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The cellular relationships between angiotensin converting en-
zyme (ACE) (EC 3.4.14.1) and angiotensin-like immunoreactiv-
ity (AGLI) were examined in the subfornical organ (SFO). Brains
from adult rats were fixed by vascular perfusion with 3.75%
acrolein and 2% paraformaldehyde. The region containing the
SFO was then sectioned on a vibrating microtome. Partially
permeabilized sections were immunocytochemically labeled us-
ing the peroxidase-antiperoxidase (PAP) or combined PAP and
immunogold methods. Goat antiserum to ACE was localized to
both non-neuronal and neuronal cells within the SFO. Intense
peroxidase immunoreactivity for ACE was associated with the
ventricular and basal surface of ependymal cells, the luminal
surface of the vascular endothelium, portions of glial mem-
branes exposed to extracellular spaces, and membranous organ-
elles within neuronal processes.

Two antisera raised in rabbits against angiotensin II showed
peroxidase immunoreactivity within the extracellular spaces and
throughout the cytoplasm of numerous axon terminals and a
few perikarya and dendrites in the SFO. Axon terminals and
dendrites also showed aggregates of AGLI in smooth mem-
branes and vesicles near the plasmalemma. Gold labeling for
AGLI was evident in only 6% of the axon terminals and in a
smaller number of dendrites containing peroxidase immuno-
reactivity for ACE. The low incidence of terminals containing
both markers appeared to at least partially reflect limited pen-
etration of the 10 nm gold particles. These results provide the
first ultrastructural evidence that ACE is associated with the
plasmalemma and membranous organelles strategically located
for interaction with precursors of angiotensin 1I or other pep-
tides within the cerebrospinal fluid, extracellular spaces and
neurons of the SFO.

Angiotensin II (Ag II) is produced by the removal of 2 carboxy-
terminal amino acids from angiotensin I (Ag I) through the
action of angiotensin converting enzyme (ACE, EC 3.4.14.1)
(Soffer, 1976). The enzyme is principally found along the lu-
minal surface of capillary endothelium in the lung and other
peripheral organs (Das and Soffer, 1976; Ryan et al., 1975).
However, there is increasing evidence that ACE may be in-
volved in the neuronal synthesis of Ag II in the CNS (Ganten
et al., 1983). The findings are somewhat controversial in that

Received Nov. 6, 1985; revised Feb. 11, 1986; accepted Feb. 17, 1986.

This research was supported by NIH Grant HL 18974 and by a career award
from NIMH (MH 00078). The authors are also indebted to Dr. R. L. Soffer for
supplying the antiserum to angiotensin converting enzyme.

Correspondence should be addressed to Dr. Virginia M. Pickel, Laboratory of
Neurobiology, Department of Neurology, Cornell University Medical College,
411 East 69th Street, New York, NY 10021,

Copyright © 1986 Society for Neuroscience 0270-6474/86/082457-13$02.00/0

Ag Il antisera from only a few laboratories can be immunocy-
tochemically localized to neuronal pathways in brain (Brown-
field et al., 1982). Furthermore, many of the pathways with
angiotensin-like immunoreactivity (AGLI) do not contain im-
munocytochemically detectable levels of ACE (Brownfield et
al., 1982). Possible explanations for these discrepancies may
include cross-reaction of the Ag II antisera with closely related
peptides; use of immunocytochemical labeling methods that fail
to detect antigenic sites within the plasmalemma or other mem-
branous organelles; and reliance on single markers and light-
microscopic immunocytochemistry. To evaluate these possi-
bilities, we examined the ultrastructural localization of ACE and
Ag II in the rat subfornical organ (SFO) using immunoblots to
characterize 2 (CE and DE) antisera against the peptide and a
variety of fixation- and penetration-enhancing methods to en-
sure optimal labeling with 2 immunocytochemical markers. The
SFO was chosen because of its close anatomical and functional
relationships with both the peripheral and central angiotensin
systems (Lind et al., 1983; Simpson, 1981). Furthermore, the
SFO is known to contain detectable levels of AGLI and ACE
as seen by light-microscopic immunocytochemistry (Brownfield
etal., 1982; Lind et al., 1984). We sought to determine (1) what
was the ultrastructural localization of ACE with respect to epen-
dymal, vascular, and neuronal components of the SFO, (2) how
the ultrastructural localization of immunoreactive Ag II com-
pared to ACE, and (3) whether ACE and AGLI could be dually
localized by combined peroxidase-antiperoxidase (PAP) (Stern-
berger, 1974) and immunogold (De Mey et al., 1982) methods.

