilibrium

H+R RH
K+1

in which H, R, and RH are, respectively, free hormone, free receptor and
the hormone receptor complex; (ii) that the free hormone concentration is
constant. The association and dissociation time-courses are described by
equations 1 and 2, respectively:
(1) logj[RHeq]/([RHeq] - [RH]) = (K+,[H] + K_,)t
(2) loge[RH]/[RHeq] =K_,t with [RHeq] = concentration of hormone
receptor complex at equilibrium. Values on the graph were obtained in three
independent experiments.
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Fig. 2. Correlation between [3H]oxytocin binding and membrane
concentration. Purified synaptic plasma membranes were incubated as
indicated in the Materials and methods in the presence of 2.4 nM
[3H]oxytocin. Values on the graph are means of three determinations.
S.E.M. are always <8.1 %. Values of the correlations calculated for the
regression lines were: r = 0.995; r = 0.978 and r = 0.999 for the total
binding, non-specific binding and specific binding, respectively. (U) Total
binding; (0) non-specific binding; (0) specific binding.

tion of time, reached an equilibrium state within a 20 min in-
cubation period and was stable thereafter up to 60 min. The
binding half-time was 5 min (Figure 1). All further experiments
were performed at 30°C and the duration of membrane incuba-
tion in the presence of [3H]oxytocin was 20 min. Specifically
bound [3H]oxytocin could be released in a time-dependent man-
ner by adding an excess of unlabelled oxytocin (1.5 AM). After
60 min incubation in the presence of unlabelled oxytocin < 15%
of radioactivity bound at zero-time remained attached to the mem-
branes (Figure 1). Both the association and dissociation time-
courses were mono-exponential processes (Figure 1). The rate
constant for the association reaction K+, was 0.050 x
109/mol/min and the rate constant for the dissociation reaction
K_, was 0.028/min.
The specific or non-specific component of [3H]oxytocin bind-

ing at equilibrium increased linearly with the membrane concen-
tration in the incubation medium up to 470 ,ug protein/assay
(Figure 2). As Figure 2 shows a large fraction of the apparent
non-specific component of binding could be accounted for by
radioactivity retained on the filter. At a concentration of 0.6 nM
[3H]oxytocin and a membrane concentration of 200-300 tg pro-
tein/assay, the non-specific component of [3H]oxytocin binding
(non-specific binding to membranes plus non-specific binding to
filter) represented 61.8 i 2.7% of total binding (mean + SD
of eight determinations). Finally h.p.l.c. analysis revealed that
under the experimental conditions used for all further experiments
(see Materials and methods), [3H]oxytocin was not inactivated
during the course of incubation in the presence of membranes.

Figure 3 shows the Scatchard plot of the dose-dependent speci-
fic binding of [3H]oxytocin at equilibrium. Clearly this plot was
curvilinear. Computerised fitting of the data with a multisite
model indicated that the best fit was obtained by assuming that
oxytocin binds to two categories of sites of high and low affini-
ty. Calculated values for dissociation constants (Kd) and max-
imal binding capacities (Bmax) were 1.8 nM and 16.9 fmol/mg
protein and 30 nM and 25 fmol/mg protein for high and low af-
finity sites, respectively.
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Fig. 3. Dose-dependence for specific [3H]oxytocin (left) and [3H]arginine-
vasopressin (right) to purified hippocampal synaptic plasma membranes. The
graphs show the Scatchard plot of the dose-dependent binding curves.
Values on the graphs are means of four independent experiments. Values of
the dissociation constants and maximal binding capacities are estimated at
1.78 nM and 16.9 fmol/mg protein for [3H]oxytocin high-affinity binding
sites and 30 nM and 25 fmol/mg protein for [3H]oxytocin low-affinity
binding sites, respectively. Non-linear weighted (1/u2) least-squares
regression analysis of untransformed data was conducted on a Tektronix
4052 computer. Testing for statistically significant resolution of two receptor
subtype components is obtained by using a partial F-test (see Munson and
Rodbard, 1980). Saturation isotherm was best-fitted (p <0.05) with a two-
site model. For [3H]arginine vasopressin, the dissociation constants and
maximal binding capacities estimated from the calculated regression lines are
1.46 nM and 38.8 fmol/mg protein, respectively.

