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Quantitative distribution of angiotensin 1 binding sites in rar brain by witoradiography. PEPTIDES 7(4) 679687,
1986.—Angiotensin 11 binding sites were localized and quantified in individual brain nuclei from single rats by incubation
of tissue sections with T nM ]| Sar'}-angiotensin 11, [*H]-Ulirofilm autoradiography. computerized microdensitometry
and comparison with l-siandards. High angiotensin [l binding was present in the circumventricular organs (organon
vasculosum laminae terminalis, orgapon subfornicalis and area postrema). in sclected hypothalamic nuclei {nuclei su-
prachiasmaiis, periventricularis and pagaventricularis) and in the nucleus tractus olfactorii lateralis, the nucleus preopticus
medianus. the dorsal motor nucleus of the vagus and the nucleus tracius solitarii. High affinity (K . from 0.3 10 1.5X10° M™")
angiolensin Il binding sites were demonstrated in the organon subfornicalis, the nucieus tractus solitarii and the area
postrema after incubation of conseculive sections from single rat brains with '**J-[Sar']-angiotensin 1 in concentrations
from 100 pM to 5 nM. These results demonstrate and characterize brain binding sites for angiotensin 11 of variable high
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affinity binding both inside and ouside the blood-brain barrier,
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PERIPHERAL angiotensin 1I (AT)) acts in the brain to
stimulate drinking. increase blood pressure, and rclease pi-
tuitary hormones [17, 35, 52, 69). These effects are mediated,
at least in part, through stimulation of AT, receptors located

in the circumventricular organs, areas accessible to blood-

borne peptide [27-29. 44, 54, 64, 75). AT, binding sites have
also been described and localized in areas of the brain
protected by the blood-brain barrier. and inaccessible to
blood-borne hormone [19. 25, 27-29. 44]. These observations
in conjunction with the presence of all components of the
peripheral AT, system in brain [18.39] suggested that this
peptide could be formed in brain tissue and may act as a
neurotransmitter or neuromodulator in the central nervous
system. ’

Early studies into the neural actions of AT, localized
peptide binding sites in large brain areas and characterized
the binding in membrane fractions {3.65]. Preliminary,
semiquantitative studies of rat brain AT, binding sites using
autoradiography were recently reporied [44]. We present the
complete quantitative localization of AT, binding sites in
individual rat brain nuclei through the use of auloradio-
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graphic methods with image analysis. coupled to com-
puterized microdensitometry. This methodology representea
an advance in both the sensitivity and the anatomical speci-
ficity of receptor binding techniques and can also be used to
localize binding sites for other neuropeptides, drugs and
biogenic amines [26, 36, 74, 76]. The use of **-ligands of
high specific activity and comparison with '**I-standards
allowed for short film exposure times and fast, piecise quan-
titation [27-29, 37]. Further, complete binding analysis could
be performed in individual rat brain nuclei {27,28], single
pituitary glands (30}, and single rat sympathetic ganglia [49].

In this study, we utilized '®I-[Sar']-AT,, a high-affinity
agonist which binds to a single class of high affinity, satura-
ble sites in brain tissue [44]. and has a ligand specificity very
similar to that reported by others using '*[-labeled AT,
[3.65] or [*H]-AT, [71]. In autoradiographic studies of brain
and peripheral tissues, non-specific binding using '?*l-
[Sar']-AT, was less than 10% of total binding [27-29, 55].
Both AT, and |Sar']-AT, showed complete cross-
displacement in hypothalamic membrane binding experi-
ments [43.44] indicating that both ligands interact with the
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same binding site, as has been reported for the vascular AT,
receptor [23]. These characteristics made '3[-[Sar!]-AT, a
suitable ligand for quantitation of brain AT, binding sites.

METHOD

Male Sprague Dawley rats (250 g) were obtained from
Zivic Miller, Allison Park, PA. Animals were given tap water
and rat chow ad lib and housed in groups of 4 at a constant
temperature of 24°C, with lights on from 06.00 to 18.00 hr.

