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Abstract

To define the role of local synthesis of angiotensinogen in tissue
angiotensin production, we have quantitated angiotensinogen
messenger RNA (mRNA) levels in 17 different tissues of four
groups of rats: control rats, nephrectomized rats, rats given
dexamethasone, ethynylestradiol, and triiodothyronine, and ne-
phrectomized rats given dexamethasone, ethynylestradiol, and
triiodothyronine. Angiotensinogen mRNA was identified in 12
tissues: liver, kidney, brain, spinal cord, aorta, mesentery, atria,
lung, adrenal, large intestine, stomach, and spleen. Angioten-
sinogen mRNA was not identified in pituitary, ventricle, testis,
small intestine, or pancreas. When expressed per gram tissue
wet weight, angiotensinogen mRNA levels of extrahepatic tissues
were <4% of hepatic levels. However, when expressed per mil-
ligram total RNA, angiotensinogen mRNA levels of brain, spinal
cord, aorta, and mesentery were 26-42% of hepatic levels. Reg-
ulation of angiotensinogen mRNA levels was tissue specific. This
demonstration of a widespread tissue distribution of angioten-
sinogen mRNA may indicate a similarly widespread distribution
of local angiotensin systems that are independent of the circu-
lating renin-angiotensin system.

Introduction

Angiotensin II is a major determinant of blood pressure, fluid,
and electrolyte homeostasis. In addition to its potent vasocon-
strictor effects, vascular actions of angiotensin II include the
stimulation of prostaglandin release, the modulation of angio-
tensin II receptor number, and the stimulation of angiogenesis
(1-3). Angiotensin II also has important actions in the central
and peripheral nervous systems, the adrenal, kidney, intestine,
and heart (4-9).

Accumulating evidence indicates that peripheral tissues are
a major site of production of angiotensin (10). However, the
role of plasma renin and angiotensinogen, as opposed to that of
locally synthesized components, in local angiotensin production
is not known. Whereas many different enzymes are able to cleave
angiotensinogen (renin substrate) to release angiotensin I or an-
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giotensin II (11-22), angiotensinogen is the only known precursor
of the angiotensin peptides. Thus, synthesis of angiotensinogen
is an obligatory requirement for an independent tissue angio-
tensin system. Both liver and brain are established sites of an-
giotensinogen synthesis (23-26). We have sought evidence for
synthesis of angiotensinogen in other tissues using the technique
of Northern blot analysis of tissue RNA to identify and quantitate
angiotensinogen messenger RNA (mRNA) in each tissue. Iden-
tification of angiotensinogen mRNA was confirmed by nuclease
S1 protection assay.

Both bilateral nephrectomy and the administration of dexa-
methasone (Dex),! ethynylestradiol (E,), and triiodothyronine
(T;) stimulate liver angiotensinogen production and increase
translatable levels of liver angiotensinogen mRNA (23-27). We
have used these stimuli in the present study so as to increase the
probability of detection of angiotensinogen mRNA in tissues
with low angiotensinogen mRNA levels, and also to compare
the regulation of angiotensinogen mRNA in different tissues.

Methods

Tissues were obtained from four groups of male Sprague-Dawley rats
(~400 g): control rats, rats nephrectomized 24 h before killing (Nx), rats
given, by subcutaneous injection, dexamethasone (7 mg/kg), 17a-ethy-
nylestradiol (3 mg/kg) and 3,3',5-triiodothyronine (40 ug/kg) 24 h before
killing (Dex, E,, Ts), and nephrectomized (Nx) rats given Dex, E;, and
T; 24 h before killing.

17 different tissues were studied: liver, spleen, kidney, pancreas (the
whole pancreas including enveloping adipose tissue), stomach (extending
from gastroesophageal junction to pylorus), small intestine (including
duodenum and proximal jejunum), large intestine (extending from cecum
to transverse colon), adrenals (stripped of adherent fat and connective
tissue), testes (not including epididymis), lung, atria (both atria with
small cuff of ventricular muscle), ventricles (both ventricles), aorta (ex-
tending from aortic arch to aortic bifurcation and included adventitia
but stripped of adherent fat and connective tissue), brain (whole brain),
pituitary (including both anterior and neurointermediate lobes), spinal
cord (extending from cervical region to the cauda equina), and mesentery.
The portion of mesentery used in these studies represented that adjacent
to the small intestine and contained a rich arcade of blood vessels. Al-
though this tissue is composed primarily of adipose tissue and also con-
tains lymphatics, it was chosen for its relatively high abundance of me-
dium to small vessels.