The ligand specificity of oxytocin binding sites was evaluated
from competition experiments similar to those illustrated by
Figure 4, using the series of oxytocin and vasopressin analogues
listed in Table I. Since [3H]oxytocin was used at a concentration
of 3 nM, one can estimate that, in the absence of unlabelled
ligand, > 80% of bound radioactivity was attached to the high
affinity sites. The results derived from competition experiments
are therefore representative of the ligand specificity of the high
affinity oxytocin binding sites. Data shown in Figure 4 indicated
the following. (i) The K1 value for oxytocin binding calculated
from competition experiments (2.1 nM) was very close to the
Kd (1.8 nM) deduced from a direct determination of [3H]oxytocin
binding. This observation indicates that unlabelled- and [3H]oxy-
tocin have very comparable properties. (ii) The detected high
affinity oxytocin binding sites discriminated very efficiently bet-
ween analogues exhibiting enhanced oxytocic or vasopressor
selectivity on peripheral organs. Thus the selective oxytocic
agonist (OH-Thr4, Gly7)-OT inhibited [3H]oxytocin binding with
a high potency (Ki = 2.3 nM) and the selective vasopressor
agonist Phe2Orn8VT had a low affinity (Ki = 58 nM). (iii) Sur-
prisingly the high affinity oxytocin binding sites discriminated
very poorly between oxytocin and vasopressin (respective Ki
values of 2.1 and 3.7 nM). Arginine vasotocin had a slightly
higher affinity than oxytocin. It was difficult to explore the ligand
specificity of the low affinity oxytocin sites. This would have
needed the use of high [3H]oxytocin concentration with the ex-
pected consequence of having a very unfavourable specific/non-
specific binding ratio.
Although the experiments described above indicated that the

binding sites labelled with [3H]oxytocin at low concentrations
were different from those labelled by [3H]vasopressin (Barberis,
1983), the observation that the hippocampal binding sites dis-
criminated very poorly between oxytocin and vasopressin rais-
ed the possibility that [3H]vasopressin might also label the detected
oxytocin binding sites. This encouraged us to perform additional
experiments with [3H]vasopressin. Dose-dependent specific bind-
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Fig. 4. Dose-dependent inhibition of [3H]oxytocin (left) and [3H]vasopressin (right) binding to hippocampal synaptic plasma membranes by unlabelled

peptides. Membranes were incubated in the presence of a constant amount of [3H]oxytocin (3 nM) or [3H]vasopressin (1 nM) and increasing amounts of
unlabelled peptides. Values of specific binding measured in the presence of unlabelled peptides (B) were expressed as a fraction of the specific binding
measured in the absence of competitor (Bo). Each point is the means of triplicate determinations. The apparent dissociation constants (K0) for the non-labelled

peptides were calculated by using the following relation: K. = I50 x Kd*HI(Kd*H + [*H]) in which I50 is the concentration of unlabelled peptide leading to

half-maximal inhibition of labelled hormone specific binding. Kd*H is the dissociation constant at equilibrium for tritiated hormone binding and [*HI the
concentration of tritiated hormone in the incubation medium. The slope index of the displacement curves was deduced by fitting the experimental data to the

expected linear relationship: [(Bo/B) - 1] [*HlKd*H) + 1] = log() - log Kj, in which (I) is the concentration of unlabelled peptide.

Table I. Endocrine activities of oxytocin, arginine vasopressin and analogues

Relative biological activitiesa
Oxytocicb Antidiureticc Vasopressor' Hippocampalb

- Oxytocin (OT) 100 1.2 1.1 100.0
- Arginine vasotocin (AVT) 51 91.0 62.0 81.6
- [l-(L-2-hydroxy-3-mercapto-propionic acid)-threonine4, glycine7]-oxytocin (OH-

ThriGly7OT) 206 0.001 < 0.001 96.8
- arginine vasopressin (AVP) 5.3 100.0 100.0 52.5
- (phenylalanine2, ornithine8)-vasotocin (Phe2OM8VT) 1.0 0.49 33.0 23.4
- l-Deamino (valine4, D-arginine8)-vasopressin (dVDAVP) 0.4 380.0 Antagonist 6.9
- [1-(j3-mercaptopropionic acid), 2-0-methyltyrosine, valine4, D-arginine8]-

vasopressin [dTyr(Me)VDAVP] Antagonist 619.0 Antagonist Antagonist
pA2 =7.01

- [1-(B-mercapto-,B-,B-cyclopentamethylene propionic acid), 2-0-ethyltyrosine,
valine4]-vasopressin [d(CH2)5Tyr(Et)VAVP] Antagonist Antagonist Antagonist

pA2=7.57±0.06 pA2=8.16 0.09

pA2 is the negative log of A2 which is the concentration of antagonists leading the response to 2 x units of oxytocin to equal the response to 1 x unit adminis-
tered before the antagonist.
aTaken from Sawyer et al. (1981) and from Muhlethaler et al. (1983).
bPercent of oxytocin taken as a standard.
'Percent of arginine vasopressin taken as a standard.

