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Astrocytes Synthesize Angiotensinogen in Brain 
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Cell types associated with angiotensinogen mRNA in rat brain were identified in 
individual brain sections by in situ hybridization with tritiated RNA probes o r  with a 
sulfur-35-labeled oligonu&leotide combined with immun~c~tochem~ca l  detection of 
either glial fibrillary acidic protein (GFAP) for astrocytes o r  microtubule-associated 
protein (MAP-2) for neurons. Autoradiography revealed silver grains clustered 
primarily over GFAP-reactive soma and processes; most grain dusters were not 
associated with MAP-2-reactive cells. These results demonstrate that, in contrast to 
other known neuropeptide precursors, angiotensinogen is synthesized by glia. 
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CDNA(2)to coronal sections from six adult 
male Sprague-Dawley rat brains or a sulfur- 
35-labeled oligonucleotide (five rats) in 
combination w ~ t h  peroxidase antiperoxidase 
itnmunostaining for glial fibrillary acidic 
protein (GFAP) or microtubule-associated 
protein (MAP-2) (8-10). We previously de- 
termined (3) ,by the use of sense and anti- 
sense KNA probes and in situ thermal melt 
curves of oligonucleotide-mKNA hybrids, 
that our methods (8) accurately detect ail- 
giotensinogen mKNA sequences. Clusters 
of s~lver grains associated with GFAP-posi- 
tive cells (Fig. 1)were consistently observed 
in hypothalamic and brainstem areas, re-
gions previously (A ,  3) shown to have high 
levels of angiotensinogen mRNA. Adjacent 
sections treated for MAP-2 immunoreactiv- 
ity in con~bination with in situ hybridization 
for angiotensinogen mRNA sequences did 
not exhibit a noticeable coincidence of grain 
clusters and immunoreactivity (Fig. < and 
Table 1).The correlation between GFAP 
immunostaining and silver grain clusters-

was repeatedly observed in all brain areas 

ANGIOTENSINOGEN IS THE PRECUR-

sor of the angiotensin peptides. In 
the brain, these peptides elicit a dip- 

sogenic response, an increased salt appetite, 
vasopressin release, and an increased sympa- 
thetic outflow. All the components of the 
angiotensiti-generating system are endoge- 
nous to the brain, including angiotensino- 
gen and its mRNA, isorenin activity, angio- 
tensin converting enzyme, and angiotensin 
receptors (1). Our previous results (2, 3) 
demonstrated that angiotensinogen mRNA 
accumulates throughout the rat brain at a 
low level and, in addition, several dozen 
nuclei in tlie hypotlialatnus, midbrain, and 
brainstem contain high levels of this 
mRNA. Cell-associated imm~moreactive an-
glotensinogen is associated predominantly 
with glia (4-6), altliough some angiotensin- 
ogen-immunoreactive neurons also have 

directly the question of whether brain an- 
giotensinogen is synthesized in neurons or 
glia (or both), we have used tlie combined 
techniques of immunocytochemistry and 
high-resolution in situ hybridization to as- 
sign angiotensinogen mKNA sequences to 
particular cell types. 

To achieve the resolution necessary for 
cellular localization, we hybridized tritiated 
KNAs synthesized from an angiotensinogen 

Table 1. Silvcr grain counts associated with neuronal (MA1'-reactive) or glial (GFAl'-reactive) cclls 
after in situ hybridization with tritiated aigiotcnsinogcn KNA probes. Brain sections from three rats 
wcrc processed with combined immunohistochcmkd and in situ hybridization procedures with the 
mRNA (scnsc probe) used as the nonhybridization co~ltrol (8) .Silver grains located within 5 ym of a 
cell sonla or its processcs were counted in the ION or ARC. All cclls in the ION or ARC that were 
associated with one or more silver grains wcrc counted on the right-hand side of randomly selected 
brain sectiotls. Values arc presented as the mean number of silver grains + SEM per cell exhibiting one 
or more silver grains, whcrc n represents the total number of thcsc cclls in the designated brain area. 
Analysis of variance performed for each separate anirnal revealed a highly significant F ratio, and 
subsequent compariso~ls between the cRNA + W A P  group and cach of the three other groups within 

been described 16). However. immu1oc~- cach animal were made with Bonferroni t test. Asterisks indicate P < 0.001 for t values. A statisticallv 
toc~ernistry does 

