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Abstract
Using type 1a angiotensin receptor (AT1a) receptor-deficient (Agtr1a−/−) mice and in vivo
autoradiography, we tested the hypothesis that intracellular uptake of ANG II in the kidney and
adrenal glands is primarily mediated by AT1a receptors and that the response is regulated by
prevailing endogenous ANG II. After pretreatment of wild-type (Agtr1a+/+) and Agtr1a−/− mice
(n = 6–9 each group) with or without captopril (25 mg·kg−1 ·day−1) or losartan (10 mg·kg−1

·day−1) for 2 wk, [125I]Val5-ANG II was infused for 60 min. Intracellular uptake of [125I]Val5-
ANG II was determined by quantitative in vivo autoradiography after washout of circulating
[125I]Val5-ANG II. Basal intracellular ANG II levels were 65% lower in the kidney (P < 0.001),
but plasma ANG II levels were threefold higher, in Agtr1a−/− than wild-type mice (P < 0.01).
Although plasma [125I]Val5-ANG II levels were similar, urinary excretion of [125I]Val5-ANG II
was fourfold higher in Agtr1a−/− mice (P < 0.001). By contrast, intracellular [125I]Val5-ANG II
levels were ~80% lower in the kidney and adrenal glands of Agtr1a−/− mice (P < 0.01). Captopril
decreased endogenous plasma and renal ANG II levels (P < 0.01) but increased intracellular
uptake of [125I]Val5-ANG II in the kidney and adrenal glands of wild-type and Agtr1a−/− mice (P
< 0.01). Losartan largely blocked renal and adrenal uptake of [125I]Val5-ANG II in wild-type and
Agtr1a−/− mice. Thus 80% of intracellular ANG II uptake in the kidney and adrenal glands is
mediated by AT1a receptors, whereas AT1b receptor- and other non-receptor-mediated
mechanisms account for 20% of the response. Our results suggest that AT1a receptor-mediated
uptake of extracellular ANG II may play a physiological role in the kidney and adrenal glands.
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It is well recognized that local ANG II levels are much higher in many target tissues, such as
the kidney and adrenal glands, than in the plasma (3,5,20,34). High tissue ANG II levels in
tissues is generally thought to be primarily due to increased local formation, because all
major components of the renin-angiotensin system, including angiotensinogen, renin, and
angiotensin-converting enzyme (ACE), are expressed in these tissues (3,20,24). However, it
recently became clear that the receptor-mediated uptake of circulating and/or extracellular
ANG II may also contribute to high levels of ANG II in tissues (17,25,34,36). We and others
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have shown that ANG II levels in rat and mouse kidneys were increased by chronic ANG II
infusion (17,34,36). Because local ANG II formation is physiologically regulated by a
negative-feedback mechanism by ANG II via an angiotensin type 1 (AT1) receptor-mediated
mechanism, intrarenal ANG II levels are generally expected to fall, rather than increase,
during long-term ANG II administration. Furthermore, blockade of ANG II receptors with
AT1 receptor antagonists, which increase renin release (and, therefore, ANG II generation)
and inhibit ANG II binding to cell surface AT1 receptors, prevents the increases in intrarenal
ANG II induced by long-term ANG II infusion (17,25,34,36). These studies strongly suggest
that high tissue ANG II levels in the kidney during long-term ANG II administration are
likely due to AT1 receptor-mediated endocytosis of extracellular ANG II, rather than
increases in local ANG II synthesis. By contrast, whether adrenal glands also take up
extracellular ANG II via the AT1 receptor-mediated mechanism is less clear, because
inconsistent results have been reported (23,25,37).

Two isoforms of AT1 receptors, AT1a and AT1b, are expressed in rodent kidneys and
adrenal glands (9,19,31). It is not known which AT1 receptor plays a predominant role in
mediating ANG II uptake in rodents, nor is it clear whether the AT1b receptor would assume
the role of the AT1a receptor when the former is absent. Previous studies in rats or pigs with
use of AT1 receptor antagonists were unable to determine the precise role of AT1a and AT1b
receptors, because these antagonists block both receptors with similar specificities and
affinities (25,34,37). Although we recently showed that intracellular ANG II levels were
significantly reduced in AT1a receptor-deficient (Agtr1a−/−) mice compared with wild-type
mice, it is not certain whether this result was due to reduced intracellular ANG II synthesis
or receptor-mediated uptake of extracellular ANG II (17). Moreover, markedly elevated
extracellular ANG II due to global deletion of AT1a receptors in these mice may alter the
kinetics of AT1b receptor- or other non-receptor-mediated ANG II uptake in the kidney and
other tissues.