RNA was extracted from tissues using guanidine thiocyanate (28).
20 pg anglerfish islet RNA were added to each tissue homogenate so as
to provide a measure of mRNA recovery. The yield of total RNA was
determined from the absorbance at 260 nm. After glyoxylation, RNA
was electrophoresed on 1.5% agarose gels. The positions of 28s and 18s
ribosomal RNA were determined by ultraviolet shadowing, and then
RNA was transferred to a nylon membrane (29). The sequences of all
synthetic oligonucleotides used in this study are given in the Appendix.

1. Abbreviations used in this paper: Dex, dexamethasone; E,, ethynyl-
estradiol; Nx, nephrectomized; T, trilodothyronine.
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Angiotensinogen mRNA was hybridized with a mixture of eight synthetic
oligonucleotides (ANG-2 to ANG-9) corresponding to all five exons of
the rat angiotensinogen gene (30, 31). Simultaneously, anglerfish insulin
mRNA (32) was hybridized with a 31 base oligonucleotide (FINS-1).
Oligonucleotides were labeled with 3?P at the 5’ end, to a specific activity
of 2,000-4,000 Ci/mmol, using the forward reaction (33). For all hy-
bridizations, the anglerfish insulin oligonucleotide was used at 1 X 10°
dpm/ml; the angiotensinogen oligonucleotides were used at 4 X 10° dpm/
ml for hybridization of liver RNA, and 4 X 10° dpm/ml for hybridization
of RNA extracted from all other tissues. The nylon membranes were
prehybridized at 60°C for 16 h in 1 M sodium chloride, 1% sodium
dodecyl sulfate, 10% dextran sulfate, and then were hybridized at 60°C
for 16 h in the same buffer containing the 32P-labeled oligonucleotides.
The membranes were washed twice at room temperature in 0.3 M sodium
chloride, 0.03 M sodium citrate, pH 7.0, and then twice at 60°C in the
same buffer containing 1% sodium dodecyl sulfate. For quantitation, the
hybridization intensities were compared by densitometric scanning of
autoradiographs in a linear response range. For each lane, the ratio of
angiotensinogen to anglerfish insulin mRNA was calculated and then
normalized with respect to the ratio for the standard RNA preparation
(see below). By using this approach we were able to correct our estimates
of angiotensinogen mRNA abundance for variation in recovery of mRNA
through the extraction, and also for variation between experiments in
the efficiency of hybridization. To estimate the variance between gels
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Figure 1. Autoradiographs of Northern blot analysis of RNA extracted
from liver, aorta, and mesentery of control rats (lanes /-4), Nx rats
(5-8), rats given Dex, E,, and T; (9-12), and Nx rats given Dex, E,,
and T; (13-16). Each blot was hybridized simultaneously with 32P-la-
beled oligonucleotides specific for angiotensinogen mRNA (~2,000
bases, migrating close to the position of 18s ribosomal RNA) and the
internal recovery marker anglerfish insulin mRNA (840 bases, shown
in the lower part of each panel). Each of lanes 1-16 represents a sepa-
rate rat. /7-20 represent the standard RNA preparation; for 17, the
amount of anglerfish insulin mRNA represents 100% recovery and
18-20 represent serial twofold dilutions of the standard RNA prepara-
tion.
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associated with this method of quantitation of angiotensinogen mRNA,
the difference in the results of quantitation obtained for 19 samples, each
run on two gels run on different days, was calculated and expressed as
the percentage of the mean value for the two estimates. For two pairs of
gels the mean difference was 31+28% (mean+SD, n = 19).