\ ,  

llot llecessar~lyreveal tie significant hybridization signal was thus identified in association with glia hut not with lxurons in th'c 
site 'ynthesis> since most 
sinogen is extracellular (?), and these antise- 
ra do not discrinlinate between the renin 
substrate (angiotensinogen) and product 
[des-(Ang I)-angiotensinogen(. To address 

R.L. Storllccta, (2. 1,. FIawelll-Johnsoll, P. (3. Guyenet, 
1)epdrtmcnt of Pharmacolohy, IJnivcrsity of Virginia 
Sc1ior)l of Medicine, Charlottesville, VA 22908. 
K. R. IJyrich, I>cpartments of Phannacolo , ind Sio- 
chemistty, IJtiivrrsity of Virginia ~ c l i c m ~  oT~cd ic ine ,  

two brain structures we examined. There was no significant difference bctwccn any cRNA + MAP 
group and its respective mKNA + MAP group, indicating no discernible hybridization signal over 
background associated with neurons, 

Silver gram counts per GFA1'- or MAP-rcactlve cell 

IIistochemlcal
...-A,-,.A, 8-6. 

t""'"""'" 

cKNA + 

ION 

l l ima l  1 (n) Animal 2 (n) 

16.2 0.6" (92) 21.0 +- 1.1* (89) 

ARC 


Animal 3 (n) Animal 3 (n)  


12.2 2 0,5* (87) 15.4 k 1.5" (23) 
3.1 k 0.2 (93) 4.0 r+_ 0.4 (31) 
2.6 O.l (Io2) 4.5 0.6 (26)-f-

3.5 + 0.2 (72) 6.4 10.9 (27) 
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niKNA + GPAP 4.0 t- 0.4 (88) 4.9 t 0.2 (100) 
cKNA + MAP 3.5 t- 0.2 (Io6) 6.1 0.3 (lo5) 
IIIKNA + MA1' 2.4 1- 0.3 (74) 8.3 1 0 . 4  (100) 



examined, including the supraoptic nucleus immunocytochemical localization (6) or 
of the hypothalamus, paraventricular (PVN) low-resolution in situ hybridization without 
and perGentricular h+thalamic nuclei, ar- 
mate nucleus of the hypothalamus (ARC), 
amygdala, parabrachial complex, vestibular 
nucleus, inferior olivary nucleus (ION), nu- 
cleus of the solitary tract, hypoglossal nucle- 
us, dorsal motor nucleus of the vagus, and 
reticular formation. This correlation was 
quantified for the ION and ARC in Table 1. 
Those areas with higher angiotensinogen 
mRNA levels, such as ION and the nucleus 
of the solitary tract (3), contained far more 
astrocytes positive for angiotensinogen 
mRNA than did areas with less angiotensin- 
ogen mRNA, such as the reticular forma- 
tion. Furthermore, in areas that are known 
to contain the lowest levels of angiotensino- 
gen mRNA, such as the cortex (2), few 
astrocytes contain this mRNA although 
there are numerous GFAP-positive cortical 
as=ov=s. 

Earlier suggestions that angiotensinogen 
is synthesized in neurons were based on 

immunocytochernistry (1 1 ) . We examined 
the two groups of neurons that had been 
suggested as sites of angiotensinogen syn- 
thesis, the supraoptic magnocellular neurons 
(6) and the paravenmcular magnocellular 
neurons of the hypothalamus (1 1). Neither 
area showed dual labeling of these neurons 
with antibody to MAP-2 and angiotensino- 
gen hybridization probes; conversely, both 
areas exhibited angiotensinogen mRNA- 
positive astrocytes. However, it is still possi- 
ble that low levels of angiotensinogen 
mRNA in neurons were undetected in our 
experiments; fhhermore, we have not yet 
conducted a detailed examination of the 
mesencephalon or telencephalon with the 
combined technique. Nevertheless, our h d -  
ing that angiotensinogen mRNA accumu- 
lates in astrocytes in all brain areas examined 
strongly suggests that most, and possibly all, 
brain angiotensinogen is synthesized by glia. 