In the present study, we used quantitative in vivo autoradiography with [125I]Val5-ANG II
as a novel tool (30,31) and Agtr1a−/− mice (17) as a unique animal model to determine the
relative contribution of AT1a and AT1b receptors to intracellular uptake of circulating and/or
extracellular ANG II in the kidney and adrenal glands. Because Agtr1a−/− mice exhibit
markedly elevated circulating and whole kidney ANG II levels due to combined effects of
reduced ANG II receptor occupancy and increased renin expression (14,17,21,22), we
treated wild-type and Agtr1a−/− mice for 2 wk with the ACE inhibitor captopril to suppress
endogenous ANG II production before the experiment was performed. This approach helped
us determine whether AT1 receptor-mediated intracellular uptake of ANG II is also
modulated by prevailing ANG II levels in the mouse kidney and adrenal glands.

METHODS AND MATERIALS
Animals and genotyping

Adult male wild-type C57BL/6J (Agtr1a+/+) mice (10 wk of age; Jackson Laboratories)
were maintained on a normal rodent chow and had free access to tap water. Agtr1a−/− mice
were bred in our laboratory from a pair of heterozygous Agtr1a+/− mice initially purchased
from Jackson Laboratories (17). These mice were deposited by Drs. Oliver Smithies of the
University of North Carolina (B6.129P2-Agtr1tm1Unc/J) (14,21,22). Male Agtr1a−/− mice
were genotyped according to a standard protocol provided by the vendor (stock no. 002682)
(14,17). All animal protocols were approved by the Institutional Animal Care and Use
Committee of the Henry Ford Health System. Genotyping of Agtr1a−/− mice was
performed by PCR duplicates on tail DNA samples (14,17). PCR primers for genotyping the
AT1a receptor were purchased from Invitrogen, and their respective sequences are neo
generic primers, which amplify a 280-bp DNA product from the bacterial neomycin
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resistance gene [5′-CTT ggg Tgg AgA ggC TAT TC-3′(oIMR0013) and 5′-Agg TgA gAT
gAC Agg AgA TC-3′(oIMR0014)], and Agtr1a wild-type primers, which together amplify a
483-bp DNA product from the wild-type allele [5′-TgA gAA CAC CAA TAT CAC Tg-3′
(0IMR0738) and 5′TTC gTA gAC Agg CTT gAg-3′ (oIMR0739)]. Cycling conditions were
set for denaturation at 94°C for 3 min, annealing at 55°C for 45 s, and extension at 72°C for
45 s over 35 cycles (14,17).

Measurement of systolic blood pressure
Adult male wild-type and Agtr1a−/− mice (~25 g, 10–12 wk old) were trained for systolic
blood pressure (SBP) measurements once per day for ·days before the experiment was begun
(17,34). Basal SBP was determined using a computerized tail-cuff method (Visitech, Cary,
NC), as described elsewhere (17,34). Intra-arterial blood pressure was measured in
anesthetized wild-type and Agtr1a−/− mice before and after [125I]Val5-ANG II infusion, as
described previously for rats (15,30).

Measurement of basal urine and urinary sodium and potassium excretion
To determine basal urinary excretory responses, wild-type and Agtr1a−/− mice were housed
individually in metabolic cages to ensure collection of urine samples for measurements of
24-h urine flow rate and urinary excretion of sodium and potassium (UNaV and UKV), as we
described previously for rats (32,34) and mice (17). Special care was taken to train mice
individually in the metabolic cage for ·days before measurement of drinking and collection
of urine to minimize the effects of stress to the animals due to these procedures. Twenty-
four-hour drinking and urine output were measured gravimetrically and plasma and urinary
sodium and potassium concentrations were determined by flame photometry, as previously
described (17,32,34).