Nuclease S1 protection assay of angiotensinogen mRNA was per-
formed using a modification of the method of Favalora et al. (34). 20 ul
of RNA (containing 6-44 ug RNA) were hybridized with 3?P-labeled
synthetic oligonucleotides in a total volume of 30 ul 400 mM sodium
chloride, 40 mM piperazine-N, N '-bis[2-ethanesulfonic acid], | mM eth-
ylenediaminetetraacetic acid, 1% sodium dodecyl sulfate, pH 6.4, and
covered with 50 ul paraffin oil. For nuclease S1 protection assay of RNA
prepared from aorta, mesentery, atria, brain, spinal cord, large intestine,
adrenal, and kidney, a single 3?P-labeled oligonucleotide, RANG-3, was
used. For all other tissues, a mixture of three 3?P-labeled oligonucleotides,
each 40 bases in length, was used. These three oligonucleotides, RANG-
3, RANG-4, and RANG-5, were complementary to angiotensinogen
mRNA corresponding to the sites of introns 1, 2, and 3, respectively, of
the angiotensinogen gene. After heating at 85°C for 15 min, hybridization
was performed at 60°C for 48 h. Digestion with nuclease S1 (64 U in
300 ul 300 mM sodium chloride, 30 mM sodium acetate, 3 mM zinc
acetate, pH 4.74, containing 15 ug salmon sperm DNA) was performed
at 30°C for 60 min. After addition of 50 ul termination buffer (4 M
ammonium acetate, 100 mM ethylenediaminetetraacetic acid), the mix-
ture was extracted with phenol-chloroform, ethanol precipitated, elec-
trophoresed on a 20% acrylamide gel containing 8 M urea, and the dried
gel subjected to autoradiography. ,

Each Northern blot and nuclease S1 protection assay included serial
twofold dilutions of a standard RNA preparation. This standard RNA
preparation contained 100 ug/ml liver RNA from a Nx, Dex, E,, T; rat
and 100 ug/ml anglerfish islet RNA in 1 mg/ml E. coli ribosomal RNA,
and dilutions were performed in E. coli ribosomal RNA (1 mg/ml). For
the Northern blots the highest standard was 7.4 ul of this standard RNA
preparation (0.74 ug each of liver and anglerfish islet RNA). For the
nuclease S1 protection experiments, the highest standard was 20 ul of
an eightfold dilution of the standard RNA preparation (0.25 ug liver
RNA). Each nuclease S1 protection assay also included four blank samples
containing 20 ul E. coli ribosomal RNA (1 mg/ml).

The statistical significance of differences between treatment groups
and the control was determined by Mann-Whitney U test (35).

Results

Northern blot analysis demonstrated angiotensinogen mRNA
in RNA extracted from liver, aorta, mesentery, atria, kidney,
brain, spinal cord, large intestine, adrenal, and lung (Figs. 1-6).
For all tissues, the electrophoretic migration of angiotensinogen
mRNA was indistinguishable from that of liver, migrating close
to the position of 18s ribosomal RNA (~2,000 bases). Anglerfish
insulin mRNA (840 bases) was well separated from angioten-
sinogen mRNA, and the two were easily quantitated by densi-
tometric scanning of the autoradiographs. For Northern blot
analysis of liver RNA (Fig. 1, upper panel), the intensity of hy-
bridization of the angiotensinogen mRNA of the standards was
much less than shown in the other autoradiographs because only
one-tenth the amount of angiotensinogen mRNA—specific 32P-
labeled oligonucleotides was used for hybridization, given the
high levels of angiotensinogen mRNA in liver.

As shown in Fig. 6, the levels of angiotensinogen mRNA in
lung were close to the limit of detection by Northern blot analysis.
To confirm this result, a nuclease S1 protection assay was per-
formed that clearly demonstrated angiotensinogen mRNA in
lung (Fig. 7). Similarly, for aorta, mesentery, atria, brain, spinal
cord, large intestine, adrenal, and kidney, the presence of an-
giotensinogen mRNA was confirmed by nuclease S1 protection
assay (Fig. 8).
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Angiotensinogen mRNA was also evident on Northern blot
analysis of RNA extracted from spleen and stomach, but the
levels were too low for accurate quantitation (data not shown).
Moreover, ultraviolet shadowing of the electrophoresed splenic
RNA showed some degradation of ribosomal RNA, particularly
for rats given Dex, E,, and T, presumably due to the lympho-
cytolytic effect of Dex. The nuclease S1 protection assay con-
firmed the presence of angiotensinogen mRNA in spleen and
stomach (Fig. 9). Fig. 9 also shows ventricle, pituitary, small
intestine, pancreas, and testes to be clearly negative for angio-
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Figure 3. Autoradiograph of Northern blot analysis of RNA extracted
from kidney of control rats (lanes /-4) and rats given Dex, E,, and T;
(5-8). 9-12 represent the standard RNA preparation; for 9, the
amount of anglerfish insulin mRNA represents 100% recovery and
10-12 represent serial twofold dilutions of the standard RNA prepara-
tion. Further explanation is given in legend to Fig. 1.
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Figure 2. Autoradiographs of Northern
blot analysis of RNA extracted from
atria and ventricles. For explanation, see
legend to Fig. 1.

tensinogen mRNA, in agreement with the results of Northern
blot analysis (Figs. 2, 4, 5, and data not shown).