Materials and Methods

Animals

Twenty-five male Sprague-Dawley rats, 200-300 gm (Hilltop Lab An-
imals, Inc.), were used in the study. All of the animals were anesthetized
with Nembutol (50 mg/kg, i.p.) and perfused through the ascending
aorta with various fixatives.

Fixation- and penetration-enhancing methods

The fixation conditions required to give optimal labeling of antisera for
ACE and Ag II were experimentally determined. Aldehyde fixatives
were preceded by vascular perfusion with 10 ml 0f 0.9% NaCl containing
1000 U/ml of heparin. The first group of 6 rats was then perfused for
10 min with 200 ml of 0.2% glutaraldehyde and 4% paraformaidehyde
in 0.1 M phosphate buffer, pH 7.4. The brains were removed and sub-
sequently placed in the same fixative for an additional 45 min. Micro-
scopic examination revealed better preservation of ultrastructural mor-
phology and immunocytochemical labeling using acrolein rather than
glutaraldehyde. The procedure consisted of 2 2 min perfusion with 75
ml of 3.75% acrolein (Polysciences) and 2% paraformaldehyde in 0.1
M phosphate buffer, pH 7.4, followed by continued perfusion with 200
ml of 2% paraformaldehyde and immersion fixation for 30 min in the
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Figure 1. Dot-blots showing the cross-reaction of 2 Ag II antisera, CE (left) and DE (right) with 1-1000 ng quantities of angiotensin I (4g-1),
angiotensin II (Ag-II), angiotensin III (4g-IIT), renin substrate (RS), and vasopressin (VAS). Both CE and DE antisera were used at a 1:1000

dilution.

paraformaldehyde solution. This latter perfusion method was used for
the remaining animals.

With both fixation procedures, peroxidase immunoreactivity for ACE
was virtually nondetectable without further treatment to enhance pen-
etration of the antisera. The penetration-enhancement methods includ-
ed (1) rapid freeze-thawing of tissues cryoprotected with 30% sucrose,
(2) two min incubations of vibratome sections through an ascending
and descending graded ethanol series extending to 40% ethyl alcohol in
phosphate buffer, or (3) inclusion of 0.01% saponin in the primary
antiserum. The alcohol treatment was generally found to give the best
preservation of ultrastructural morphology, though the intensity of the
immunocytochemical labeling was greater with saponin.

Antisera

Details for purification of ACE from rabbit lung, production of a poly-
clonal antiserum in goats, and criteria of specificity of the antiserum
have been described previously (Das and Soffer, 1976). The ACE-anti-
serum was produced and generously supplied by Dr. R. L. Soffer, Cornell
University Medical College. The CE and DE antisera were produced in
rabbits following injections of 5-Ile-Ag II previously conjugated to BSA
by means of glutaraldehyde. The CE and DE antisera against Ag IT have
been tested for cross-reactivity with renin substrate (RS) and Ag I, II,
and III using radioimmunoassay (Brownfield et al., 1982).

Single labeling with the PAP method

The procedure for immunocytochemical labeling by the PAP method
has been described in detail (Pickel, 1981; Sternberger, 1974). Briefly,
coronal (30 um) Vibratome sections were collected throughout the ros-
trocaudal extent of each SFO. These sections were incubated with 1:1000
dilutions of primary antisera for 18-24 hr at room temperature. The
goat antibody to ACE was then followed by 30 min incubations in a
1:50 dilution of rabbit anti-goat immunoglobulin (IgG) and a 1:100
dilution of goat PAP. Incubations with rabbit antisera to Ag II were
followed by goat anti-rabbit IgG and rabbit PAP using the same incu-
bation periods and dilutions of respective sera. The dilutions and washes
between incubations were in 0.1 M Tris-saline, pH 7.4. The peroxidase
was finally reacted with 3,3’-diaminobenzidine and hydrogen peroxide.

Dual labeling with PAP and colloidal gold

Additional sections from the same animals were processed for the dual
localization of ACE and angiotensin using the PAP and immunogold
methods. At the end of the first PAP-labeling procedure for ACE, the
sections were washed in Tris-saline (3 x 10 min), then incubated for

24 hr with a 1:1000 dilution of the CE antiserum to Ag II followed by
2 x 15 min washes in Tris-saline, 2 x 5 min washes in 1% BSA in Tris-
saline, and a 2 hr incubation in a 1:10 dilution of goat anti-rabbit IgG
conjugated to 10 nm gold particles (Structure Probe, West Chester, PA).
Following incubation with the gold-IgG, the sections were washed 3 x
5 min in Tris-saline and placed in 1% glutaraldehyde in phosphate buffer
for 10 min (De Mey et al., 1982). Omission of the first or second
antiserum or substitution of adsorbed control sera revealed the absence
of nonspecific interactions when the PAP labeling preceded the im-
munogold series. However, when the procedure was reversed, randomly
scattered gold particles and reduced specific labeling in neuronal struc-
tures were frequently observed.