Measurements of intracellular uptake of [125I]Val5-ANG II in the kidney and adrenal glands
After basal SBP and 24-h urine volume were measured in wild-type and Agtr1a−/− mice,
the animals were anesthetized with pentobarbital sodium (50 mg/kg ip), and a catheter
(PE-10) was inserted into the jugular vein for intravenous infusion of the radioligand
[125I]Val5-ANG II (specific activity 2,176 Ci/mmol; provided by Dr. Robert Speth,
University of Mississippi) or into the carotid artery for measurement of mean arterial blood
pressure and collection of arterial blood samples for measurement of plasma [125I]Val5-
ANG II concentrations, as described elsewhere (29,30). After a 30-min equilibration period,
[125I]Val5-ANG II was infused into each mouse at an identical rate of ~10 μCi/25 g body wt
(equivalent to ~10 nM radiolabeled Val5-ANG II) for 60 min. With this infusion rate,
steady-state plasma levels of [125I]Val5-ANG II were reached by 10 min, whereas steady-
state tissue levels of the radioligand were obtained within 30 min, as described previously
(25–27,29,30). A catheter was also inserted into the urinary bladder for determination of
[125I]Val5-ANG II concentrations in urine. At the end of infusion, a blood sample was
collected from the carotid catheter and used for measurements of plasma [125I]Val5-ANG II
directly by a gamma counter (29,30) and unlabeled ANG II concentrations by ELISA (16–
18,35). The animals were perfused with an acidic buffer solution in 150 NaCl solution for 5
min to dissociate cell surface receptor-bound [125I]Val5-ANG II and wash out blood and
extracellular fluid [125I]Val5-ANG II. The kidneys and adrenal glands were removed, and
ANG II was extracted for measurement of [125I]Val5-ANG II activity, expressed as counts
per minute (cpm) per gram kidney weight or per adrenal, using a gamma counter (15,25–
27,29–32). The measured radioactivity represents the intracellular uptake of [125I]Val5-ANG
II in the kidney and adrenal glands.
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Measurements of endogenous plasma, whole kidney, and intracellular ANG II
Unlabeled plasma, whole kidney, and intracellular ANG II levels were measured by a
sensitive ANG II enzyme immunoassay, as described recently (16–18,35). Briefly, trunk
blood samples were collected into chilled tubes containing a mixed-inhibitor cocktail (5 mM
EDTA, 10 μM pepstatin A-o-phenanthroline, 10 μM captopril, 10 mg/ml bestatin, and 1 mg/
ml aprotinin) for measurement of plasma ANG II, as described previously (15,17,34,35). For
measurement of whole kidney ANG II, one-half of each kidney from all mice was sliced
into two parts, one of which was saved for autoradiography (see below). The remaining
kidney tissues were weighed and homogenized in an ANG II extraction buffer containing 20
mM Tris base, 10 mM EDTA, 5 mM EGTA, 5 mM β-mercaptoethanol, 50 μg/ml phenyl-
methylsulfonyl fluoride, and 1 μg/ml aprotinin, as described elsewhere (15,17,34,35). ANG
II was extracted in a phenyl-bonded solid-phase peptide extraction column (Bond Elut-C18,
Varian), vacuum dried overnight, and reconstituted in ANG II assay buffer before ELISA of
ANG II (15,17,34,35).

Effects of ACE inhibition with captopril and AT1 receptor blockade with losartan on
intracellular uptake of [125I]Val5-ANG II

Animals and humans treated with AT1 receptor blockers (ARBs) normally exhibit elevated
circulating and/or extracellular ANG II levels (4,17,25,34). This response is due to the
occupancy of cell surface receptors by the antagonists and increased renin expression
following removal of AT1 receptor-mediated negative-feedback regulation by ANG II
(14,22,29,30). To exclude the influence of elevated endogenous circulating and extracellular
ANG II levels on intracellular uptake of [125I]Val5-ANG II in Agtr1a−/− mice, additional
groups of wild-type and Agtr1a−/− mice were treated with the ACE inhibitor captopril (25
mg·kg−1 ·day−1 po) for 2 wk to suppress endogenous ANG II formation (25,26,30). To
determine whether AT1b receptors play a compensatory role in mediating [125I]Val5-ANG II
uptake in the mouse kidney and adrenal glands, wild-type and Agtr1a−/− mice were treated
with the ARB losartan (10 mg·kg−1 ·day−1 po) for 2 wk (17). We previously showed that
losartan completely blocked AT1 receptors in rat kidneys and adrenal glands (29,30,33).
After treatment, mice were anesthetized and infused with [125I]Val5-ANG II at the rate
described above.

Effects of ANG II or losartan on plasma aldosterone concentrations in wild-type and
Agtr1a−/− mice

To determine whether the changes in intracellular uptake of [125I]Val5-ANG II in adrenal
glands and UNaV and UKV are associated with the changes in plasma aldosterone
concentrations in wild-type and Agtr1a−/− mice, blood samples were collected into tubes
containing a protease inhibitor cocktail at the end of the experiment (15,17,34). After
centrifugation, plasma samples were collected and purified by extraction, as described for
ANG II (15,17,34). Plasma aldosterone concentrations were measured using a sensitive
aldosterone ELISA kit (Cayman). The assay is 100% specific for aldosterone, and the
antibody does not cross-react with other adrenocortical hormones or peptides, such as
corticosterone, androsterone, testosterone, estrogen, or cortisol.