Angiotensin 11-lie immunoreactive ma- 

Fig. 1. Glial localization of angiotensinogen mRNA sequences in rat brain demonstrated by combined 
in situ hybridization and immunocytochernistty. (A) GFAP-labeled astmqtes in the PVN of the 
hypothalamus. Arrows show the location of some of these cells. (B) Darkfield photomicrograph of A, 
enabling visualization at this magrulication of clusters of silver grains over same astmqtes. The 
coincidence of silver grain clusters with GFAP-labeled cells indicates the presence of sulfur-35-labeled 
angiotensinogen oligonucleotide in association with glia. (C) GFAP-labeled astrocytes in the PVN 
photographed at higher magrulication. The silver grains are clustered over the &al cell bodies showing 
the association of angiotensinogen mRNA with astrocytes. (D) MAP-Zlabeled neurons, indicated by 
arrows, in the PVN. The lack of association of silver grains with these cell bodies indicates the absence 
of angiotensinogen mRNA in neurons in this area. However, there are clusters of silver grains adjacent 
to the MAP-2-labeled neurons. Several neuronal cell bodies are out of focus because the silver grains in 
the emulsion layer are on a slightly higher plane than the tissue section. Scale bar: 30 A and B; 75 
pn, C and D. 

terial is present in the brain, and the identity 
of the reactive peptide has been confirmed 
by high-performance liquid chromatogra- 
phy (HPLC) (12). Furthermore, localiza- 
tion of angiotensin-like immunoreactivity in 
specific groups of neurons is suggestive of a 
neurotransmitter role for angiotensin pep- 
tides (13, 14). Since angiotensinogen, the 
only known precursor to these neuropep 
tides, is synthesized in astracytes, the source 
of the neuronal peptide invites speculation. 
One possibility is that neuronal angiotensin- 
ogen mRNA h p  escaped detection in our 
assays, either because of its low concentra- 
tion, or, alternatively, because a distantly 
related (non-cross-hybridizing) angioten- 
sinogen rnRNA exists in neurons. Another 
possibility is that angiotensin peptides that 
are generated extracellularly are taken up 
and released by neurons, contrasting with 
the known synthesis pattern of other central 
nervous system neuropeptides, where all 
components of peptide synthesis are intra- 
neuronal. 

Finally, we wish to stress that not all 
astrocytes synthesize angiotensinogen. The 
reason for the highly uneven pattern of rat 
brain angiotensinogen mRNA accumula- 
tion (2, 3) is that a large proportion of 
astrocym associated with certain hypotha- 
lamic, midbrain, and brainstem nuclei ex- 
press the angiotensinogen gene, whereas 
relatively few astrocytes outside these nuclei 
do so. The available data indicate that astro- 
cytes synthesize, and presumably secrete, 
unprocessed angiotensinogen. Thus, this an- 
giotensinogen may function in the brain as 
in the periphery, as an extracellular reservoir 
of angiotensin peptides. The subset of astro- 
cytes that synthesize angiotensinogen may 
fulfill the same role as hepatocytes in the 
periphery. It remains to be determined why 
angiotensinogen-synthesizing astrocytes are 
much more numerous in certain brain nuclei 
(3) and whether the angiotensin peptides 
(or angiotensinogen) can be taken up and 
released by neurons. 
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Metabolic Correction of Defects in the Lipid 
Anchoring of Thy-1 in Lymphoma Mutants 