Light- and electron-microscopic preparations and
data analysis

Single- and dual-labeled sections were subsequently processed for light
or electron microscopy. The light-microscopic sections were mounted
on gelatin-coated slides, coverslipped, and examined with bright-field
or Nomarski optics. For electron microscopy, the above labeling pro-
cedure was followed by postfixation for 1 hr in 2% osmium tetroxide
in phosphate buffer. The sections were then dehydrated and flat-embed-
ded in Epon 812. Ultrathin sections were collected from the outer surface
of the tissue and examined with a Philips 201 EM.

Controls

The CE and DE antisera against Ag II were tested for cross-reactivity
by 2 methods. In the first, the specific anti-IgGs were adsorbed using
commercially bought peptides. These included Ag I, II, and III, RS,
vasopressin, and bradykinin (Peninsula Labs.). Each peptide, 50 ug, was
added to 1 ml of the primary antiserum at the working dilution of
1:1000. After 2 hr of incubation at 37°C, the complexes were removed
by centrifugation, and the supernatant was substituted for the primary
antiserum in the immunocytochemical labeling procedure.

The second method used immunoblots in which the commercially
bought peptides were dissolved in water to yield a concentration of 1
mg/ml. These were then serially diluted and dropped in wells on strips
of Whatman No. 1 filter paper held by a filtration manifold (Schleicher
and Schuell). Each well in the filtration unit contained 10 ul of the
peptide at concentrations ranging from 1 to 1000 ng. The peptides were
air-dried on the paper and exposed to paraformaldehyde vapor at 80°C
for 1 hr. These papers were then stained immunocytochemically with
a 1:1000 dilution of the CE and DE antisera to Ag II according to the
procedure of Larsson (1981).
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Figure 2. Localization of ACE in SFO. 4, Light micrograph shows diffuse labeling of ACE near the ventricular (¥e) surface and throughout the
interstitial regions in the ventrolateral portions of the SFO. Bar, 50 um. B, Electron micrograph shows the punctate localization (arrowheads) of
immunoreactivity of ACE along the plasma membranes of the basal processes of ependymal cells. Peroxidase reaction for ACE also rims small
vesicles in a process contacting the plasmalemma of an unlabeled cell at the arrow. Electron-lucent process presumed to be astrocytic (4) also shows
immunoreactivity along the plasmalemma. Bar, 0.6 pum. C, Electron micrograph shows the granular localization of immunoreactivity for ACE
along the microvillar surface of an ependymal cell in direct contact with the ventricle (Ve). Peroxidase reaction is not seen at the junction (arrow)
between adjacent ependymal cells. Bar, 0.3 pm.



2460

Results

Cross-reactivity of the antisera

In the dot-blots, both the CE and the DE antisera showed slightly
more cross-reactivity with Ag II than with Ag I or III using
small (1-10 ng) quantities of the peptide (Fig. 1). However, at
higher concentrations, both antisera showed approximately equal
cross-reaction with Ag IT and Ag III. The cross-reactions with
Ag 1 and RS were slightly greater for the DE than the CE . There
was no detectable cross-reaction with vasopressin (Fig. 1) or
with bradykinin (not shown).

In adsorption control studies, the immunocytochemical la-
beling was not detectable in sections incubated with CE or DE
antiserum previously combined with 50 ug quantities of Ag 11
or III. Adsorption with 50 ug Ag I also appeared to reduce
slightly the detectable immunoreactivity with both the CE and
DE antisera. Unless otherwise indicated, the results of the pres-
ent study were obtained with the CE antiserum. Adsorption of
ACE with a partially purified homogenate of the enzyme also
removed all detectable immunoreactivity.

Non-neuronal localization of ACE and AGLI

By light microscopy, peroxidase immunoreactivity for ACE was
intensely localized along the ventricular surface, the basolateral
regions near the choroid plexus, and around sinusoidal and other
blood vessels in the SFO (Fig. 24). Electron-microscopic ex-
amination revealed ACE-like immunoreactivity principally as-
sociated with the plasmalemma of ependyma and astrocytes.
The labeling was especially intense along the basal (Fig. 2B) and
apical (Fig. 2C) surfaces of the ependymal cells. ACE-like im-
munoreactivity was absent at the junctions between neighboring
ependymal cells.