Rats were sacrificed by decapitation between 09.00 and
11.00 and tissues were immediately removed and frozen by
immersion in isopentane {—30°C). Within 24 hr of sacrifice,
frozen 16 wm thick sections were cut in a cryostat at —14°C,
thaw-mounted onto gelatin-chrome alum coated glasg slides,
and dessicated under vaccuum at 4°C for at least 2 hr.

Ligand Binding

Within 48 hr of section preparation, AT, binding sites
were labeled in vitro by incubation of sections with ']-
[Sar']-AT,,. For determination of saturation curves and
Scatchard plots in the organon subfornicalis (SFO), area
postrema (AP) and nucleus tractus solitarius {NTS), con-
secutive tissue sections frora single rat brains were preincu-
bated for 15 min at 20°C in 10 mM sodim phosphate buffer,
pH 7.4, containing NaCl (120 mM), Na,EDTA (5 mM), baci-
tracin (0.1 mM) and bovine serum albumin (0.2%), and then
incubated for 60 min in fresh buffer with concentrations of
128]-[Sar')-AT, ranging from 100 pM to 5 nM. Nonspecific
binding was determined in the presence of 0.1 to 5 uM un-
labeled AT, [27-29]. For analysis of AT, receptor density
and localization throughout the brain, additional sections
were incubated under the same conditions with 1| nM 5]
[Sar']-AT), and nonspecific binding determined in the pres-
ence of | uM AT,,. After incubation, all slides were washed 4
times (60 sec ¢ach) in ice-cold 50 mM Tris-HCI buffer (pH
7.56) and dried under a cold stream of air.

Preparation of "[-Standards

Sets of ®l-standards were prepared as originally de-
scribed for *H-standards [74]. Known amounts of increasing
concentrations of **[-AT,, were thoroughly mixed with rat
brain tissue aliquots previously ground to a paste and de-
gassed by repeated mixing under vacuum. The aliquots were
placed as biocks of tissue on microtome specimen holders
and frozen on dry ice. Tissue sections, 16 um thick, were cut
in a cryostat at —14°C and thaw-mounted onto subbed glass
slides. Parallel sets of standards obtained from consecutive
sections were used for determination of protein content [40}
and radioactivity.

Autoradiography

Tissue sections were placed in cassettes {(CGR Medical
Corp., Baltimore, MD} along with '**[-standards and op-
posed against [*H])-Ultrofilm (LKB Industries, Rockville,
MD) at room temperature. The films were developed at 4°C
for 4 min with undiluted D19 Kodak developer. A complete
set of '®I-standards was processed with every cassette and
developed with every film. Optical densities were measured
by computerized microdensitometry [20] for both '#[-
standards and specific areas of brain sections from each film.
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Data Analysis

After determination of the standard curve for each film
{In optical densities X 100 vs in dpm in standards), the
optical densities of the brain areas studied were interpo-
lated from the straight line of the standard curve to obtain
the corresponding dpm bound to the tissue [27-29).
Protein concentrations were assumed to be uniform in 16 um
sections throughout the brain. Results were corrected for the
decay of ']. Calculation of the molar quantities of ligand
bound to the tissue, saturation curves and Scatchard analysis
were performed by linear regression followed by correction
for the protein content of the standards.

Drugs

Angiotensin 11 (AT,)) (Sigma Chemical Co., MO) was dis-
solved in 0.01 N acetic acid and kept in aliquots at —70°C
until the day of the experiment. [Sar']-AT,, (Peninsula Lab-
oratories, Belmont, CA} was kept frozen until iodination by
a moadified Chloramine-T method (Meloy Laboratories, Inc.,
Springfield, VA). The specific activity of the #*I-[Sar']-AT,
was 2000 Ci/mmol. '"[-AT\ (specific activity 1280 Ci/mmol)
was obtained from New England Nuclear, Boston, MA.