ing at equilibrium was determined. The Scatchard plot failed to
reveal (as already found) a marked heterogeneity in the popula-
tion of sites labelled with [3H] vasopressin with an affinity of
1.5 nM and a maximal binding capacity of 39 fmol/mg protein.
It was clear, however, that the total number of sites labelled with
[3H]vasopressin was much higher than the maximal binding
capacity of the 'so-called' high affinity 'oxytocin binding sites'.
This observation is compatible with the hypothesis that
[3H]vasopressin could label both a population of sites exhibiting
a high affinity for both oxytocin and vasopressin and a popula-
tion of sites with a high (and similar) affinity for vasopressin and
a much lower affinity for oxytocin. If this assumption is valid,
we might expect that competition experiments with unlabelled
analogues discriminating between the two populations of sites
labelled with [3H]vasopressin (among these is oxytocin, but not
vasopressin) would lead to complex (shallow) displacement

curves. Experiments shown in Figure 4 indicate that this was

indeed the case.
The slope index of the displacement curve using unlabelled

vasopressin was close to 1. The Ki value was 1.7 nM. With ox-

ytocin the displacement curve was shallow (it covered a four-
order of magnitude concentration range). The same situation was
observed with OH-Thr4Gly7OT and to a lesser extent with
Phe2Om8VT and dVDAVP. With AVT and the antagonist
d(CH2)5Tyr(Et)VAVP the displacement curve had a slope index
close to 1. The main results are summarized in Table II. It is

clear from Table II that tritiated neurohypophyseal hormones,
oxytocin and vasopressin, very probably label two distinct popula-
tions of binding sites in the hippocampus. The results from the

adenylate cyclase experiments are summarized in Table mII. They
show that, under experimental conditions where there was a 30%
activation of the enzyme by vasoactive intestinal peptide, no
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Table H. Pharmacological characterization of the binding sites of
neurohypophyseal hormones

Site 1 Site 2

Labelled with high affinity with Labelled with high affinity with
both [3H]oxytocin and [3H]vasopressin and with low
[3H]vasopressin affinity with [3H]oxytocin
High affinity for AVT High affinity for AVT

High affinity for OH-Thr4Gly7OT Low affinity for OH-Thr4Gly70T

Low affinity for Phe2Orn8VT High affinity for Phe20rn8VT

dTyr(Me)VDAVP high affinity Low affinity

d(CH2)5Tyr(Et)VAVP low affinity High affinity

Table m. Adenylate cyclase activity in synaptic plasma membranes

Additions Cyclic AMP formed
(pmol/min/mg protein)

None 133 ± 8
VIP 1 M 173 4a
AVP 100 nM 134 2

1 AM 133 5
10 IM 134 3

OT 100 nM 136 2
1 ItM 134 5

10PM 134 I1

Values in the table are means ± S.D. of 3-4 determinations. Values
determined in the presence of vasoactive intestinal polypeptide (VIP), AVP
or OT were compared with the corresponding basal values using one-tailed
Student's t-test.
ap <0.01.

change in activity could be detected in the presence of either oxy-
tocin or vasopressin.