Autoradiographic mapping of intracellular uptake of [125I]Val5-ANG II in the kidney and
adrenal glands

In addition to direct counting of [125I]Val5-ANG II radioactivity after perfusion with an
acidic buffer to wash out extracellular radioligands as an index of intracellular ANG II
uptake in the kidney and adrenal glands, quantitative in vivo autoradiography was used to
visualize and determine intracellular [125I]Val5-ANG II uptake in wild-type and Agtr1a−/−
mice. This approach is similar to quantitative in vivo or in vitro autoradiographic mapping
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of ANG II receptors in the kidney with use of [125I]Sar1, Ile8-ANG II or [125I]ANG II, as we
described previously (13,15,17,29,30,33). Briefly, immediately after infusion of [125I]Val5-
ANG II and perfusion-wash procedures, one-half of each kidney and one adrenal gland from
each mouse were snap frozen in isopentane on dry ice at the time the animal was killed.
Frozen kidney and adrenal sections (20 μm thick) were cut on a cryostat and dried under
reduced pressure overnight and then exposed to X-ray films for 3 days. After exposure,
sections were developed, and autoradiographs were visualized and analyzed by
microcomputerized densitometry (MCID, Imaging Research, ON, Canada)
(13,15,17,29,30,33).

Statistical analysis
Values are means ± SE. Differences in the same parameters between groups of wild-type
and Agtr1a−/− mice treated with or without captopril or losartan were compared using
unpaired t-test or one-way ANOVA followed by post hoc Newman-Keuls multiple
comparison test if P < 0.05. Significance was set at P < 0.05.

RESULTS
Basal blood pressure and renal excretory functional phenotypes and their responses to
long-term ACE inhibition or AT1 receptor blockade

Table 1 summarizes basal SBP and renal excretory functional phenotypes and their
responses to long-term ACE inhibition or AT1 receptor blockade in wild-type and Agtr1a−/
− mice. Basal SBP was ~25 mmHg lower in age-and body weight-matched Agtr1a−/− than
wild-type mice. Deletion of AT1a receptors in Agtr1a−/− mice was associated with ~4-fold
increases in 24-h urine and 1.7-fold increases in UNaV compared with wild-type values. A
2.5-fold increase in 24-h water intake was observed in Agtr1a−/− mice, in parallel with
increased 24-h urine output. Conversely, 24-h UKV was significantly lower in Agtr1a−/−
mice. Long-term (2 wk) treatment of wild-type mice with captopril decreased SBP by 35
mmHg, which was associated with small, but significantly increased, diuresis and natriuresis
(UNaV) responses without altering 24-h drinking or UKV. Losartan also reduced SBP
significantly, but the hypotensive effect of losartan was smaller than that of captopril (Table
1). With the exception of a small increase in 24-h urine excretion rate and a decrease in 24-h
UKV, losartan also did not alter UNaV or drinking. In Agtr1a−/− mice, captopril further
decreased SBP from basal levels without altering 24-h drinking and urine excretion or UNaV
(Table 1). Interestingly, losartan also further reduced SBP to a similar extent in Agtr1a−/−
mice treated with captopril.

Basal plasma and renal intracellular ANG II in wild-type and Agtr1a−/− mice
Global deletion of AT1a receptors was associated with markedly increased plasma and
decreased intracellular ANG II levels in the kidney of Agtr1a−/− mice compared with wild-
type mice (Fig. 1). Plasma ANG II levels were more than threefold higher in Agtr1a−/− than
wild-type mice: 208.9 ± 68.9 vs. 648.7 ± 66.9 pg/ml (P < 0.001). By contrast, intracellular
ANG II levels in Agtr1a−/− mice were ~35% of those in wild-type mice: 154.0 ± 35.5 vs.
55.4 ± 10.0 pg/100 mg kidney wt (P < 0.01).

Plasma and urine concentrations and urinary excretion of [125I]Val5-ANG II in wild-type and
Agtr1a−/− mice

The concentrations of plasma [125I]Val5-ANG II were statistically similar in wild-type and
Agtr1a−/− mice: 20,753 ± 2,247 and 23,714 ± 1,841 cpm/ml × 103, respectively [P = not
significant (NS)]. The urinary concentrations of [125I]Val5-ANG II were also similar in
wild-type and Agtr1a−/− mice: 70,435 ± 2,742 and 80,917 ± 2,968 cpm/ml × 103,
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respectively (P = NS). However, since Agtr1a−/− mice excreted three times more urine than
wild-type mice, the urinary excretion of [125I]Val5-ANG II was four times higher in Agtr1a
−/− than wild-type mice: 26,437 ± 4,348 vs. 6,358 ± 3,160 cpm/min (P < 0.001).