The peroxidase immunoreactivity for ACE was also especially
dense along the luminal surface of endothelial cells (Fig. 34)
and basal surfaces of perivascular astrocytes (Fig. 3). The pro-
cesses of single or neighboring astrocytes often enclosed small
groups of unlabeled neuronal processes and surrounding extra-
cellular spaces (Fig. 3B). Comparable extracellular spaces near
blood vessels frequently showed diffuse and intense AGLI (Fig.
4, A, B).

Neuronal localization of ACE and AGLI

The principal neuronal localization of AGLI was in varicose
axon terminals located toward the more central regions of the
SFO (Figs. 4, 4, C; 5). Most of the labeled terminals contained
numerous large (80-100 nm) granular or agranular vesicles that
were heavily rimmed with peroxidase immunoreactivity and
located distal to the synaptic specialization (Fig. 4C). They also
contained a few smaller (40-60 nm) clear vesicles that were
aggregated near the synaptic junctions. The synapses were pri-
marily symmetric contacts with unlabeled dendritic shafts. A
second type of labeled terminal contained 0-2 large dense ves-
icles and numerous smaller vesicles evenly distributed through-
out the cytoplasm of terminals examined in single sections (Fig.
5, A, B). The latter group of terminals formed symmetric syn-
apses with unlabeled perikarya and dendrites, and contained
diffuse AGLI rimming all membranous organelles. Many of the
recipient dendrites showed pinocytotic vesicles at points con-
tacting extracellular spaces. Frequently the extracellular spaces
near the terminals with AGLI also contained small (0.1-0.2 um)
unlabeled neuronal processes (Fig. 5). These spaces were delin-
eated by glial processes and sometimes also contained AGLI.
A third group of axon terminals showed dense accumulations
of AGLI in saccules of membranes and vesicles near the plas-
malemma at sites distal to the synaptic junctions (Fig. 64).
The peroxidase labeling for ACE within axon terminals par-
alleled that of Ag II but differed in terms of intensity and sub-
cellular localization of the reaction product. A few small (0.1-
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0.5 um) processes near the basal surfaces of ependymal cells
contained dense peroxidase immunoreactivity around small (40—
60 nm) clear vesicles (Fig. 2B). However, these processes were
infrequently detected, and their size and density suggested that
they might be surface sections through ependymal rather than
neuronal processes. The majority of the unequivocal axon ter-
minals showed extremely faint labeling for ACE associated with
synaptic vesicles. Heavier accumulations of immunoreactivity
were detected in a few membranes and vesicles near the plas-
malemma. These membranes and associated vesicles sometimes
appeared to be in continuity with the plasmalemma of preter-
minal axons (Fig. 6B). In dual studies, colloidal gold marker for
AGLI was detected in a few (15 out of 250, or 6.0%) of the
terminals showing peroxidase labeling for ACE (Fig. 6C). Com-
parison of the number of terminals labeled for Ag II with the
immunogold versus PAP methods revealed that many fewer
terminals were labeled by gold than peroxidase. The superficial
location of the gold particles indicated that poor penetration
largely accounted for the small number of terminals labeled by
the immunogold method. Terminals labeled with gold were ar-
bitrarily designated as those containing at least 10 times the
number of particles seen in a comparable area of surrounding
tissue.

Perikarya containing peroxidase AGLI were few in number
and most evident near the ventricular surface of sections through
the SFO that were labeled with the DE antiserum. By light
microscopy, dense reaction product was seen throughout the
cytoplasm of selective perikarya and their proximal processes
(Fig. 7, A, B, insert). In favorable planes of section, a labeled
process sometimes could be followed toward the ventricular
surface but could not be traced as far as the ependymal cells.
Perikarya with AGLI contained a round, unindented nucleus
with peripheral clumps of heterochromatin. These perikarya
received axosomatic synapses and exhibited numerous saccules
of smooth reticulum in a relatively thin rim of cytoplasm (Figs.
7B; 84). The labeled cells usually were separated from the epen-
dymal layer by one or more unlabeled perikarya and processes
(Fig. 7B).