The nuclease S1 protection assay provided estimates of an-
giotensinogen mRNA abundance that were in close agreement
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Figure 4. Autoradiographs of Northern blot analysis of RNA extracted
from brain, spinal cord, and pituitary. For explanation, see legend to
Fig. 1.
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Figure 5. Autoradiographs of Northern blot analysis of RNA extracted
from large intestine and small intestine. For explanation, see legend to
Fig. 1.

with the results of Northern blot analysis, thus providing un-
equivocal confirmation of our identification of angiotensinogen
mRNA in these 11 extrahepatic tissues. Figs. 7 and 9 show frag-
ments of the 32P-labeled oligonucleotides migrating below the
position of the intact probe in the lanes of the blank and stan-
dards. This represented partial (less than full length) protection
of one of the oligonucleotides (RANG-4) by a component of
the E. coli ribosomal RNA (data not shown). This was not seen
in the experiment shown in Fig. 8, where only one **P-labeled
oligonucleotide (RANG-3) was used. For testes, ventricles, pan-
creas, and small intestine (tissues negative for angiotensinogen
mRNA), the amounts of RNA used for the nuclease S1 protec-
tion experiments shown in Fig. 9 were equivalent to or greater
than the amounts used for those tissues positive for angioten-
sinogen mRNA shown in Figs. 7-9.
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Figure 6. Autoradiographs of Northern blot analysis of RNA extracted
from adrenal and lung. For explanation, see legend to Fig. 1.
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Figure 7. Autoradiograph of nuclease S1 protection assay of RNA ex-
tracted from lung of control rats (5-8), Nx rats (9-12), rats given Dex,
E,, and T, (13-16), and Nx rats given Dex, E;, and T; (17-20). Each
of lanes 5-20 represents a separate rat. The arrow indicates full length
protection of the mixture of three 3?P-labeled oligonucleotides specific
for angiotensinogen mRNA, each 40 bases in length. I-4 represent the
assay blank that contained E. coli ribosomal RNA and 21-25 repre-
sent serial twofold dilutions (in E. coli ribosomal RNA) of a standard
RNA preparation (see Methods).

The levels of total RNA and angiotensinogen mRNA in the
17 different tissues are shown in Table I. For those tissues where
angiotensinogen mRNA abundance was determined from
Northern blot analysis, the values shown have been corrected
for mRNA recovery as described in Methods. When expressed
per gram tissue wet weight, the levels of angiotensinogen mRNA
in extrahepatic tissues of control rats were <4% of that of liver
(Table I). However, most extrahepatic tissues had levels of total
RNA less than that of liver. When expressed per milligram total
RNA, the levels of angiotensinogen mRNA of brain, spinal cord,
aorta, and mesentery were 26-42% of that of liver. The data for
total RNA shown in Table I have not been corrected for the
recovery of anglerfish insulin mRNA. Recoveries of 25% or
greater were associated with similar levels of total RNA, sug-
gesting that the major cause of low recoveries was partial deg-
radation of mRNA, rather than losses of RNA. Where recoveries
were 12.5% or less, the levels of total RNA were also low, and
these data were not included in Table 1.