Discussion
Although many central actions have already been reported for
oxytocin both in vivo (Morris et al., 1980; Freund-Mercier and
Richard, 1981; Joels and Urban, 1982) and in vitro (Muhlethaler
et al., 1983), the characterization of receptors located in the cen-
tral nervous system has not been reported for oxytocin. Evidence
for specific [3H]oxytocin binding sites in central amygdala, ven-
tral subiculum and olfactory nucleus have been recently provid-
ed by autoradiography techniques (Brinton et al., 1984; De Kloet
et al., 1985). We show here that specific oxytocin binding sites
can be detected on rat hippocampal synaptosomal membranes.
Scatchard analysis of the dose-dependent binding curve at equi-
librium revealed complex binding kinetics. Experimental data
could be fitted with a model involving a reversible interaction
of oxytocin with two independent populations of sites. Obvious-
ly other possibilities cannot be excluded on the basis of this obser-
vation. However, the comparison of binding data obtained with
[3H]oxytocin and [3H]vasopressin makes it very likely that the
complex kinetics of oxytocin binding reflects the existence of a
cross-reactivity of oxytocin and vasopressin with two populations
of sites,which, for the sake of simplicity, will be designated as
oxytocin and vasopressin receptors. An unexpected observation
derived from the present study is that oxytocin receptors (high-
affinity oxytocin binding sites) do not discriminate efficiently
between oxytocin and vasopressin. Furthermore, the affinity of
vasopressin for oxytocin sites (Ki = 3.7 nM) is close to the af-
finity of vasopressin for vasopressin receptors (Kd = 1.5 nM).
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One could therefore expect that: (i) [3H]vasopressin will label
both vasopressin and oxytocin receptors; (ii) due to the small
difference in the Kd values for binding of vasopressin to these
receptors, analysis of the dose-dependency of vasopressin bin-
ding can hardly reveal this heterogeneity in the population of
vasopressin sites.

In a previous study (Barberis, 1983) it was concluded on the
basis of such an analysis that vasopressin ([3H]lysine-vasopressin)
interacted with a single population of sites on rat hippocampal
synaptosomal membranes. We confirm in the present study that
the [3H]vasopressin binding data generated an almost linear Scat-
chard plot. However, using [3H]vasopressin as the labelled ligand
it is possible to find experimental conditions in which bound
radioactivity will predominantly represent vasopressin molecules
bound to vasopressin receptors, little (< 20%) being attached to
oxytocin receptors. In these conditions competition experiments
with unlabelled peptides made it possible to estimate the affinity
of these peptides for vasopressin receptors. Experiments with
unlabelled oxytocin revealed that vasopressin receptors discrimi-
nate between oxytocin and vasopressin much more efficiently than
do oxytocin receptors. Moreover, the displacement curve obtain-
ed with OH-Thr4Gly7OT (Figure 4) suggests that [3H]vasopressin
labelled two populations of sites with similar affinities for vaso-
pressin. One of these populations might be the 'so-called' high-
affinity oxytocin binding sites for which vasopressin has an af-
finity of 3.7 nM (Bmax = 16.9 fmol/mg protein). The second
population might be the high-affinity vasopressin binding sites
for which vasopressin has an affinity of 1.5 nM and a maximal
binding capacity of 22 fmol/mg protein. Likewise [3H]oxytocin
will label vasopressin and oxytocin receptors. In this case the
difference in the affinity is high enough to allow a detection of
the heterogeneity in oxytocin-binding sites from a direct analysis
of dose-dependent [3H]oxytocin binding.
The results shown in Figure 1 deserve special comment. In-

deed, if oxytocin binds to two populations of sites, it is surpris-
ing to observe that the time courses of both hormonal bindings
and reversal were mono-exponential processes. In fact at the
[3H]oxytocin concentration used in these experiments (3.2 nM)
one can estimate that the bulk of bound radioactivity (- 80%)
was attached to oxytocin receptors (high-affinity binding sites).
In addition, estimation of the Kd value deduced from the deter-
mination of the rate constants K+1 and K-1 (see legend to
Figure 1) was of the same order of magnitude as that determin-
ed from dose-dependent binding at equilibrium (0.6 nM com-
pared with 1.8 nM).
A straightforward argument favouring the conclusion that two

distinct populations of receptors for oxytocin and vasopressin are
present on rat hippocampal synaptosomal membranes was the
demonstration that these receptors have clearly different ligand
specificities. Thus: (i) OH-Thr4Gly7OT recognized as a highly
selective oxytocin agonist on the rat uterus and mammary gland
exhibited a high affinity for hippocampal oxytocin receptors and
a very low affinity for vasopressin receptors; (ii) Phe2Orn8VT,
a selective vasopressin agonist, has an almost 10-times higher
affinity for vasopressin receptors than for oxytocin receptors,
(iii) the potent vasopressin antagonist d(CH2)5Tyr(Et)VAVP also
discriminated efficiently between vasopressin and oxytocin
receptors.
The present study clearly illustrates the need for more selec-