Most dendrites with AGLI were located near the ventricular
surface and received synapses from unlabeled axon terminals.
The labeled dendrites usually contained diffuse peroxidase re-
action throughout the cytoplasm (Fig. 8 B). However, heavier
accumulations of immunoreactivity were seen in association
with saccules of smooth reticulum and vesicles near the plas-
malemma (Figs. 64; 8B). In dual-labeling studies, a few of the
dendrites contained immunoreactivity for ACE and Ag II (Fig.
8C). The peroxidase labeling for ACE appeared especially dense
along membranous structures in portions of the dendrites ap-
posed to extracellular spaces (Fig. 8C). These spaces were de-
lineated by glial processes and also contained small unlabeled
neuronal processes. The immunogold labeling for Ag IT was
equally distributed throughout the dendritic cytoplasm. As de-
scribed for the gold labeling in axon terminals, relatively few
dendrites showed significant (10 times background) accumula-
tions of gold particles and were located extremely near the sur-
face of the tissue.

Discussion

Our findings demonstrate that, in the adult rat SFO, peroxidase
immunoreactivity for ACE is principally localized to the plas-
malemma of ependymal cells and astrocytes in contact with the
cerebrospinal fluid (CSF) and extracellular spaces near blood
vessels, to the luminal surface of capillary endothelial cells, and
to saccules of smooth reticulum and vesicles near the plasma-
lemma in a few axon terminals and dendrites. We have also
shown that AGLI cross-reacts primarily with Ag II and III and
is extensively localized in extracellular spaces near blood vessels
and in axon terminals and a few perikarya and dendrites in the
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Figure 3. Ultrastructural localization of immunoreactive ACE in association with blood vessels of SFO. 4, Low-magnification micrograph shows
the localization of peroxidase immunoreactivity for the enzyme along the luminal surface of a vascular endothelial cell (LE) and along the plasma
membranes near the brush border (open arrowhead) outside the perivascular space. Bar, 0.5 um. B, Higher-magnification electron micrograph of
the perivascular region shows intense peroxidase immunoreactivity (small arrowheads) along the basal process of an astrocyte abutting the vascular
brush border (open arrow). The labeled astrocytic processes surround unlabeled terminals (77 and 72), dendrites (D/ and D2), and extracellular

spaces (asterisk). Bar, 0.3 um.
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Figure 4. Extracellular and terminal localization of AGLI in the SFO. 4, Light micrograph shows peroxidase immunoreactivity in diffuse patches
around blood vessels and in punctate varicosities (arrows) in the central region of the SFO. Bar, 50 um. B, Electron micrograph demonstrates the
peroxidase reaction for AGLI between an unlabeled axon terminal (7) and dendrite (D), which are invested by glial processes, Bar, 0.2 pm. C,
Electron micrograph shows the localization of AGLI in an axon terminal containing numerous large dense core and both small and large opaque
vesicles. Some of the vesicles are heavily rimmed (small arrows) with peroxidase reaction. The labeled terminal forms a symmetric junction (curved
arrow) with unlabeled dendrite (D). Bar, 0.2 pm.
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Figure 5. Axosomatic and axodendritic synapses formed by terminals with AGLI in the SFO. 4, Electron micrograph shows the localization of
AGLI in an axon terminal forming a symmetric synapse (curved arrows) with an unlabeled neuronal perikaryon. The labeled terminal contains
primarily small clear vesicles. An astrocytic process (4) also shows AGLI along the plasmalemma in contact with the extracellular space (asterisk).
The astrocytic process appears to isolate the labeled terminal along with an unlabeled process (p). Bar, 0.2 um. B, Electron micrograph illustrates
the localization of AGLI in an axon terminal forming a symmetric syapse (curved arrows) with an unlabeled dendrite (D). Pinocytotic vesicles (open
arrowheads) appose the extracellular spaces (asterisk) and both labeled and unlabeled processes (p). Bar, 0.2 um.
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Figure 6. Localization of AGLI and ACE in neuronal processes in the SFO. 4, Electron micrograph shows membrane-associated packet near the
plasmalemma of an otherwise unlabeled axon terminal. The higher-magnification insert of the boxed region in the axon terminal illustrates dense
immunoreactivity along a membranous structure (arrow) in direct continuity with the plasmalemma. Smaller vesicles in the immediate vicinity
are also heavily rimmed with immunoreactivity. The labeled terminal forms a symmetric synapse (curved arrow) with an unlabeled dendrite (D1).
A second dendrite (D2) shows accumulations of immunoreactivity along membranous saccules near the plasmalemma. Bar, 0.2 um. B, Electron
micrograph shows the localization of ACE in a preterminal axon. Dense immunoreactivity is associated with a membranous structure (arrow) near
the plasmalemma and around numerous granular and agranular vesicles. Astrocytic process (4) also shows immunoreactivity (arrowheads) along
the plasmalemma. To facilitate detection of immunoreactivity, the section was not counterstained with lead citrate. Bar, 0.2 um. C, Electron
micrograph shows dual peroxidase labeling for ACE around saccules of reticulum (arrow), synaptic vesicles, and astrocytic (A4) process (arrowheads)
and immunogold labeling for Ag II throughout the axon terminal. A junction (curved arrow) is seen with unlabeled dendrite (D). Bar, 0.2 pm.
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Figure7. Localization of AGLI in perikarya in the SFO. 4, Light micrograph shows the localization of peroxidase immunoreactivity in a perikaryon
(P) and several punctatepmcesses(mm)nmthevenhcular(Ve)smﬁce.Bar 50 pm. B, Electron micrograph shows the ultrastructural localization
of AGLI in a similar perikaryon. Other unlabeled perikarya separate the immunoreactive soma (large arrow) from overlying ependymal cells (Ep).
Light micrograph (insert at right) shows the same labeled cell photographed prior to sectioning for ultrastructural examination. Electron-dense
nuclei were seen in both control and immunocytochemically labeled sections. Bar, 1.3 ym in electron micrograph; 50 um in insert.
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Figure 8. Perikaryal and dendritic localization of AGLI and ACE in the SFO. 4, Electron micrograph shows AGLI in the cytoplasm of a neuronal
perikaryon. Intense labeling is seen along membranous saccules and vesicles (arrow) near the somatic synapse with terminal (7). B, Electron
micrograph shows AGLI diffusely distributed in the cytoplasm with heavier accumulations of immunoreactivity along membranous saccules
(arrows) of a dendrite postsynaptic to terminal (7). C, Electron micrograph shows ACE immununoreactivity as dense peroxidase product (arrows)
along saccules of vesicles in contact with the extracellular space (asterisk) and unlabeled processes (p). The same dendrite contains AGLI, as
indicated by immunogold labeling. An unlabeled dendrite (D) is seen at right. Bar, 0.3 um throughout.
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SFO. Our dual labeling with peroxidase and gold has shown the
coexistence of ACE and AGLI in the same neuronal processes
in the SFO. These results are discussed in relation to their an-
atomical and functional implications.