RESULTS

AT, binding sites were highly localized in the rat brain
with binding sites concentrated in 24 areas (Table 1, Fig. |
and 2). A 20-fold difference in relative binding site concen-
tration was noted between the areas with highest concentra-
tion {organon vasculosum laminae terminalis, OVLT) and
the lowest concentration of AT, binding sites (subicujum)
(Table 1). S .

In the rostral limbic system, AT, binding sites were lo-
cated in the nucleus tractus olfactorii lateralis, and at all
levels of the tractus olfactorius lateralis (Table | and Fig. 1),
High levels of AT, binding sites occurred in the circumven-
tricular organs which include the OVLT, the organon sub-
fornicalis (SFO), and the area postrema (AP) (Table 1, Fig. |
and 2). In the hypothalamus, AT, binding sites were located
in a few nuclei. The highest relative density of binding sites
was located in the nucleus suprachiasmatis, followed by the
nucleus periventricularis. High relative concentrations of
binding sites also occurred in the nucleus paraventricularis,
both in its pars parvocellularis and pars magnocellularis, and
in the eminentia mediana. The nucleus dorsomedialis con-
tained a somewhat lower concentration of AT, binding sites,
similar in its pars dorsalis and pars ventralis (Table 1 and Fig.
1). The number of AT, binding sites was also high in the
nucleus medianus (Table 1 and Fig. 1).

Among the limbic cortical areas, the cortex piriformis was
the only area containing AT, binding sites (Table | and Fig.
1). AT, binding site distribution was discrete in the sub-
thalamic areas, where the nucleus subthalamicus was the
only area showing AT, binding, and aiso in the mesence-
phalic areas, where AT, binding sites were restricted to the
stratum griseum superficiale colliculi superioris and the su-
biculum (Table 1 and Fig. 1).

In the pons, the only area showing a measurable number
of AT, binding sites was the locus coeruleus (Table 1 and
Fig. 2). A number of brainstem areas contained high levels of
AT, binding sites with the highest relative concentrations pres-
ent in the nucleus tractus solitarii (NTS), the dorsal motor
nucleus of the vagus and the nucleus tractus commissuralis
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TABLE |
QUANTITATIVE DISTRIBUTION OF ANGIOTENSIN II BINDING SITES IN THE
RAT BRAIN

Area

Coordinates*

- Density
(fmol/mg protein)

Rostral Limbic System

Nucleus tractus olfactorii lateralis A 5910 u 3158+ 43
Tractus olfactorius lateralis A 11050 u 437 = 8.2
A 8920 451+ 36
A 679 4.7+ 9.2
Circumventricular Organs
Organon subfornicalis A 6280/5660 u 227.8 = 33.0
Organon vasculosum laminae A 679 p 2579 > 22.2
terminalis -
Area postrema Bregma-13.8 mm 19.5 = 17.7
Hypothalamus ‘
Nucleus periventricularis A 6280/5780 u 96.7 + 13.4
Nucieus paraventricularis A 5660/5340 p 625+ 7.0
Nucleus suprachiasmatis A 6280/5780 u 161.1 = 89
Nucleus dorsomedialis A 42304 21,8+ 4.5
Eminentia mediana A 4230 pu 550+ 99
Nucleus medianus A 7020 pu 983+ 68
Limbic Cortex
Cortex piriformis A 10500V6 790 u 36.2 £+ 4.9
Subthalamus-Metathalamus
Nucleus subthalamicus A M0p 399+ 44
Mesencephalic Regions
Stratum griseum superficiale A 1610 u 16.5 = 3.2
colliculi superioris
Subiculum A 1610 135> 04
Pons
Locus coeruleus Bregma-9.8 mm 259+ 6.3
Brainstem
Nucleus motoris dorsalis vagii Bregma-13.3/14.3 mm 140.6 = 17.9
sp § (trigeminal tract) Bregma-13.3/14.3 mm 28.8+ 3.8
Nucleus tractus solitari
anterior Bregma-13.3 mm 140.2 + 17.8
intermediate Bregma-13.8 mm 171.6 = 17.8
posterior Bregma-14.3 mm 728+ 59
Mucleus tractus commissuralis Bregma-14.3 mm 135.1 = 12.1
Inferior olivary nuclei - Bregma-13.3/13.8 mm IS 4.6

