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Abstract 

Putative receptors for arginine8-vasopressin (AVP) in rat brain were localized and characterized 
using autoradiographic and radioligand-binding techniques. When brain slices were incubated with 
tritium-labeled vasopressin, an intense concentration of binding sites was identified which included 
the medial aspects of the amygdala. Binding of labeled AVP to membrane preparations from this 
brain region was saturable, specific, reversible, and of high affinity. An antagonist of the peripheral 
pressor activity of vasopressin was found to be a potent competitor for binding to this site. 

Arginine’-vasopressin (AVP) is synthesized in hypo- 
thalamic neurons which project to the posterior pituitary, 
as well as to numerous extrahypothalamic brain regions 
(Farrell et al., 1968; Sterba, 1974; Kozlowski et al., 1976; 
Swanson, 1977; Buijs et al., 1978; Sofroniew and Weindl, 
1982). AVP has been extracted, measured, and chroma- 
tographically identified (Glick and Brownstein, 1980; 
Dorsa and Bottemiller, 1982,1983) in extrahypothalamic 
brain tissue. 

Central administration of AVP has been reported to 
influence the regulation of blood pressure (Matsuguchi 
et al., 1980; Pittman et al., 1982) and body temperature 
(Kasting et al., 1980), to facilitate memory (dewied, 
1977; Van Ree et al., 1978; Kovacs et al., 1979; Koob et 
al., 1981) and the development of tolerance phenomena 
(Van Ree et al., 1978), to alter turnover of other CNS 
transmitters (Tanaka et al., 1977), and to modulate their 
neurochemical effects (Courtney and Raskind, 1983). In 
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total, a large body of evidence has been accumulating 
which supports the hypothesis that AVP or a related 
peptide is a neurotransmitter or neuromodulatory sub- 
stance. However, until recently, little direct evidence for 
the existence of receptors for vasopressin in brain tissue 
has been reported. We have recently presented autora- 
diographic evidence of the existence of AVP-specific 
binding sites in the septum (Baskin et al., 1983; van 
Leeuwen and Wolters, 1983) and ventral forebrain (Bas- 
kin et al., 1983) and in the nucleus of the solitary tract 
(Dorsa et al., 1983) of the rat brain. Yamamura et al. 
(1983) have also reported AVP-binding sites in the mag- 
nocellular nuclei of the hypothalamus. Preliminary re- 
ports of AVP-binding sites in subcellular particulate 
fractions (Pearlmutter et al., 1983) and membrane prep- 
arations (Dorsa et al., 1983) obtained from various brain 
regions have recently appeared. In the present study, we 
report localization of AVP-binding sites in amygdalar 
region of the rat brain and characterization of an AVP- 
specific receptor in membrane preparations from this 
region of the brain. 

Materials and Methods 

Preparation of brain tissue slices. Long-Evans rats (180 
to 200 gm) were sacrificed by decapitation, and their 
brains were rapidly removed, mounted on brass cryostat 
tissue platforms, and then frozen on CO-ice. Serial cryo- 
stat sections (10 pm) were thaw mounted on gelatin- 
coated microscope slides (Young and Kuhar, 1979; Her- 
kenham and Pert, 1982) with adjacent serial sections 
mounted on separate slides. The slides were then frozen 
at -70°C and stored (2 to 3 weeks maximum) until use. 
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AVP binding to tissue slices. For assays of binding of 
avp to tissue slices, slides containing tissue slices were 
thawed to room temperature and placed flat on moist 
paper towels in a plastic tray. The tissue slices were 
covered with 200 ~1 of incubation medium containing 
100 mM Tris-HCl, pH 8.0, 10 mg of MgCIB, 1% bovine 
serum albumin, 0.5 mg/ml of bacitracin, and 100 kalli- 
krine inhibitory units (KIU)/ml of aprotinin (Sigma) 
(Dorsa et al., 1983). The incubation medium contained 
5 x lo-’ M [3H]arginine8-vasopressin ([3H]AVP) (spe- 
cific activity 42.1 Ci/mmol, New England Nuclear) or a 
mixture of [3H]AVP and 1 X 10m6 M unlabeled AVP. The 
trays were covered during incubation to minimize evap- 
oration and were incubated at room temperature for 30 
min. Time course studies had shown that maximum 
specific binding occurs by 30 min. Slides were then 
individually drained of excess incubation medium by 
tilting them and allowing incubation medium to run onto 
the towel. They were then placed in plastic slide racks 
and transferred sequentially through two buffer rinses of 
30 set each. The rinse consisted of 10 mM Tris-HCl, pH 
8.0,l mM MgCl*, and 0.1% bovine serum albumin at 0°C. 
Slide-mounted tissue sections were immediately pre- 
pared for autoradiography by drying the sections with a 
stream of cool air and were stored in a vacuum desiccator 
at 0°C for 24 hr. Sections were then placed in contact 
with tritium-sensitive LKB Ultrofilm in an x-ray cas- 
sette, exposed for 1 month at 22°C and developed in D- 
19 for 4 min. 