Ultrastructural localization of ACE

Plasmalemma of ependyma and astrocytes

The present localization of ACE along ependymal surfaces in
the SFO supports previous light-microscopic immunocyto-
chemical studies demonstrating reaction product for renin (Rix
et al., 1981) and ACE (Brownfield et al., 1982) in association
with ependyma in rat brain. Brownfield et al. (1982) also noted
diffuse, but intense, reaction for ACE throughout the SFO and
suggested that ACE might principally be found in non-neuronal
cells. Our localization of immunoreactive ACE to the surfaces
of ependymal and glial cells in contact with the CSF and the
extracellular spaces near blood vessels in the SFO is especially
interesting with regard to the morphological features and trans-
port functions ascribed to these cells. As seen with scanning
electron microscopy, the plasma membranes of glial and epen-
dymal cells in contact with extracellular fluids are uniquely char-
acterized by arrays of orthogonally packed particles (assem-
blies), which are postulated to be sites of transport from the
blood and CSF (Brightman et al., 1975; Landis and Reese, 1982).
The ependyma and astrocytes in rat brain also show immu-
nocytochemical labeling for certain glycoproteins associated with
membranes that possess an electrogenic Cl- pump (Zalc et al,,
1984) and have chemically inducible Na* channels (Bowman
etal., 1984). The localization of these glycoproteins is consistent
with our localization of ACE in non-neuronal cells of the SFO.

Functionally, the ACE located along the plasmalemma of
ependyma and astrocytes may be associated with either angio-
tensin or several other peptides (Defendini et al., 1982). The
possible involvement of ACE in the synthesis of Ag II from
circulating precursors is supported by our demonstration of high
levels of AGLI in the extracellular spaces. The glial processes
may not only serve in the production of Ag II, but could isolate
extracellular spaces and enclosed neuronal processes, thus slow-
ing down or retarding the diffusion of Ag II away from peri-
vascular locations or sites of release from nerve terminals. Dif-
fusion barriers for Ag II would be especially advantageous for
the local accumulations of high concentrations of the peptide
to act on Ag II receptors of certain neurons within the SFO
(Phillips and Felix, 1976; Simpson et al., 1978; Van Houten et
al., 1980).