Intracellular uptake of [125I]Val5-ANG II in kidneys of wild-type and Agtr1a−/− mice
Despite similar concentrations of circulating [125I]Val5-ANG II in both strains of mice, the
extent of intracellular uptake of infused [125I]Val5-ANG II in wild-type mice was quite
different from that in Agtr1a−/− mice. Figure 2 shows quantitative in vivo autoradiographs
of intrarenal uptake of [125I]Val5-ANG II in a representative wild-type and Agtr1a−/−
mouse kidney and with direct results of gamma counting. Intracellular uptake of [125I]Val5-
ANG II was markedly decreased in Agtr1a−/− mouse kidney compared with wild-type
control: 1,771.8 ± 246.6 vs. 484.8 ± 83.4 cpm/g kidney wt × 103 (P < 0.001).

Effects of captopril or losartan on intracellular uptake of [125I]Val5-ANG II in kidneys of
wild-type and Agtr1a−/− mice

To determine whether endogenous ANG II levels in the circulation and the kidney influence
intracellular uptake of [125I]Val5-ANG II in wild-type and Agtr1a−/− mice, all animals were
pretreated with captopril (25 mg·kg−1·day−1 po) for 2 wk to suppress endogenous ANG II
production before the experiment began. As shown in Fig. 3, captopril markedly decreased
unlabeled plasma (18.3 ± 3.3 and 129.6 ± 13.7 pg/ml in wild-type and Agtr1a−/− mice,
respectively, P < 0.01) and intracellular ANG II levels in the kidneys (39.2 ± 7.6 and 10.2 ±
2.9 pg/100 mg kidney wt in wild-type and Agtr1a−/− mice, respectively, P < 0.01). By
contrast, captopril raised plasma concentrations of [125I]Val5-ANG II in wild-type and
Agtr1a−/− mice (Fig. 4, top). Urinary [125I]Val5-ANG II excretion was not altered in wild-
type mice but was decreased by captopril in Agtr1a−/− mice (Fig. 4, bottom). The effects of
captopril and losartan on intracellular uptake of [125I]Val5-ANG II in wild-type and Agtr1a
−/− mouse kidneys are visualized in autoradiographs in Fig. 5, and the respective
quantitated data are shown in Fig. 6. As under basal conditions, intracellular uptake of
[125I]Val5-ANG II was dominant in the cortex, although the medulla also took up
[125I]Val5-ANG II (Fig. 5). Captopril increased intracellular uptake of [125I]Val5-ANG II by
~40% in the kidneys of wild-type mice (2,583 ± 349 cpm/g kidney wt × 103) and by 116%
in the kidneys of Agtr1a−/− mice (1,087 ± 387 cpm/g kidney wt × 103, P < 0.01) compared
with their respective controls. The kidney-to-plasma [125I]Val5-ANG II concentration ratios
in wild-type and Agtr1a−/− mice (Table 2) are consistent with the autoradiographic or
direct-counting results. Since Agtr1a−/− mice also express AT1b receptors, we investigated
whether AT1b receptors mediate this response in Agtr1a−/− mice by pretreating the animals
with losartan for 2 wk. Losartan largely abolished intracellular uptake of [125I]Val5-ANG II
in the kidneys of wild-type and Agtr1a−/− mice (Figs. 5 and 6).

Effects of captopril or losartan on intracellular uptake of [125I]Val5-ANG II in adrenal glands
of wild-type and Agtr1a−/− mice

Figure 7 shows [125I]Val5-ANG II uptake in the adrenal cortex and medulla of wild-type and
Agtr1a−/− mice and the effects of ACE inhibition with captopril and AT1 receptor blockade
with losartan. Basal uptake was higher in the cortex of wild-type (Fig. 7A) than Agtr1a−/−
(Fig. 7D) mice. Interestingly, uptake also occurred in the adrenal medulla in wild-type and
Agtr1a−/− mice. Uptake of [125I]Val5-ANG II was clearly increased in the adrenal cortex by
captopril (Fig. 7, B and E), whereas losartan markedly reduced this uptake in the cortex and
medulla of wild-type and Agtr1a−/− mice (Fig. 7, C and F). A direct count of intracellular
uptake of [125I]Val5-ANG II in adrenal glands of wild-type and Agtr1a−/− mice is shown in
Fig. 7G. Table 2 summarizes adrenal-to-plasma [125I]Val5-ANG II concentration ratios in
wild-type and Agtr1a−/− mice. Under basal conditions, [125I]Val5-ANG II uptake was 3.6-
fold higher in adrenal glands of wild-type than Agtr1a−/− mice: 24,054 ± 1,373 vs. 6,597 ±
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738 cpm/adrenal (P < 0.01). Captopril increased adrenal uptake of [125I]Val5-ANG II by
~80% in wild-type mice (43,593 ± 8,479 cpm/adrenal, P < 0.01 vs. wild-type controls) and
by 109% in Agtr1a−/− mice (13,803 ± 1,529 cpm/adrenal, P < 0.01 vs. Agtr1a−/− controls).
By contrast, losartan significantly decreased adrenal uptake of [125I]Val5-ANG II in wild-
type (12,122 ± 1,683 cpm/adrenal, P < 0.01 vs. wild-type controls) and Agtr1a−/− (4,613 ±
1,080 cpm/adrenal, P < 0.05 vs. Agtr1a−/− controls) mice (Fig. 7G).