Membrane preparations. Brains were rapidly removed 
from 120 decapitated 2-month-old Sprague-Dawley rats 
and placed in ice-cold 1.0 mM Tris-HCl, 2.0 mM MgCl,, 
1.0 mM dithiothreitol (DTT), 0.1 mM phenylmethylsul- 
fonylfluoride (PMSF), pH 7.4. Tissue, including the 
amygdala and surrounding cortical structures, was re- 
moved and was separated randomly into four groups. 
Tissue was homogenized with a Tekmar (model SDT) 
homogenizer at a setting of 80 for 4 sec. The resulting 
homogenate was centrifuged at 600 x g for 10 min, and 
the pellet was discarded. The supernatant was centri- 
fuged at 30,000 X g for 20 min, and the pellet, a partially 
purified membrane preparation, was washed and centri- 
fuged a second time. The membranes were then resus- 
pended in 0.25 M sucrose, 50 mM Tris-HCl, 1.0 mM DTT, 
0.1 mM PMSF, pH 7.4, quick frozen in liquid nitrogen, 
and stored at -80°C. Under these conditions, the [“HI 
AVP-binding site was stable for up to 6 months, with no 
loss of specific binding compared to fresh membranes. 
Protein was determined by the method of Bradford 
(1976) with bovine serum albumin as the standard. 

r3HJA VP-binding assay in membrane preparations. 
The [“HIAVP-binding assays were performed at a vol- 
ume of 250 ~1 in polypropylene tubes (12 x 75 mm). [3H] 
AVP was diluted in 236 mM NaCl, 10 mM KCl, 10 mM 
MgC12, 2 mM EGTA, 20 mM HEPES, pH 7.4, containing 
20% ethanol and 10 mg/ml of bovine serum albumin and 
was added to assay tubes in a 25-~1 volume. Peptides 
were prepared in the same buffer, with the ethanol omit- 
ted. These solutions were added to assay tubes in 25-~1 
volumes. Bacitracin (1.0 mg/ml) and aprotinin (2000 
KIU/ml) were added in a lo-p1 volume. Partially purified 
membrane preparations, suspended in 236 mM NaCl, 10 
mM KCl, 10 mM MgC12, 20 mM HEPES, pH 7.4, were 

added to assay tubes in a 190-CL1 volume to initiate the 
assay. The incubation was carried out at 25°C for 45 min 
and was terminated by the addition of 5 ml of 236 mM 
NaCl, 10 mM KCl, 10 mM MgCl*, 20 mM HEPES, pH 
7.4, were added to assay tubes in a 190 /*l volume to 
initiate the assay. The incubation was carried out at 25°C 
for 45 min and was terminated by the addition of 5 ml 
of 236 mM NaCl, 10mM KCl, 10 mM MgC12, 2 mM EGTA, 
20 mM HEPES, pH 7.4, at 4°C. The contents of the 
tubes were filtered immediately through Whatman GF/ 
C glass fiber filters on a Yeda filtration manifold. Filters 
were presoaked in buffer containing 10 nM AVP. Filters 
were washed with an additional 15 ml of buffer, dried by 
high vacuum, and placed in scintillation vials containing 
Hydrofluor (National Diagnostics). Radioactivity was 
determined by liquid scintillation counting (Packard 
model 460C) at 26% efficiency. 