tive labelled ligands and for additional structure-activity relation-
ship studies for the characterization of receptors for
neurohypophyseal hormones and related peptides in the brain.
Adenylate cyclase experiments failed to reveal any stimulatory
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or inhibitory effect of oxytocin and vasopressin while a signifi-
cant activation by vasoactive intestinal peptide (VIP) could be
demonstrated. This suggests that, unlike oxytocin receptor in frog
bladder and epithelial cells (Bockaert et al., 1972), but like oxy-
tocin receptors in mammalian uterus (Harbon and Clauser, 1971)
and isolated fat cells (Bonne and Cohen, 1975), oxytocin recep-
tors in the hippocampus are not functionally coupled to adenylate
cyclase. In addition there was a fairly good agreement between
the relative affinities of oxytocin analogues for oxytocin recep-
tors on hippocampal synaptosomal membranes and the correspon-
ding relative activities in increasing the firing rate of
non-pyramidal neurones in hippocampal slices (see Table I). It
is tempting to consider that the oxytocin receptors detected in
the present study are the physiological receptors involved in the
electrophysiological responses described by Muhlethaler et al.
(1983). Considered together the results of Muhlethaler et al.
(1983) and those reported in the present study constitute the first
example in which the binding of neurohypophyseal peptides to
synaptosomial membranes can be correlated to a cellular response.
As indicated above, oxytocin receptors in the hippocampus

have some similarities with oxytocin receptors from the uterus,
namely a high affinity for the selective oxytocin agonist
OH-Thr4Gly7OT and a low affinity for the selective vasopressor
agonist Phe2OM8VT. However, it is already clear that marked
differences also exist between peripheral and central oxytocin
receptors. The most striking difference is the poor ability of cen-
tral receptors to discriminate between oxytocin, arginine-
vasopressin and arginine-vasotocin. Obviously a more complete
analysis of the structural requirements for binding to central and
peripheral ocytocin receptor is needed to decide if these recep-
tors belong to different subclasses of oxytocin receptors. As for
the vasopressin receptors, they show, as previously mentioned
(Barberis, 1983), several similarities with the V1 type of
vasopressin receptors present on vascular smooth muscle cells
and hepatocytes.

Materials and methods
Materials
The vasopressin and oxytocin analogues used in this study are listed in Table
I. Tritiated arginine-vasopressin labelled on the phenylalanyl residue
([3H]Phe3-arginine-vasopressin) was purchased from New England Nuclear
(Boston, MA). Its specific radioactivity was 60-87 Ci/mmol. Tritiated oxytocin
labelled on the tyrosyl residue ([3H]Tyr2-oxytocin) was purchased from Cam-
bridge Research Biochemicals (Cambridge, UK). Its specific radioactivity was

20 Ci/mmol. The radiochemical purity of these labelled peptides was checked
by h.p.l.c. on a Beckman ultrasphere ODS reversed-phase column. Elution was

performed with a linear 40 min gradient of 10-50% solvent B at 1 ml/min.
Solvent A was 0.1% trifluoroacetic acid (pH 3.5) and solvent B, 0.1% trifluoro-
acetic acid (pH 3.5) in 75% acetonitrile. The collected fraction corresponding
to the tritiated peptide was then poured onto an affinity-chromatography column
using neurophysin bound to sepharose 4B (Camier et al., 1973).
Other chemicals were obtained from the following sources: unlabelled arginine

vasopressin and oxytocin from Bachem (Bubendorf; Switzerland); sucrose for
density gradient ultracentrifugation from Merck (Darmstadt); Tris and GTP
(sodium salt) from Sigma Chemical Company (St. Louis, MO); creatine kinase
and phosphocreatine (disodium salt) from Boehringer (Mannheim); [3H]cAMP
(31.5 Ci/mmol) from New England Nuclear (Boston, MA); [a-32P]ATP
(40 Ci/mmol) from Amersham (Bucks, UK).
Membrane preparation
Animals used were male Wistar rats (200 g body wt.) purchased from Iffa Credo
(Lyon, France). For each experiment the hippocampi from 20-40 rat brains
were dissected and immersed in ice-cold 0.32 M sucrose. The tissue was homo-
genized in a Potter-Elvehjem homogenizer equipped with a Perspex pestle
(0.25-mm clearance) according to previously described procedure (Aldridge et

al., 1960). A crude synaptosomal fraction was prepared according to Gray and
Whittaker (1962) and submitted to an osmotic shock in 5 mM Tris-HCl buffer
(pH 8.1) for 30 min at 0°C. A purified synaptic-membrane fraction essentially

free of cytoplasmic constituents was prepared according to Jones and Matus (1974)
by flotation in a discontinuous sucrose gradient (34, 28.5 and 10%, w/w) and
collected at the 34-28.5% interface after centrifugation for 110 minat 60 000 g
(average relative centrifugal field) in a SW 28 type swinging bucket rotor of a