Effects of ANG II and losartan on plasma aldosterone concentrations in wild-type and
Agtr1a−/− mice

As shown in Fig. 8, basal plasma aldosterone levels were three times higher in wild-type
than Agtr1a−/− mice: 250.3 ± 24.6 vs. 78.8 ± 24.7 pg/ml (P < 0.001). ANG II significantly
increased plasma aldosterone levels in wild-type mice by 36% (341.2 ± 18.7 pg/ml, P <
0.05) but had no effect on plasma aldosterone in Agtr1a−/− mice (103.9 ± 13.7 pg/ml, P =
NS vs. control). Losartan reduced plasma aldosterone in wild-type mice to a level
significantly below control (112.1 ± 28.9 pg/ml, P < 0.001 vs. control or ANG II). However,
losartan did not alter plasma aldosterone levels in Agtr1a−/− mice (121.3 ± 26.1 pg/ml, P =
NS vs. control or ANG II).

DISCUSSION
We and others previously showed that the kidney and adrenal glands are two key organs,
among all major ANG II-targeted tissues, that express high levels of AT1 receptors
(9,13,15,17,19,31). Also, levels of endogenous ANG II are high in the kidney and adrenal
glands compared with other tissues (3,5,20,25,32,34). High tissue ANG II levels in the
kidney and adrenal glands is generally considered to be primarily due to local formation,
because all major components of the renin-angiotensin system are expressed in these tissues
(3,20,24). However, it is also recognized that AT1 receptor-mediated uptake of circulating
ANG II may play a significant role in maintaining high tissue ANG II levels in the kidney
and adrenal glands (17,25–27,34,37). In support of the role of receptor-mediated uptake or
endocytosis of ANG II in the kidney and adrenal glands, most previous studies showed the
differences of tissue ANG II levels between control and ANG II-infused animals treated
with or without ARBs or demonstrated receptor-mediated endocytosis of ANG II in cultured
rat or bovine adrenal glomerulosa cells or adrenal medullary chromaffin cells
(2,25,27,28,34,36). However, chronic administration of ARBs is known to markedly
increase circulating and/or extracellular ANG II levels (4,17,34,37), which may obscure the
effects of receptor-mediated intracellular uptake of ANG II or promote non-receptor-
mediated uptake of ANG II in the kidney (11). In a recent study, we found that the
circulating ANG II levels were more than three times higher in Agtr1a−/− than in wild-type
mice because of the global deletion of AT1a receptors (17), and others demonstrated
increases in renin expression in the kidney (14,21,22). Unexpectedly, whole kidney ANG II
levels were also higher, i.e., close to plasma levels, in these mice (17). These findings appear
to be at odds with previous findings in rats and pigs that ARBs reduced ANG II uptake in
the kidney (25,27,34,36,37). However, after circulating and/or extracellular ANG II was
washed out by perfusion with an acidic buffer to clear all blood/extracellular and cell surface
receptor-bound ANG II, intracellular ANG II levels were much lower in the kidneys of
Agtr1a−/− than wild-type mice. These results suggest that elevated plasma and extracellular
ANG II levels may have confounding effects on receptor-mediated ANG II uptake in tissues
of Agtr1a−/− mice. This prompted us to further investigate the role of AT1a receptors and
endogenous ANG II in regulating tissue ANG II uptake in the kidney and adrenal glands in
the present study.