Synthetic peptides. [3H]Phenylalanyl-arginine8-vaso- 
pressin was a gift of Dr. D. Young and Dr. S. R. Wan of 
New England Nuclear Corp. Unlabeled arginine’-vaso- 
pressin, oxytocin (OXY), [des-glycinamide]‘-arginine8- 
vasopressin (DG-AVP), and pressinoic acid were gifts 
from Dr. H. Greven and H. Rigter of Organon B.V. (Oss, 
Holland). The vasopressin pressor antagonist [l-(P-mer- 
cepto-& /3-cyclopentamethylene propionic acid), 2-(O- 
methyl) tyrosine] -arginines-vasopressin (Kruszynski et 
al., 1980) (M-AVP, antagonist) and lysine’-vasopressin 
(LVP) were obtained from Peninsula Laboratories (Palo 
Alto, CA). Cyclic somatostatin was a gift from Dr. Jay 
Taborsky of the Seattle Veterans Administration Medi- 
cal Center. 

Data analysis. Data derived from saturation experi- 
ments was analyzed using the nonlinear model fitting 
program LIGAND (Munson and Rodbard, 1980) to ar- 
rive at estimates for the following parameters: dissocia- 
tion constant, binding site concentration, and nonspe- 
cific binding. Inhibitory constants (KL) were calculated 
from the formula I-& = I&,,/(1 + (AVP)/&) described by 
Cheng and Prusoff (1973). The I&, is defined as the 
concentration of peptide that reduces specific bound [3H] 
AVP by 50%, (AVP) is the concentration of [3H]AVP in 
the assay tube, Kd is the [3H]AVP dissociation constant 
determined from saturation experiments. All data are 
reported as means + SE. 

Results 

Localization of QHIAVP binding. Figure 1 shows the 
results obtained on tritium-sensitive film exposed to 
brain slices which had been incubated with 5 nM [3H] 
AVP. In sections between 4 and 5 mm anterior to the 
vertical zero plane of Pelligrino et al. (1981), an intense 
concentration of binding sites was apparent in the region 
of the amygdala. These binding sites were evident pri- 
marily in the central nucleus, medial nucleus, and in 
other sections (not shown), which also included the ba- 
solateral nucleus of the amygdala. Addition of 5 PM 
unlabeled AVP to the incubation medium abolished bind- 
ing of [“HIAVP to the amygdala. 

Binding kinetics. [“HIAVP bound rapidly to amygdala 
membranes, reaching equilibrium within 30 min at 25”C, 
and binding was stable for at least 30 min (Fig. 2). The 
observed rate constant (K& was calculated to be 0.072 
min-‘. [“HIAVP d’ associated from the binding site with a 
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Figure 1. Localization of [3H]AVP-binding sites in the amygdala of the rat brain. A, The distribution of radioactivity as 
revealed by LKB Ultrofilm exposed for 1 month to a brain section which had been incubated with 5 nM [3H]AVP. B, Adjacent 
section which was incubated with 5 nM [3H]AVP plus 5 pM unlabeled AVP. The arrow points indicate regions of specific binding 
of AVP in the medial aspects of the amygdala. cc, cerebral cortex; hc, hippocampus; hy, hypothalamus. C, The image in A was 
enlarged to coincide with the appropriate section represented in the atlas of Pelligrino et al. (1981) (-0.6 mm from bregma). 
Selected features of the amygdala and other structures are shown. C, corpus callosum; Cl, internal capsule; OT, optic tract; CPU, 
caudate-putamen; AME, medial nucleus of the amygdala; AL, lateral nucleus; ACE, central nucleus; ABL, lateral part of the 
basal nucleus. The region of highest specific AVP binding is depicted in the half-tone. 

half-time of dissociation of approximately 25 min at 25°C 
and 10 min at 37°C following a loo-fold dilution (Fig. 3). 
The dissociation of [3H]AVP was not affected by the 
presence of unlabeled AVP (10 nM) in the dilution buffer 
(Fig. 3). The calculated dissociation rate constant (K,,) 
at 25°C was 0.071 & 0.02 mine1 (n = 3). Using the 
association rate constant (K,,) and K,ff (see legends to 
Figs. 2 and 3 for explanation of calculations) we calcu- 
lated a dissociation constant (I&) of 0.15 nM, which is in 
good agreement with the dissociation constant deter- 
mined from equilibrium experiments (see below). 