Luminal surface of capillary endothelium

The demonstration of peroxidase immunoreactivity for ACE
along the luminal surface of capillary endothelial cells is con-
sistent with previous studies in the lung, brain, and other tissues
(Brownfield et al., 1982; Ryan et al., 1975). Ultrastructural stud-
ies of the localization of ACE immunoreactivity to particulate
structures of 80-100 nm diameter on the surface of endothelial
cells in the blood vessels of the lung (Caldwell et al., 1976; Ryan
et al., 1975) are similar to our observations in the capillaries of
the SFO. However, the extent of granulation in our study was
highly dependent on the method of tissue preparation, being
least noticeable following saponin treatment. Under favorable
conditions, other membranes, such as those along the basal and
apical portion of ependyma, also showed pronounced granu-
larity. These observations support biochemical evidence that
ACE is principally bound to membranes (Soffer, 1976), and they
may account for absence of detectable immunoreactivity with-
out lipid extraction to enhance penetration in many regions of
the CNS.

Ultrastructure/Angiotensin and Converting Enzyme
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Axon terminals and dendrites of neurons

This study presents the first ultrastructural localization of im-
munoreactivity for ACE within neurons of the CNS. Previous
light-microscopic immunocytochemical (Defendini et al., 1982)
and lesion studies using ibotenic acid (Fuxe et al., 1980) sug-
gested that in the basal ganglia ACE was at least partially located
in neurons. However, the neuronal localization was not con-
firmed by electron microscopy. Furthermore, the activity of the
enzyme in the striatum decreased only 50% following lesions
with ibotenic acid, suggesting that ACE was probably also found
in afferent terminals or in glia (Fuxe et al., 1980).

Our localization of immunoreactive ACE along the plasma-
lemma and saccules of smooth reticulum and particles in pre-
terminal axons and dendrites is consistent with the glycoprotein
characteristics of the enzyme (Hartley and Soffer, 1978). On the
basis of light-microscopic immunocytochemistry, Defendini et
al. (1982) previously suggested that ACE might be associated
with the plasmalemma of dendrites in the globus pallidus. A
similar cellular localization along the axons and dendrites has
been reported for glycoconjugates using concanavalin A (Con
A) peroxidase conjugates and histochemistry (Hart and Wood,
1984). The smooth membrane profiles near the plasmalemma
in axon terminals labeled with Con A are believed to participate
in the fast transport of cell-surface glycoconjugates, as well as
lectins, introduced exogenously into the cell (Hart and Wood,
1984; LaVail et al., 1983). We also detected peroxidase labeling
for ACE within the cisternae of a few large membrane-bound
vesicles that appeared to be formed by an infolding of the pre-
synaptic plasma membrane, as was also described for Con A in
axon terminals by Hart and Wood (1984). Our findings differ
from the studies of Con A, however, in that immunoreactivity
was not detected in the saccules of rough endoplasmic reticulum
or Golgi apparatus, which are believed to be involved in the
production and packaging of glycoproteins destined for the cell
surface (Rothman, 1981). Failure to detect ACE within these
organelles may reflect lack of accessibility to antigenic sites or
conformational changes such that the antiserum recognized the
ACE only after more complete assembly within the distal mem-
branes.

In this study, ACE immunoreactivity was also seen around
both small and large synaptic vesicles. At least some of the final
processing of the immunoreactive enzyme could occur in the
synaptosomes, which are known to have glycosyltransferase ac-
tivity (Preti et al., 1980). Furthermore, ACE has been detected
in synaptosomes in ultracentrifugation studies (Paul et al., 1983).
However, the peroxidase labeling around synaptosomes in our
study was not especially intense and it may represent diffusion
and subsequent binding of the enzyme during immunocyto-
chemical labeling.

Cross-reactivity and ultrastructural localization of
Ag II antisera

Cross-reactivity

Our results demonstrate that the CE and DE antisera produced
against Ag II conjugates cross-reacted principally with Ag IT and
II1. These observations closely correspond to the results ob-
tained by radioimmunoassay using the same antisera (Brown-
field et al., 1982). Even though the antisera cross-react with both
Ag II and III, the AGLI detected in the present and earlier
studies probably represents principally Ag II, since relatively
low concentrations of Ag III are detected in mammalian brain
(Ganten et al., 1983). However, there remains a possibility that
part of the AGLI is attributable to Ag III or to Ag I, RS, or
untested peptides. The immunoblots demonstrated that the DE
antiserum had greater cross-reaction than the CE antiserum with
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both Ag I and RS, which may partially account for the greater
ease of detection of the DE antiserum in neuronal perikarya.