Comparison of the effects of nephrectomy and hormone
treatment showed tissue-specific differences in the regulation of
angiotensinogen mRNA levels (Fig. 10). Liver angiotensinogen
mRNA levels showed a 2.1-fold increase with bilateral nephrec-
tomy and a 2.8-fold increase with hormone treatment. The
combination of nephrectomy and hormone treatment had a
synergistic effect with an 8.8-fold increase in angiotensinogen
mRNA levels. In contrast, none of the extrahepatic tissues
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Figure 8. Autoradiograph of nuclease S1 protection assay of RNA ex-
tracted from aorta, mesentary (Mes.), atria, brain, spinal cord (S.C.),
large intestine (L.1.), adrenal, and kidney of rats given Dex, E,, and
T;. Each of the two lanes for each tissue represents a separate rat. The
arrow indicates full length protection of the 32P-labeled oligonucleotide
specific for angiotensinogen mRNA, RANG-3. /-4 represent the assay
blank which contained E. coli ribosomal RNA and 21-28 represent
serial twofold dilutions (in E. coli ribosomal RNA) of a standard RNA
preparation (see Methods).
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Figure 9. (A) Autoradiograph of nuclease S1 protection assay of RNA
extracted from testes (lanes 5-8), spleen (9-12), pituitary (I3-16), and
ventricles (17-20) of rats given Dex, E,, and T;. Each of the four
lanes for each tissue represents a separate rat. The arrow indicates full
length protection of the mixture of three 32P-labeled oligonucleotides
specific for angiotensinogen mRNA, each 40 bases in length. /-4 rep-
resent the assay blank which contained E. coli ribosomal RNA and
21-26 represent serial twofold dilutions (in E. coli ribosomal RNA) of
a standard RNA preparation (see Methods). (B) Autoradiograph of
nuclease S1 protection assay of RNA extracted from pancreas (5-8),
stomach (9-12), and small intestine (13-16) of rats given Dex, E,, and
T;. Each of the four lanes for each tissue represents a separate rat. The
arrow indicates full length protection of the mixture of three 32P-la-
beled oligonucleotides specific for angiotensinogen mRNA, each 40
bases in length. /-4 represent the assay blank which contained E. coli
ribosomal RNA and 17-22 represent serial twofold dilutions (in E.
coli ribosomal RNA) of a standard RNA preparation (see Methods).

showed an increase in angiotensinogen mRNA levels after ne-
phrectomy. Whereas brain, spinal cord, atria, and large intestine
showed no change, aorta, mesentery, adrenal, and lung showed
significant decreases in angiotensinogen mRNA levels after ne-
phrectomy. All extrahepatic tissues showed increases in angio-
tensinogen mRNA levels after hormone treatment. For brain,
spinal cord, lung, and adrenal, these increases were small (61,
69, 49, and 40%, respectively) and were not statistically significant
for spinal cord and lung. However, the increases for kidney (3.1-
fold), aorta (5.6-fold), mesentery (4.6-fold), atria (5.1-fold), and
large intestine (8-fold) were equal to or greater than that shown
by liver with hormone treatment. None of the extrahepatic tissues
showed the synergistic effect of nephrectomy and hormone
treatment on angiotensinogen mRNA levels shown by liver.
Whereas brain, spinal cord, aorta, adrenal, and lung showed
equivalent responses to hormone treatment and hormone treat-
ment combined with nephrectomy, for mesentery, atria, and
large intestine, the combination caused elevations in angioten-
sinogen mRNA levels that were only half those seen for hormone
treatment alone.

Discussion

The present results demonstrate that the angiotensinogen gene
is expressed in multiple tissues of the rat and provide evidence
that in each of these tissues a local angiotensin system may op-
erate that is independent of the circulating renin-angiotensin
system. For all tissues containing angiotensinogen mRNA, its

size, as shown by electrophoretic migration, was indistinguishable
from that of liver. This suggests that angiotensinogen mRNA of
extrahepatic tissues codes for an angiotensinogen precursor very
similar to, if not identical to that of liver. For brain, this result
is confirmation of previous studies using cell-free transla-
tion (26).

In each tissue, angiotensinogen mRNA was identified by
both Northern blot analysis and nuclease S1 protection assay.
Given that these two methods gave similar quantitative estimates
of angiotensinogen mRNA abundance in each tissue (relative
to the standard liver RNA preparation), they provide a definitive
identification of angiotensinogen mRNA in these tissues. The
use of the internal recovery marker (anglerfish insulin mRNA)
allowed us to accurately quantitate angiotensinogen mRNA lev-
els over a wide range (>1,000-fold). Moreover, the use of the
nuclease S1 protection assay increased the sensitivity of detection
of angiotensinogen mRNA by another order of magnitude. Given
that angiotensinogen mRNA of liver of Nx rats given hormone
treatment is ~1% of mRNA abundance (25), the nuclease S1

Table I. Total RNA and Angiotensinogen mRNA Contents
of Different Tissues Obtained from Control Rats

Tissue Total RNA Angiotensinogen mRNA

mg/g tissue wet wt  mU/g tissue wet wt  mU/mg total RNA
Liver 6.21+0.24 (8)  1,000+100 (8) 16622 (8)