Binding site saturation. Binding of [3H]AVP to amyg- 
dala membranes was linear with respect to protein over 
a range of 125 to 375 pg of protein/assay tube (Fig. 4). 
Analysis of saturation data with ligand (Munson and 
Rodbard, 1980) resulted in a best fit with a single site 
model (Fig. 5). The [3H]AVP dissociation constant was 
0.93 + 0.35 nM ( n = 4), and the binding site concentra- 

tion was 32.9 + 5.1 fmol/mg of protein (n = 4). Specific 
binding of [3H]AVP at 1.0 nM, as defined by 10.0 PM 

unlabeled AVP, was 47% (range = 35 to 66%, n = 4). 
Specificity of the binding site. Specificity .of the [3H] 

AVP-binding site was determined by testing a series of 
peptides for their ability to compete with [3H]AVP for 
binding to amygdala membranes. The rank order of 
potency of peptides competing for the [3H]AVP-binding 
site was (1-p-mercapto-p, p-cyclopentamethylene pro- 
prionic acid)-2-(o-methyl) tyrosin arginine8-vasopressin 
(M-AVP) L arginines-vasopressin > lysine’-vasopressin 
>> oxytocin = [desglycinamidelg arginine’-vasopressin > 
pressinoic acid (Fig. 6, Table I). 

Discussion 
While a large body of evidence has been accumulating 

that vasopressin is a CNS transmitter or neuromodula- 
tor, the presence of putative receptors for AVP in brain 
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Figure 2. Time course of [“HIAVP binding to amygdala 
membranes. Partially purified membranes (0.96 mg/ml) were 
incubated with 1.4 nM [“H]AVP at 25°C for the indicated time. 
Bound and free [“HIAVP were separated by filtration through 
Whatman GF/C filters. Each point represents the mean of 
duplicate determinations from a representative experiment. 
Inset, Pseudo-first-order association rate plot (B, bound [3H] 
AVP at indicated time; Beq, bound [“HIAVP at equilibrium). 
The observed rate constant (Kobs) was determined from the 
slope of the line. The K,, was obtained using the equation Kubs 
= (K,,)(L) + K,, where L = the concentration of [3H]AVP 
used in the experiment. The reaction was considered pseudo- 
first order since the concentration of [3H]AVP was much higher 
than the concentration of receptors and, therefore, did not 
change appreciably during the experiment. The rate constant 
for dissociation (K,,) determined in a separate experiment (see 
Fig. 2) was used to solve the above equation for the rate constant 
of association (K,,) (Williams and Lefkowitz, 1978). 

tissue has only recently been reported. Autoradiographic 
evidence for the existence of AVP-specific binding sites 
in the septum and ventral forebrain (Baskin et al., 1983; 
van Leeuwen and Wolters, 1983), in the nucleus of the 
solitary tract (Dorsa et al., 1983), and in the magnocel- 
lular areas of the hypothalamus (Yamamura et al., 1983) 
of the rat brain has recently appeared. These areas are 
known to contain either cell bodies or fibers of neurons 
which immunostain for AVP or its neurophysin (Farrell 
et al., 1968; Sterba, 1974; Kozlowski et al., 1976; Swan- 
son, 1977; Buijs et al., 1978; Sofroniew and Weindl, 
1982). Vasopressin-like immunoreactivity also is meas- 
urable by radioimmunoassay in extracts of these micro- 
dissected areas (Dorsa and Bottemiller, 1982, 1983). 

In the present study, we have provided evidence for 
the existence of high affinity receptors for AVP and 
related peptides in membranes prepared from brain tis- 
sue which included the amygdala and surrounding cor- 
tical structures. [3H]AVP binding to brain tissue slices 
was highly localized to the medial aspects of the amyg- 
dala, a parallel distribution to that reported for AVP- 
neurophysin-containing neurons (Buijs et al., 1978; So- 
froniew and Weindl, 1982). 