Beckman ultracentrifuge. The membranes were dispersed in 50 mM Tris-HCl
(pH 7.4). 5 mM MgCl2, washed and resuspended in the same medium to a con-

centration of -4-6 mg protein/ml. For adenylate cyclase assays, membranes
were prepared with 10 mM Tris-maleate pH 7.2 present at all steps of the above
procedure. The membranes were then resuspended in 2 mM Tris-maleate pH
7.2, 2 mM EGTA. All experiments were performed using freshly prepared mem-
branes.

Binding assay
Binding of [3H]oxytocin and [3H]vasopressin was measured under experimental
conditions identical to those used by Barberis (1983). Membranes (200-300 tg
protein/assay) were incubated in a final volume of 200 1I of a medium compos-
ed of 50mM Tris-HCI (pH 7.4), 5 mM MgCl2, 1mg/mlbovine serum albumin
and various amounts of tritiated ligand. Non-specific binding was determined in
the presence of 10 AM unlabelled oxytocin or vasopressin. Incubation was per-
formed at 30°C for 20 min. Bound labelled peptide was separated by filtration
through Gelman membrane filters (Metricel GA-3; 1.2 Jim). Filters were wash-
ed three times with 5 ml of chilled (0°C) 10 mM Tris-HCl (pH 7.4), 1 mM
MgCl2. Usually the duration of the filtration did not exceed 20 s. Radioactivity
retained on the filter was counted by liquid scintillation spectrometry. All deter-
minations were performed in triplicate.
The binding curves for oxytocin and vasopressin were determined using an

increasing amount of labelled peptide. The dissociation constants at equilibrium
(Kd) were statistically calculated as indicated in Figure 3. The binding constants
for unlabelled oxytocin and analogues were determined from competition experi-
ments. Membranes were incubated in the presence of a constant amount of [3H]-
oxytocin (3 nM) or [3H]vasopressin (1 nM) and increasing amounts of unlabelled
peptide.

In order to examine the stability of [3H]oxytocin in binding experiments, 3 nM
[3H]oxytocin was incubated with hippocampal membranes in a total assay volume
of 200 i1 for 25 min at 30°C. After incubation, the membranes were pelleted
by centrifugation, 10 nmol of pure, unlabelled oxytocin was then added to the
supematant which was immediately analysed by h.p.l.c., as described above.

Adenylate cyclase assay
Membranes (15 -25 Ag protein/assay) were incubated in a final volume of
50 11 of a medium containing 25 mM Tris-maleate pH 7.2, 10 mM theophylline,
0.25 mM ATP, 1 mM MgSO4, 5 mM creatine phosphate, 0.2 mg/ml creatine
kinase, 1 mg/mi bovine serum albumin, 10 AM GTP, [a-32P]ATP 0.5 1tCi/assay,
[3H]cAMP 2 nCi/assay. The reaction was initiated by adding the membranes under
a small volume (10 141). They were incubated for 15 min at 300C and the reac-

tion was stopped by addition of 1 ml of a solution containing: 2% SDS, 50 mM
Tris-HCI (pH 7.4), 0.5 mM cAMP and 0.33 mM ATP. Labelled cAMP formed
was determined as described (Lucas and Bockaert, 1977). All determinations were
performed in triplicate.