0.75+0.02

Brain (10) 32+3(10) 43+5 (10)
Spinal cord 0.28+0.03 (6) 19+3 (6) 708 (6)
Aorta 0.41+0.03 (4) 22+3 (4) 5510 (4)
Mesentery 0.42+0.15 (6) 16£2 (6) 6619 (6)
Kidney 2.39+0.16 (4) 16+5 (4) 7.0+2.4 (4)
Adrenal 2.2+0.3 (9) 114 (12) 3.840.9 (9)
Atria 0.75+0.03 (4) 5.0+1.6 (5) 4.8+1.2 (4)
Lung 1.65£0.07 (4)  2.6+0.5 (4) 1.6+0.3 (4)
Large intestine 2.20+0.27 (4) 0.90+0.08 (4) 0.43+0.07 (4)
Spleen 3.26+£0.54 (4) 20-40* 10-20*
Stomach 2.51+0.18 (4) S5-11* 2.5-5.0*
Pancreas 10.92+0.98 (6) <2.5* <0.5*
Small intestine 4.51+0.89 (4) <1.4* <0.2*
Testes 2.03+0.08 (4) <0.7* <0.3*
Ventricles 0.98+0.03 (4) <0.2* <0.2*
Pituitary i 1 <l*

For angiotensinogen mRNA levels, | U represents the amount of an-
giotensinogen mRNA per gram of liver of control rats (mean of eight
rats). Data are presented as mean+SE, with the number of rats in pa-
rentheses. All data represent control rats, and angiotensinogen mRNA
levels were estimated by Northern blot analysis, except where indi-
cated otherwise. Estimates of angiotensinogen mRNA levels from
Northern blot analyses are corrected for mRNA recovery as described
in Methods. The data for total RNA are not corrected for recovery

(see Results).

* Estimate derived from nuclease S1 protection assay of RNA pre-
pared from tissues of rats given Dex, E,, and T;.
1 Pituitary glands were not weighed. For control rats, the total RNA
content was 62+4 (mean+SE, n = 10) pg/pituitary. For rats given
Dex, E,, and T;, angiotensinogen mRNA levels were calculated to be
<0.06 mU/pituitary.
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protection assay of angiotensinogen mRNA has a sensitivity in
the order of 1/10° mRNA molecules; i.e., <1 mRNA molecule
per cell. This high sensitivity of the nuclease S1 protection assay
reflects several factors including (a) the use of larger amounts
of RNA than Northern blot analysis, (b) the greater efficiency
of hybridization in solution, (c) the greater resolution of thin
acrylamide gels, with lower background, and (<) that the nuclease
S1 protection assay is able to detect partially degraded mRNA
that would not be detected by Northern blot analysis.

The sensitivity of our methodology has enabled us to detect
low levels of angiotensinogen mRNA in tissues in which only a
small proportion of cells may express the angiotensinogen gene.
Given that extrahepatic tissues have a much greater cellular het-
erogeneity than liver, our data suggest that for the subpopulation
of cells containing angiotensinogen mRNA in each tissue, the
abundance of angiotensinogen mRNA per cell may be equal to
or higher than that of hepatocytes. Since the total RNA content
of a tissue is an index of the rate of protein synthesis in the
tissue, expression of angiotensinogen mRNA per milligram total
RNA provides an index of the proportion of mRNA in a tissue
that is angiotensinogen mRNA. When angiotensinogen mRNA
is expressed per milligram total RNA (Table I), extrahepatic
tissues positive for angiotensinogen mRNA can be divided into
two groups: (@) brain, spinal cord, aorta, and mesentery, with
angiotensinogen mRNA levels 26-42% of that of liver, and (b)
kidney, adrenal, atria, lung, large intestine, spleen, and stomach,
with much lower levels of angiotensinogen mRNA. These quan-
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titative estimates suggest that in the latter group, angiotensinogen
mRNA may be present in vascular and/or neural components
of each tissue. Furthermore, the response of each tissue mRNA
level to hormone treatment (Fig. 10) was one of two categories:
(a) those tissues with 40-70% increase, suggesting a neural pattern
of regulation, and (b) those tissues with a three- to eightfold
increase, suggesting a vascular pattern of regulation. At present,
we can only speculate as to which particular cells within each
tissue express the angiotensinogen gene. We are currently in-
vestigating this matter. Moreover, our data are confined to an-
giotensinogen mRNA abundance, and its relation to the level
of angiotensinogen synthesis in each tissue will require further
studies. Given our finding of angiotensinogen mRNA in vascular
tissue, one might expect to find angiotensinogen mRNA in all
vascularized tissues. Our failure to detect angiotensinogen
mRNA in some tissues may represent differences in tissue vas-
cularization, and also a regional specificity in vascular angio-
tensinogen gene expression.