Binding of [“HIAVP to membrane preparations which 
included amygdalar tissue was found to be saturable and 
of high affinity. [3H]AVP binding was only partially 
reversible at 25°C with approximately 50% of initially 
bound [3H]AVP dissociating within 2 hr. The rate of 
dissociation was not affected by the addition of 10 nM 
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Figure 3. Reversibility of [“H]AVP binding to amygdala 
membranes. Partially purified membranes (2.4 mg/ml) were 
incubated with 1.4 nM [“HIAVP for 45 min at 25°C. Aliquots 
of 50 ~1 were made and were diluted with 5.0 ml of 236 mM 

NaCl, 10 mM KCl, 10 mM MgCl*, 2 mM EGTA, 20 mM HEPES, 
pH 7.4, and the incubation was continued at either 25°C (O), 
25°C in the presence of 10 nM AVP (O), or 37°C (A). Each 
point represents the mean of duplicate determinations of bound 
[“H]AVP from a representative experiment. Inset, First-order 
dissociation rate plot of data from dilution at 25°C experiment. 
The rate constant for dissociation (K,J was determined by 
linear regression. 
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Figure 4. Effect of protein concentration on specific binding 

of [“HIAVP. Binding assays were carried out in duplicate as 
described in the text using 2.0 nM [“HIAVP in the presence 
and absence of 0.1 pM unlabeled AVP. Protein concentration 
ranged from 125 to 375 pg/assay tube. Data are plotted as 
micrograms of protein per assay tube versus specifically bound 
[“HIAVP. Analysis by linear regression yielded a correlation 
coefficient of 0.997. 
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Figure 5. Scatchard analysis of [3H]AVP binding to amygdala 
membranes. Partially purified membranes (0.76 mg/ml) were 
incubated with increasing concentrations of [3H]AVP (0.25 to 
8.3 nM). Specific binding was determined as described under 
“Materials and Methods.” Each poilzt represents the mean of 
duplicate determinations from a representative experiment. 
Inset, Direct plot of total binding (0) and nonspecific binding 
defined with 0.1 ~.LM unlabeled AVP (0). 

120 r 
100 

80 

60 

0 I I I I 

12 11 10 9 8 7 6 5 

-log [Peptide] M 

Figure 6. Inhibition of [“H]AVP binding to amygdala mem- 
branes by selected peptides. Partially purified membranes (1.15 
mg/ml) were incubated with 1.3 to 1.9 nM [3H]AVP and in- 
creasing concentrations of either arginine’-vasopressin (O), 
(1-(/3-mercapto-p,p-cyclopentamethylene proprionic acid), 
2-(0-methyl)-tyrosine)-arginine’-vasopressin (O), [des-gly- 
cinamidelg-arginine’-vasopressin (Cl), oxytocin (m), lysine’-va- 
sopressin (A), or pressinoic acid (A). One hundred percent 
specific binding was defined as [3H]AVP bound in the absence 
of unlabeled AVP, and 0% specific binding was defined as [3H] 
AVP bound in the presence of 0.1 ELM AVP. 

AVP during the dissociation phase, indicating an absence 
of cooperative binding interactions. Dissociation of [3H] 
AVP was accelerated at 37”C, although 40% of initially 
bound [“HIAVP did not dissociate within 2 hr. An ap- 

TABLE I 

as described under “Materials and Methods.” Inhibition constants (KJ 
were calculat,ed from the formula K, = IG,,/(I + AVF)/&) and are 
reported as either the mean f  SE (R = 3) or the mean (n - 2). 

Peptide 

Arginine’-vasopressin 
(I-fi=mercapto-0, B-cycIoppnLam@thyIen@ 

proprionic acid) 2-(O-methyi)tyrosine)- 
arginine”-vasopressin 

Inhibition Constant 

nM n 
0.43 + 0.09 3 

0.32 + 0.08 3 

Lysine’-vasopressin 12.33 f  2.26 3 

Des-glycinamideg-arginine’-vasopressin >lOO 2 

Oxytocin >lOO 2 

Pressinoic acid >lOOO 2 

parently nonreversible component of [3H] AVP binding 
to membranes of rat anterior pituitary gland recently 
has been observed (Lutz-Butcher and Koch, 1983). The 
nature of this nonreversible component of [3H]AVP 
binding is currently unknown, although we believe it may 
represent association of [3H]AVP with nonsaturable 
sites. 