Autoradiographic determinations were performed in tissucs from single animals
after incubation with 1 nM '®]-[Sar')-AT,, as described in the Method section. Re-
sulis are expressed as mean = S.E.M., for values obtained from § different animals,

assayed individually.

*Nomenclaiure and coordinates are according to Kénig and Klippel [34] and
Paxinos and Watson for the pons and brainstem sreas [50].

(Table 1 and Fig. 2). Binding sites were also present, al-
though in lower relative concentrations, in the trigeminal
tract and in the inferior olivary nuclei (Table 1 and Fig. 2).

In addition to localization of specific AT, binding sites,
these sites were characterized in the SFO, the NTS, and the
AP by incubation of consecutive tissue sections obtained
from single rat brains with increasing concentrations of '*]-
[Sar')-AT,. All three areas showed binding sites with high
variable affinity binding K, 1.5x10° M™', 0.56x 10® M~", and

0.36x 10° M~! for the SFO, AP, and NTS, respectively). The
maximal binding capacity was 265, 552 and 1127 fmol/mg
protein, for the SFO, AP, and NTS, respectively (Fig. 3).

DISCUSSION

Cur results showed a distribution of AT, binding sites
similar to that observed after binding of AT, 10 membrane
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fractions obtained from gross dissection of the brain. With
these methods. AT, binding sites were reported to be con-
centrated in the thalamus-hypothalamus region. midbrain,
and septum [3]. We found high AT, binding site concentra-
tions in discrete areas within these regions. Our results agree
with and expand an earlier study on the semiquantitative
disiribution of AT, sites in the rat brain by aulocradiography
[44). However, the AT, binding site distribution shown in
Fig. | and 2 is quite different from that reported for other
neuropeptides or amines {36, 56, 57, 63, 76].

High levels of AT, binding sites were found in the cir-
cumventricular organs, structures lacking a blood-brain bar-
rier and exposed to blood-borne peptides [25). In the SFO, a
structure recognized as a targel site for blood-borne AT,
{64]. there were high concentrations of high afﬁrllty AT,
binding sites ([25) and Fig. 1). Physiological, biochemical
and behavioral evidence strongly suggest that these siles
could be considered AT, receptors. Neurons within the SFO
are sensitive to iontophoretically applied AT, [48]. Periph-
eral administration of AT, increases drinking and blood
pressure by stimulation of the SFO [64], effects which are
concommitant with increased metabolic activity in this struc-
ture [21] and which are blocked by lesions of the organ or by
disruption of its afferent connections [38). The number of
AT, receptors in the SFO increases after water deprivation
[43]. a state characterized by high levels of circulating AT,
[41] and demonstrating an upregulation of AT, binding sites.

The AT, binding sites in another circumventricular organ,
the OVLT. may also be physiologically active AT, receplors
127. 54, 64, 67, 75]. This struciure conlains AT -sensitive
neurons [33] and lesions of the OVLT resulied in a blockade
of the effects of intracerebroventricularly administered AT,
{52], - -