The present data clearly demonstrate that bilateral nephrec-
tomy and hormone treatment modify angiotensinogen gene
expression by different mechanisms. The differences between
tissues in angiotensinogen gene expression reflect either differ-
ences in regulation of angiotensinogen gene transcription and/
or mRNA stability, and will provide a valuable model for the
study of the mechanisms of tissue-specific gene expression. The
difference between liver and extrahepatic tissues in angiotensin-
ogen mRNA response to bilateral nephrectomy (Fig. 10) indi-



cates a major difference in regulation of angiotensinogen mRNA
levels. The mechanism by which nephrectomy causes an increase
in liver angiotensinogen production is not known. Whereas some
authors have suggested the role of a stimulatory agent present
in plasma after nephrectomy (36), other authors suggest that
hepatic angiotensinogen production is subject to tonic inhibition
by renin, which may be either a direct effect or mediated indi-
rectly via plasma levels of des-angiotensin I-angiotensinogen (37).
Aorta, mesentery, adrenal, and lung showed significant decreases
in angiotensinogen mRNA levels after nephrectomy. These de-
creases may have been due to changes in RNA metabolism sim-
ilar to those described for uremic rat liver (38), where elevated
levels of ribonuclease in the cytosol are accompanied by deg-
radation of albumin mRNA sequences associated with mem-
brane bound polysomes. Note that use of the anglerfish insulin
mRNA as recovery marker could not correct for degradation of
angiotensinogen mRNA before and during homogenization of
the tissue in guanidine thiocyanate.

Definition of the role of angiotensinogen gene expression in
extrahepatic tissues must await identification of the specific cells
which contain angiotensinogen mRNA. Local tissue angioten-
sinogen synthesis may contribute to either intracellular or ex-
tracellular angiotensin production, and such local angiotensin
production, by a mechanism independent of the circulating
renin-angiotensin system, may have important physiological and
pathogenic roles. The relatively high level of angiotensinogen
mRNA in brain and spinal cord is in agreement with studies of
the distribution of angiotensinogen in brain (39-43) which, to-
gether with immunohistochemical studies of angiotensin-like
immunoreactivity (44, 45), suggest that angiotensinogen gene
expression is widespread in the brain and spinal cord.

Many studies suggest the generation of angiotensin in vas-
culature by a mechanism independent of the circulating renin—
angiotensin system (10). Studies of vascular angiotensinogen and
reninlike activity have been unable to exclude plasma as their
source (46, 47). Re et al. (48) and Lilly et al. (49) have provided
evidence for the synthesis of renin by vascular smooth muscle
and endothelial cells in vitro. However, given that in the rat,
aortic reninlike activity falls to very low levels after nephrectomy
(50, 51), local synthesis would appear to make little contribution
to vascular reninlike activity in vivo. In contrast, the present
demonstration of relatively high levels of angiotensinogen
mRNA in aorta and mesentery in vivo provides direct evidence
for a local vascular angiotensin system that is independent of
the circulating renin-angiotensin system.

There is much evidence in support of a role for local angio-
tensin production in the regulation of renal function (6-8, 52—
55). Studies of the isolated perfused kidney indicate a dominant
role for plasma angiotensinogen in intrarenal generation of an-
giotensin (56). Our present data also indicate a role for intrarenal
synthesis of angiotensinogen. The level of angiotensinogen
mRNA in kidney and its response to hormone treatment are
consistent with a vascular site of angiotensinogen gene expres-
sion. The studies of Morris and Johnson (55) suggest that the
juxtaglomerular apparatus may synthesize angiotensinogen, al-
though immunohistochemical studies have not provided any
confirmation (54, 57).

For the adrenal, there is evidence for both synthesis of renin
and local angiotensin formation (58-61), which may contribute
to regulation of the zona glomerulosa or the medulla (4). The
significance of our identification of angiotensinogen mRNA in
the adrenal must await cellular localization. However, the re-

sponse of adrenal angiotensinogen mRNA levels to hormone
treatment does suggest a neural pattern of response.