The dissociation constant observed in brain tissue is 
slightly lower than that which we have measured in rat 
kidney (e.g., 1 to 3 nM) (Dorsa et al., 1983), and well 
below the reported Kd for AVP receptors from rat vas- 
cular smooth muscle (e.g., 5 nM) (Schiffrin and Genest, 
1983). Michell et al. (1979) proposed two isotypes of the 
vasopressin receptor termed VI and V2. VI receptors were 
associated with calcium as a second messenger, while V, 
receptors were associated with cyclic AMP as a second 
messenger. The AVP receptor in renal tissue appears to 
be linked to adenylate cyclase (Bockaert et al., 1973; 
Butlen et al., 1978; Sawyer et al., 1981a; Dorsa et al., 
1983), while hepatic AVP receptors are not (Michell et 
al., 1979; Jard, 1983). In addition, differences exist in 
potency of synthetic vasopressin agonists and antago- 
nists that preferentially act as either pressor agents 
(Sawyer et al., 1981) or as antidiuretic agents (Butlen et 
al., 1978; Sawyer et al., 1982b; Crause and Fahrenholz, 
1982). 

In the present study, we have identified a putative 
AVP receptor in brain tissue which appears to differ 
from the renal AVP receptor in specificity. In the amyg- 
dala, the pressor antagonist M-AVP (Kruszynski et al., 
1980) was even more potent than synthetic AVP in 
displacing [3H]AVP from binding, whereas it is much 
less potent than AVP at the renal receptor when evalu- 
ated on tissue slice or membrane preparations (Dorsa et 
al., 1983). In addition, we (Dorsa et al., 1983) and others 
(Courtney and Raskind, 1983) have recently reported 
that AVP fails directly to stimulate cyclic AMP accu- 
mulation in membrane preparations from the brainstem 
and other regions of the rat brain. Whether the amygdala 
receptor is distinct from pressor and/or hepatic receptors 
remains to be. determined. 

The present results suggest that brain receptors for 
AVP may be yet another subtype of a large family of 
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recngnit.ion sites for AVY. The work of de Wied et al. (de 
Wied, 1977; de Wed and Versteeg, 1979) hag alvo eug- 
gested that CNS vasnpsessin receptors are pharmacolog- 
ically distinct since des-glycinarraide”-arginines-trasopres- 
sin, which is devoid of peripheral pressor and antidiuretic 
act,ivity, retains the potency of AVP in preventing ex- 
tinction of a conditioned avoidance response. In the 
present study, DG-AVP was found to be a poor compet- 
itor for binding to the amygdalar receptor, as it has been 
shown to be in kidney (Dorsa et al., 1983) and pressor 
(Schiffrin and Genest, 1983) receptor assay systems. 

What role, if any, AVP plays in the functions of the 
amygdala is uncertain. Gillis and Cain (1983) recently 
reported that Brattleboro rats, which lack the ability to 
synthesize AVP, are resistant to seizure induction follow- 
ing amygdaloid and pyriform cortex kindling. These in- 
vestigators suggested that amygdaloid AVP may be an 
important link in seizure induction. In addition, admin- 
istration of the pressor antagonist M-AVP blocks con- 
vulsions induced by intracranial AVP administration 
(Burnard et al., 1983). The latter finding is interesting 
considering the high apparent affinity of this antagonist 
for the AVP-binding sites we have examined in the 
present study. 

In summary, we have localized AVP-specific binding 
sites in the amygdala of the rat brain which have phar- 
macological characteristics of AVP receptors. These data 
also raise the possibility that brain AVP receptors may 
differ significantly from those which have been previ- 
ously described in the periphery and may be yet another 
subtype of receptor for this neuropeptide. 
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