Localization in extracellular spaces and axon terminals

The primary localization of AGLI was in the extracellular spaces
near blood vessels and in axon terminals in the central regions
of the SFO. The extracellular localization of immunoreactive
material is probably unique to circumventricular structures,
which have fenestrated capillaries and are thus accessible to
circulating hormones (Dellman and Simpson, 1979; Simpson,
1981). The one earlier ultrastructural study of Ag localization
in neurons was within axon terminals in the central nucleus of
the amygdala (Paul et al., 1983). The labeled terminals in the
amygdala contained numerous large dense-core as well as small
clear vesicles and were thus comparable to the first type of axon
terminals labeled for Ag IT in the SFO of the present study. The
remaining terminals with AGLI in the SFO of the present study
may represent different planes of section through the same type
of terminal: Alternatively, the different types of terminals may
be attributable to different coexisting transmitters such as ACh
(Hoffman and Phillips, 1977) or to the intrinsic versus extrinsic
sources of the labeled axons (Lind et al., 1984).

The present detection of numerous pinocytotic vesicles in
portions of dendrites exposed to extracellular spaces and also
receiving terminals with AGLI suggests that the same neurons
may be receptive to both neuronal and extracellular or circu-
lating Ag II. A convergence of these 2 pathways was suggested
previously by the fact that circulating Ag II binds most heavily
to the central part of the SFO, which also has the greatest density
of varicosities with AGLI by light microscopy (Lind et al., 1984;
Van Houten et al., 1980).

Localization of AGLI in perikarya and dendrites

This study is the first to demonstrate the ultrastructural local-
ization of AGLI in perikarya and dendrites in the SFO. Earlier
light-microscopic studies using the DE antiserum to Ag showed
AGLI in a much larger number of perikarya, which were dis-
tributed around the peripheral boundaries of the SFO (Lind et
al., 1984). Although the number of cells in the present study
was considerably smaller, their location was essentially the same
as that described by Lind et al. (1984). The smaller number of
labeled cells in our study probably reflects the absence of col-
chicine treatment, as well as the use of Sprague-Dawley rather
than Brattleboro rats.

Our demonstration that neurons with AGLI receive both so-
matic and dendritic synapses from unlabeled axon terminals
indicates that thetr output is at least partially regulated by in-
trinsic neurons or afferents containing transmitters other than
Ag. A number of afferents to the SFO have been identified in
the preoptic and hypothalamic areas (Lind et al., 1984), and
they may provide important neuronal regulation for the AG-
labeled neurons in the SFO.

Coexistence of immunolabels for ACE and Ag 11

The dual localization of AGLI and ACE in neuronal processes
in the SFO provides the first electron-microscopic evidence that
at least 2 components of the renin-angiotensin system are pres-
ent within the same central neurons. Earlier light-microscopic
studies suggested that both Ag I and Ag II were contained within
the same neurons in the paraventricular nuclei of the hypo-
thalamus (Healey and Printz, 1984). These immunocytochem-
ical findings provide additional evidence in favor of the hy-
pothesis that neurons synthesize Ag II, as suggested by several
other noncytological lines of evidence, including (1) the detec-
tion of renin in synaptosomes from the brains of nephrecto-
mized rats (Paul et al., 1983); (2) the incorporation of tritiated
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amino acids into Ag II in single cells (Raizada et al., 1983); and
(3) the detection of renin, Ag, and ACE in neuroblastoma cells
(Okamuraetal., 1981). The relatively small number of processes
containing both AGLI and ACE does not necessarily minimize
the functional implications of the coexisting antigens. A number
of technical reasons may account for the detection of many more
peroxidase-labeled processes with ACE than with the gold mark-
er for Ag. Most importantly, the 10 nm gold particles have
extremely low penetration into the tissue. Thus, only those pro-
cesses near the surface have levels of immunoreactivity that are
clearly distinguishable from the background labeling.

The present detection of ACE immunoreactivity along the
plasmalemma and associated vesicles and saccules of smooth
membrane and comparable local aggregates of AGLI along the
plasmalemma in certain axon terminals and dendrites suggests
that the active cleavage of Ag I or other substrates may occur
primarily near the neuronal surface. ACE may thus use either
locally synthesized products or substrates removed from the
extracellular fluid by receptor-mediated uptake (Cantin et al.,
1984) or bulk endocytosis (Broadwell and Brightman, 1976).
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