The finding of angiotensinogen mRNA in atria suggests a
role for local angiotensin generation in the regulation of cardiac
function (4). Recently Dzau et al. (62) have described the pres-
ence of renin mRNA in mouse heart and Nieuwenhuis and
Theron (63) have reported that rat atria contain a pressor sub-
stance with properties characteristic of angiotensin. Our finding
of angiotensinogen mRNA in lung is of interest since a recent
analysis of angiotensin metabolism suggested that the pulmonary
circulation is an important site for the generation of angiotensin
1 (10). However, the levels of lung angiotensinogen mRNA were
low, and the response to hormone treatment suggests a neural,
rather than vascular, pattern of response.

Immunohistochemical studies of the gastrointestinal tract
have shown that ganglion cells within Auerbach’s plexus contain
strong angiotensin II-like immunoreactivity (44). These cells
were observed in the colon and stomach, but were most abundant
in the duodenum. However, we were unable to detect angioten-
sinogen mRNA in the small intestine. The significance of this
result is unclear, since the response of angiotensinogen mRNA
levels of the large intestine to hormone treatment resembled the
vascular response, suggesting that neural elements may not be
the major site of angiotensinogen gene expression in the gut.

The significance of our finding of angiotensinogen mRNA
in the spleen must await further studies. Swales et al. (64) have
reported that splenic arteries take up renin from plasma, where
it is located predominantly in the media. Moreover, neutrophils
contain cathepsin G, a neutral protease that is able to cleave
angiotensinogen to produce angiotensin II directly (18), and also
able to convert angiotensin I to angiotensin II (65). Thus angio-
tensinogen gene expression in the spleen may relate to vascular,
neutrophil, or other cell function, which we hope to define by
identification of the cell type that contains angiotensinogen
mRNA.

In the present study, small intestine, pancreas, ventricles,
testes, and pituitary were negative for angiotensinogen mRNA.
This negative result for testes and pituitary is of interest since
for both tissues there is evidence for synthesis of renin and local
production of angiotensin (44, 61, 66-69). Presumably for these
two tissues, plasma is the source of angiotensinogen for local
angiotensin production.

In conclusion, we have quantitated angiotensinogen mRNA
in 17 different tissues of the rat. The levels of angiotensinogen
mRNA in brain, spinal cord, aorta, and mesentery were similar
to hepatic levels (when expressed per milligram total RNA),
whereas the levels were much lower in kidney, adrenal, atria,
lung, large intestine, spleen, and stomach. Small intestine, pan-
creas, ventricles, testes, and pituitary were negative for angi-
otensinogen mRNA. We have also demonstrated that the reg-
ulation of angiotensinogen mRNA levels is tissue specific. These
results indicate that many of the tissue-specific actions of angio-
tensin may be mediated, at least in part, by local tissue angio-
tensin systems that are independent of the circulating renin-
angiotensin system. Such local tissue angiotensin systems may
play an important role in many aspects of neural, vascular, renal,
adrenal, cardiac, pulmonary, splenic, and intestinal function.
Moreover, the modulation of vascular, cardiac, and renal an-
giotensinogen gene expression by hormone treatment emphasizes
the potential pathogenic role of local tissue angiotensin systems
in estrogenic, glucocorticoid-induced, and other forms of hy-
pertension.
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Appendix

Sequences of oligonucleotide probes (shown 3' to 5')

ANG-2 TATCGACACGAACAGACCCGACCTCGATTTC

ANG-3  TCTTGGGGTCACACCTCTGCGAGGGTCTCGGTTGGAAA
ANG-4  GCGTACATGTTCTACGACTCACTCCGTTCTCCACATCGGTCAC
ANG-5 AGAGAAAGATGGAACCTAGCAACCTAG

ANG-6 CGTGACCTCACTGCGGGTCTTGTTGAAGA

ANG-7  GGTCACGCGGAGTCTAGAGCTGTCCCACCT

ANG-8 CCGAGTCCGGTTCGACAGATGGGAAAACC

ANG-9 GTCGGGTGTCTCAGACGGGTCGTCG

RANG-3 CCTCGATTTCCTGTGTGTCTTCGTTCAGGTGTCTAGGCAC
RANG-4 GTGAAGGTTCCCTTGTACTCTCCGAAGAGGGTCGACTGAC
RANG-5 GCGGAGGAGCCCGGTAGGCAGACTGGGACGGCGTCGACCT

FINS-1  CAGACACCTCTGTCTCCAAAGAAGATGTTG.
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