As a sequel to our recently published work (17), the present study provides strong evidence
that AT1a receptors are largely responsible for mediating intracellular ANG II uptake in the
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mouse kidney and adrenal glands. By contrast, AT1b receptors play only a minor role in
mediating receptor-mediated ANG II accumulation in these two tissues. Instead of using
RIAs or ELISAs, which could not easily differentiate exogenously infused Val5-ANG II
from endogenously produced Ile5-ANG II without, first, a sophisticated HPLC separation,
we used quantitative in vivo autoradiography for the first time to visualize intracellular ANG
II uptake in mouse kidney and adrenal glands in the present study. We infused [125I]Val5-
ANG II into age- and weight-matched wild-type and Agtr1a−/− mice under identical rates
and durations of infusion, as well as identical perfusion and processing procedures. The only
difference between wild-type and Agtr1a−/− mice was full expression of AT1a receptors in
wild-type mice and complete deletion of these receptors in Agtr1a−/− mice. Although
plasma concentrations of [125I]Val5-ANG II were not significantly different between wild-
type and Agtr1a−/− mice, the intracellular uptake of [125I]Val5-ANG II was markedly
decreased, by ~70–80%, in the kidney and adrenal glands of Agtr1a−/− compared with
wild-type mice (Figs. 2 and Fig. 7,Table 2). Autoradiographic imaging clearly reveals the
differences in intracellular uptake of [125I]Val5-ANG II between wild-type and Agtr1a−/−
mice (Figs. 2 and 7). One interesting observation is markedly lower intracellular endogenous
ANG II levels in the kidney of Agtr1a−/− mice, which is similar to our recently reported
results (Fig. 1) (17). However, we could not determine endogenous ANG II levels in adrenal
glands of wild-type and Agtr1a−/− mice, because the mass of the adrenal glands was too
small to be processed for meaningful RIA or ELISA measurements of ANG II.

The effects of ACE inhibition or AT1 receptor blockade on the renal uptake of [125I]ANG II
have been studied in pig kidneys (25,27). Van Kat et al. (25,27) found four times higher
[125I]ANG II concentration in the renal cortex than in the plasma, as represented by the renal
cortex-to-plasma [125I]ANG II concentration ratios. [125I]ANG II uptake was not
significantly altered by captopril but, rather, by the AT1 receptor antagonist eprosartan,
suggesting that the AT1 receptors mediate the uptake of [125I]ANG II in pig kidneys and that
the uptake was not altered by prevailing endogenous ANG II (25,27). Interestingly, Van
Kats et al. also did not find that captopril altered endogenous ANG II levels in pig kidneys,
although eprosartan markedly decreased endogenous ANG II levels. However, the overall
effects of eprosartan on renal cortex-to-plasma ratios of [125I]ANG II and endogenous ANG
II levels are consistent with our recently published data on intracellular ANG II levels in
Agtr1a−/− mice (17). In the present study, we found some differences between pig and
mouse kidneys and between the effects of eprosartan in pigs and AT1a receptor deletion in
Agtr1a−/− mice. 1) The kidney-to-plasma [125I]Val5-ANG II concentration ratio was much
lower in mice than pigs, possibly because we perfused the kidneys with an acidic buffer to
clear all plasma/extracellular and cell surface-bound [125I]Val5-ANG II (Table 2). Thus, in
contrast to the results of Van Kats et al., which may represent the uptake in the entire kidney
tissue (extracellular + intracellular fluid compartments), our results may represent only
intracellular uptake of [125I]Val5-ANG II. 2) By comparing the differences in the kidney-
and adrenal-to-plasma ratios of [125I]Val5-ANG II in wild-type and Agtr1a−/− mice, we
were able to determine the role and extent of AT1a receptors in mediating ~80% of
intracellular [125I]Val5-ANG II uptake in the kidney and adrenal glands. Approximately
20% of uptake was likely mediated by AT1b or other non-AT1 receptor-mediated
mechanisms, because losartan reduced this uptake in Agtr1a−/− mice. 3) Long-term (2 wk)
ACE inhibition with captopril (25 mg·kg−1·day−1 po) significantly increased intra-cellular
uptake of the radioligand in wild-type and Agtr1a−/− mice (Table 2). Since captopril
significantly lowered plasma and renal intracellular endogenous ANG II levels in wild-type
and Agtr1a−/− mice (Fig. 4), our results suggest that prevailing endogenous ANG II may
compete with systemically infused [125]Val5-ANG II for binding AT1 receptors or alter the
kinetics of AT1b and non-receptor-mediated uptake and, therefore, regulate the AT1
receptor-mediated uptake of [125]Val5-ANG II in the kidney. The alternative explanation is
that long-term ACE inhibition may upregulate AT1 receptor expression and, in Agtr1a−/−
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mice, may increase AT1b receptor expression, which may alter the kinetics of ANG II
uptake in the kidney. This possibility needs to be investigated in further studies.