Many plasma membrane proteins, including Thy-1, are anchored by a carboxyl 
terminal glycophospholipid. This unit is absent from the Thy-1 of several lymphoma 
mutants that synthesize the Thy-1 polypeptide but fail to express it at the cell surface. 
Recessive mutants of complementation groups A to C, E, and F contain Thy-1 mRNA 
of normal size, which suggests that their Thy-1 polypeptide is normal. To identify 
possible metabolic lesions, each mutant was grown with various supplements. The 
class F and B mutants exhibited a reversible induction of surface lipid anchored Thy-1 
when grown with the aminoglycoside G418. Other aminoglycosides, sugars, and 
ethanolamine were inactive. These unexpected observations are discussed in the 
context of lipid anchor biosynthesis. 

EMBRANE PROTEINS SUCH AS 
Thy- 1 are anchored to the plasma 
membrane by a complex moiety 

composed of ethanolamine phosphate, man- 
nose, glucosamine, N-acetylgalactosamine, 
and phosphatidylinositol (PI) (1) that is 
sensitive to PI-specific phospholipase C (2). 
This unit is added to the COOH-terminus 
of Thy-1 after the completion of polypep- 
tide synthesis and excision of the most 
COOH-terminal 31 amino acids, which in- 
cludes a putative membrane-spanning se- 
quence (3). A preassembled unit including 
most or all of the "anchor components" may 
be involved ( 4 ) ,  and dolichol-phosphoryl- 
mannose appears to be a precursor of some 
of the mannose residues (5); however, none 
of the metabolic paths and enzymes involved 
in anchor assembly or addition have been 
definitively identified. 

There is a family of Thy-1-negative mu- 
rine T lymphoma mutants (6) that synthe- 
sizes immunoprecipitable Thy-1 of slightly 
abnormal gel mobility and expresses essen- 
tially none of the antigen on the plasma 
membrane. These mutants do. however. ex- 

the recessive mutants that synthesize Thy- 1 
to six complementation groups. 

~ - 

Each o f  the recessive mutants does not 
add the lipid anchor to Thy-1, and two of 
them (classes B and E) secrete a hydrophilic 
form of Thy-1 (5, 7). Thus, these cells may 
have (i) metabolic defects that interrupt 
anchor biosynthesis or cause anchor hydrol- 
ysis, or (ii) mutations that interrupt the 
normal splicing and processing of the Thy- 1 
pre-mRNA, thereby producing a variant 
form of Thy-1 that cannot accept an anchor. 

We extracted RNA from wild-type and 
mutant cell lines to determine the size of 
each Thy-1 mRNA species (Fig. 1). Each 
cell line produced an mRNA of 1.8 kb. the 
same siA as in selected wild-type lymphoid 
and nonlymphoid cells (8). Thus, as previ- 
ously suggested (6) ,  the cell-associated Thy- 
1 of each of these cells may have the same 
primary structure. The amount of Thy-1 
mRNA is, however, variable among the cells 
examined. 

Since several mammalian cell mutations 
that affect post-translational glycosylation 

press transmembrane Department of Pathology, Case Western Reserve Uni- 
proteins. Cell fusion studies have assigned versity, Cleveland, OH 44106. 

Fig. 1. Analysis of Thy-1 
mRNA. RNA was extract- 
ed with guanidine isothio- 
cyanate and purified by 
sedimentation through 
CsCl from wild-type (+) 
Thv- 1 exeressine cells 
( ~ 4 9 ,  ~ ~ 5 1 4 7 :  SIA, 
TlM1, and EL4) and mu- 

-? *) tant (-) cells (S49-a, '* * * BW.5147-a, SIA-b, TlM1-c, 
BW5147-e, and EL4f). 
Samples (20 kg) were frac- 
tionated on a 1.5% agarose 
formaldehyde gel, blotted to 
GeneScreen, and probed 
with a smgle-stranded 32P- 

labeled DNA transcript of a Sac I fiapent of the Thy-1 gene (27) that had been cloned into M13. The probe 
was purified and eluted h r n  a low temperature-melting agarose gel before use. 
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