Both the SFO and OVLT areas are structurally associated
with the anterior wall of the third ventricle (anteroventral-
third-ventricle, AV3V), an area involved in cardiovascular
control and fluid regulation [7}. Neural conneclions have
been described between the SFO and OVLT and other
AV3V areas. such as the nucleus preopticus medianus
{29.45]. The nucleus preopticus medianus also contains
neurons sensitive to AT, {33, 52, 54]. With immunohis-
tochemical techniques, at least part of these connections
have been shown to contain AT, [39]. We report high con-
centrations of AT, binding siles in areas along the wall of the
third ventricle, including the nucleus preopticus medianus. [t
‘s.of interest 10 note that the metabolic activity in the nucleus

reopticus medianus ([22], Kadekaro, Gross, Saavedra, and
S 'koloff, unpublished results) increased during dehydration
in parallel 10 the increased metabolic aclivity in the SFO.
These AV3IV associated structures also possess high
angiolensin converting enzyme activity [15. 59, 61], indicat-
ing that AT, may be formed endogenously in the SFO and
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related areas. Lesions of the AV3V area block the actions of
circulating as well as centrally administered AT, [7.8].
Therefore, evidence shows that AT, may be considered a
neuromodulator in specific structures within the AV3V area
and that this region may be a target site for interactions
between the peripheral and central AT, systems.

AT, binding sites also occur in brain areas protected by a
blood-brain barrier and which contain all of the components
of the angiotensin system. For example. binding sites for
AT, were concentrated in a few hypothalamic areas. such as
the nucleus paraventricularis. This nucleus is involved in the
formation of the antidiuretic hormone vasopressin [70]. and
sends axons to the posterior pituitary where the hormone is
released into the general circulation. AT, and vasopressin
were shown to be colocalized within the same magnocellular
neurons [32]. The AT, binding sites within the nucleus
paraventricularis may form part of a cental pathway where
AT, regulates the secretion of vasopressin [58] in addition to
the well established SFO neuronal circuit which responds to
circulating AT, {6]). A physiological link between the hypo-
thalamic AT, and vasopressin systems was provided by the
demonstration of altered angiotensin converting enzyme ac-
tivity in hypothalamic nuclei and the posterior pituitary of
Bratlleboro rats, animals unable to synthesize vasopressin
[11,60]. AT, activity in the nucleus paraventrizularis could
also be related to the central control of anterior pituitary
function, through a modulation of the formation or release of
the corticotropin releasing factor [1, 5, 39].

Of particular interest was the presence of AT, binding
sites in the eminentia mediana, a structure outside the
blood-brain barrier, which contains AT ,-immunoreacuve fi-
bers {39]. The sites described here could represent another
site of action in addition to anterior pituitary sites [29.47] for
circulating AT, in the control of anterior pituitary function
[35.69).

We found a high concentrat:on of AT, binding sites in the
nucleus suprachiasmatis, suggesting an unsuspected role of
central AT, in the regulation of circadian rhythms [46 48].-
The olfactory areas were also identified as containing AT,
binding sites (Fig. 1)[13,24]}. In addition, infusion of AT into
the olfactory bulb elicits drinking with a temporal patiern
different from that obtained after the stimulation of the SFO
[13]. These findings indicate that brain AT, might play a
physiological role in olfactory functions.

The brainstem had high levels of AT, binding but only ina
few areas. Very high concentrations of single class. high
affinity AT, binding sites were present in the NTS {35]. an
area important in cardiovascular control and baroreflex regu-
lation [16). Alterations in central AT, activity have been
associated with spontaneous (genetic) hypertension {4, 10
14, 67). Angiotensin converting enzyme antagonists and
angiotensin blockers lower blood pressure in spontanczously