Acknowledgements
The authors are grateful to Professor S. Jard, Centre C.N.R.S.-I.N.S.E.R.M.
de Pharmacologie-Endocrinologie (Montpellier), for his advice and stimulating
criticism during the course of the experimentation and for his help in preparing
the manuscript; to Professor J.J. Dreifuss, University Medical Centre (Geneva),
for helpful discussions, to Professor M. Manning, Ohio University Medical School
(Toledo), for his generous gift of vasopressin and oxytocin analogues, to J.
Bockaert, Centre C.N.R.S.-I.N.S.E.R.M. de Pharmacologie-Endocrinologie
(Montpellier), for his help in the determination of the adenylate cyclase activity
and to J.F. Rumigny, Centre de Recherche Delalande (Rueil-Malmaison), for
the statistical analysis of the data. This work was supported by the Institut Na-
tional de la Sante et de la Recherche Medicale, U.264 and Centre National de
la Recherche Scientifique, A.T.P. 953 134.

References
Aldridge,W.N., Emery,R.C. and Street,B.W. (1960) Biochem. J., 77, 326-327.
Barberis,C. (1983) FEBS Letn., 162, 400405.
Baskin,D.G., Petracca,F. and Dorsa,D.M. (1983) Eur. J. Pharmacol., 90,

155-157.
Biegon,A., Terlou,T., Voorhuis,Th.D. and De Kloet,E.R. (1984) Neurosci. Lett.,

44, 229-234.
Bockaert,J., Roy,Ch. and Jard,S. (1972) J. Biol. Chem., 247, 7073-7081.
Bonne,D. and Cohen,P. (1975) Eur. J. Biochem., 56, 295-303.
Brinton,R., Wamsley,J.K., Gee,K.W., Wan,Y.P. and Yamamura,H.I. (1984)

Eur. J. Pharmacol., 102, 365-367.
Buijs,R.M. (1983) Pharmacol. Ther., 22, 127-141.

1411



S.Audigier and C.Barberis

Camier,M., Alazard,R., Cohen,P., Pradelles,P., Morgat,J.L. and Fromageot,P.
(1973) Eur. J. Biochem., 32, 207-214.

De Kloet,E.R., Rotteveel,F., Voorhuis,Th.D. and Terlou,M. (1985) Eur. J. Phar-
macol., 110,113-119.

De Wied,D. (1980) Proc. R. Soc. London, Ser. B, 210, 183-195.
Dorsa,D.M., Majumdar,L.A., Petracca,F.M., Baskin,D.G. and Cornett,L.E.

(1983) Peptides, 4, 699-706.
Freund-Mercier,M.J. and Richard,Ph. (1981) Neurosci. Len., 23, 193-198.
Gray,E.G. and Whittaker,V.P. (1962) J. Anat. ,96, 79-87.
Harbon,S. and Clauser,H. (1971) Biochem. Biophys. Res. Commun., 44,

1496-1503.
Jard,S. (1983) in Kleinzeller,A. (ed.), Current Topics in Membranes and

Transport, Vol. 18, Membrane Receptors, Academic Press, NY, pp. 255-285.
Joels,M. and Urban,I.J.A. (1982) Neurosci. Lett., 33, 79-84.
Jones,D.H. and Matus,A.I. (1974) Biochim. Biophys. Acta, 356, 276-287.
Kozlowski,G.P., Nilaver,G. and Zimmerman,E.A. (1983) Pharnacol. Ther.,

21, 325-349.
Lucas,M. and Bockaert,J. (1977) Mol. Pharmacol., 13, 314-329.
Morris,R., Salt,T.E., Sofroniev,M.V. and Hill,R.G. (1980) Neurosci. Lett., 18,

163-168.
Muhlethaler,M., Sawyer,W.H., Manning,M. and Dreifuss,J.J. (1983) Proc. Natl.

Acad. Sci. USA, 80, 6713-6717.
Munson,P.J. and Rodbard,D. (1980) Anal. Biochem., 107, 220-239.
Pearlmutter,A.F., Costantini,M.G. and Loeser,B. (1983) Peptides, 4, 335-341.
Sawyer,W.H., Grzonka,Z. and Manning,M. (1981) Mol. Cell. Endocrinol., 22,

117-134.
Soloff,M.S., Schroeder,B.T., Chakraborty,J. and Pearlmutter,A.F. (1977) Fed.

Proc. Fed. Am. Soc. Exp. Biol., 36, 1861-1866.
Van Leeuwen,F.W. and Wolters,P. (1983) Neurosci. Lett., 41, 61-66.
Yamamura,H.I., Gee,K.W., Brinton,R.E., Davis,T.P., Hadley,M. and

Wamsley,J.K. (1983) Life Sci., 32, 1919-1924.

Received on 4 March 1985; revised on 9 April 1985

1412