FIG. 1. '*1-|Sar'|-AT, binding in brain areas of the rat. Right side: drawings according to Konig and Klippel [34]. Left side: autoradiographs
after incubation of sections with 1 nM "[-[Sar')-AT,. Numbers represent rostro-caudal coordinates according to Kdnig and Klippel {34]. TOL
1: wractus olfactorius lateralis. pars intermedia. TOL V: tractus olfactorius lateralis, pars ventralis. CPF: cortex piriformis. VL: lateral
ventricle. TOL: tractus olfactorius lateralis. OVLT: organon vasculosum laminaec terminalis. pome: nucleus preopiicus medianus. V111: third
ventricle. SFO: organon subfornicalis. pvs: nucleus periventricularis (hypothalami}. hpv: nucleus periventricularis. sc: nucleus suprachias-
matis. ol: nucleus tractus olfactorii lateralis. fp: nucleus paraventricularis pars parvocellularis. fm: nucleus paraventricularis pars magnocel-
lularis. hdd: nucleus dorsomedialis pars dorsalis. hdv: nucleus dorsomedialis pars ventralis. ME: eminentia mediana. sut: nucleus sub-
thalamicus. SGS: stratum griseum superficiale colliculi superioris. AC: aqueductus cerebri. S: subiculum. ¢
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FIG. 3. Scatchard analysis of specific '*I-[Sar'|]-AT, binding 1o the
SFO (upper panel) NTS {middle panel) and AP (lower panel). Tissue
sections from single animals were incubated with **-[Sar']-AT),
concentrations ranging from 100 pM 10 5 nM (sce the Method sec-
tion). Each curve represents one typical experiment which was re-
peated with at least 4 different rats. Each point represents the aver-
age of at least 3 optical density readings at that concentration of
bound ligand. Organon subfornicalis: 1=0.93; nucleus tractus sol-
itarii: r=0.88; arca postrema: r=0.89.

hypertensive rats [41, 52, 53, 66, 73]. Additionally, microin-
jections of AT, into the NTS were shown to produce dose-
dependent increases in blood pressure which were similar to
increases seen after intraventricular injection of AT, [9].
AT, immunoreactive cells and fibers have been identified in
the NTS [39] as well as high levels of the angiotensin con-
verting enzyme [12]. AT, binding affinity was increased in
the NTS of spontaneously hypertensive rats [55]. These ob-
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servations support the hypothesis of a functional local AT,
system in the NTS and suggest that binding sites for AT,
could pepresent physiclogically active AT, receptors in this
nucleus. .

The AP, a circumventricular organ, is another brainstem
area rich in AT, binding sites. This area contains AT-
positive fibers [39], and is one of the brain’s AT,-sensitive
sites [72]. The AP also has very high angiotensin converting
enzyme activity [59]. Thus, a local AT, system may also
function in this area and as seen with the other circumven-
tricular organs, the AP may represent a site for interactions
between the peripheral and central AT, systems.S <

The demonstration of AT, binding sites in the locus
coeruleus ([44] and Fig. 2) in conjunction with the NTS and
AP demonstrates that a large portion of the central actions of
ATy occurs in areas involved in the central regulation of
sympathetic activity [2,16]. In these areas, as well as the
nuclei paraventricularis and periventricularis, AT, binding
sites may be associated with catecholamine cell bodies and
terminals. AT, has been shown to stimulate norepinephrine
release from peripheral sympathetic nerves [62] and cate-
cholamine release from the adrenal medulla {51], a tissue rich
in AT, binding sites [28,31].

In conciusion. our results indicate that there is a very
specific distribulion of AT, binding sites in the rat brain.
Some of these areas showed variable high affinity binding,
suggesting that there may be differences in classes of recep-
tors. Some areas such as the circumventricular organs and
discrete areas of the hypothalamus and brainstem contain
AT, binding sites as well as immunoreactive fibers and cell
bodies [39] and large amounts of angiotensin converting
enzyme {10, 15, 61]. These areas could be considered sites of
action for a local ATy system as well as target sites for
peripheral-central AT, interactions. Other brain areas such
as the nucleus supraopticus, stria terminalis or some amyg-
daloid and thalamic nuclej have AT, cell bodies or fibers but
no AT binding sites [39]. The apparent lack of correlation
between the presence of neurotransmitters or neuropeptides
and their binding sites is not uncommon in the brain and has
previously been reported for neurotensin, substance P, and
atrial natriuretic factor [56, 57, 63]. The distribution of AT,
binding sites as well as AT, immunoreactivity and convert-
ing enzyme suggest that AT, may be an important neuro-
modulator with selective and precise functions within the
central nervous system.
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