The roles of AT1a vs. AT1b receptors in mediating uptake of systemically infused [125]Val5-
ANG II in adrenal glands have not been investigated previously. Whether AT1 receptors
mediate the uptake of circulating ANG II in adrenal glands is not well understood.
Radioreceptor binding and RT-PCR analyses have shown that the adrenal cortex of rodents
expresses AT1a and AT1b receptors to a similar extent, whereas the kidney expresses
predominantly AT1a receptors (9,17,19,31). Study of [125]Val5-ANG II uptake in adrenal
glands of wild-type and Agtr1a−/− mice would provide novel insights into the relative
contribution of these two receptors. Van Kats et al. (25–27) demonstrated that pig adrenal
glands took up considerable amounts of circulating [125I]ANG II and that the effects were
blocked by ARB. By contrast, Zou et al. (37) showed that rat adrenal glands did not take up
ANG II in uninephrectomized rats chronically infused with ANG II. In a recent study by
Ortiz et al. (23), ANG II levels were increased in adrenal glands of ANG II-infused rats.
Thus there are inconsistent results with respect to intra-adrenal ANG II levels during ANG
II infusion. We believe that our present results on the adrenal uptake of [125I]Val5-ANG II in
Agtr1a−/− mice via quantitative in vivo autoradiography may help resolve this
inconsistency. In the present study, we demonstrated that adrenal glands took up more than
four times as much plasma [125I]Val5-ANG II in wild-type as in Agtr1a−/− mice (Table 2,
Fig. 7), suggesting a predominant role of AT1a receptors in mediating ANG II uptake in
mouse adrenal glands. By contrast, we found that 20% of ANG II uptake was likely
mediated by AT1b receptors or other non-receptor-mediated mechanisms in adrenal glands
of Agtr1a−/− mice. Long-term ACE inhibition with captopril increased [125I]Val5-ANG II
uptake in wild-type and Agtr1a−/− mice. Increased ANG II uptake in adrenal glands of
Agtr1a−/− mice indicates that long-term ACE inhibition may increase AT1b receptor
expression, which in turn augments ANG II uptake. Indeed, losartan effectively blocked the
uptake of [125I]Val5-ANG II in adrenal glands of Agtr1a−/− mice, thus supporting a limited
role of AT1b receptors in mediating this uptake.

Although the present study was not designed to directly address whether AT1a receptor-
mediated intracellular uptake of ANG II plays a role in renal and adrenal physiology, our
overall results on blood pressure, urinary water excretion, UNaV, UKV, and plasma
aldosterone levels may be physiologically relevant. In the present study, the decreases in the
intracellular uptake of ANG II in the kidney and adrenal glands of Agtr1a−/− mice were
associated with a lower SBP, higher urine excretion and UNaV, and lower plasma
aldosterone levels and UKV (Table 1, Fig. 8). These responses may be interpreted by two
different cellular mechanisms. First, total deletion of AT1a receptors would lead to loss of all
known responses to extracellular ANG II that are attributable to cell surface AT1 receptors
(6,7,14,17). This mechanism likely plays a predominant role in Agtr1a−/− mice (7,14).
However, intracellular uptake of ANG II was decreased in kidney and adrenal glands of
Agtr1a−/− mice by 70–80% (Table 2). These marked differences in intracellular ANG II
levels between wild-type and Agtr1a−/− mice suggest that intracellular ANG II may also
play a role in the physiological regulation of blood pressure, aldosterone release, urinary
excretion of water, UNaV, and UKV. Indeed, we and others previously showed that
administration of ANG II directly into single proximal tubule cells, vascular smooth muscle
cells, or cardiomyocytes induced intracellular calcium signaling via activation of AT1
receptors (10,12,35). Similarly, expression of intracellular ANG II-fusion proteins was
found to stimulate cell growth and proliferation in hepatocytes or Chinese hamster ovary
cells (1,8). Whether intracellular ANG II plays a physiological role in adrenal glands is not
known. However, the present study showed that basal intracellular ANG II and plasma
aldosterone levels were decreased in parallel by ~70–80% in Agtr1a−/− mice (Fig. 8). This
finding in part helps explain the higher UNaV and lower UKV under basal conditions in
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Agtr1a−/− mice, because ANG II is the major stimulus for aldosterone synthesis and
release, and the primary action of aldosterone is to conserve sodium and excrete potassium.
The fact that losartan did not have further effect on plasma aldosterone levels in Agtr1a−/−
mice suggests that AT1b receptors may not play an important role in mediating aldosterone
synthesis or release in mice.

In summary, the present study used quantitative in vivo autoradiography for the first time to
determine the relative roles of AT1a and AT1b receptors in mediating the uptake of
circulating [125I]Val5-ANG II in the kidneys and adrenal glands of wild-type and Agtr1a−/−
mice. The uniqueness of our approach was that the extent and localization of AT1 receptor-
mediated uptake of circulating [125I]Val5-ANG II could be quantified and visualized by in
vivo autoradiography. Furthermore, the combination of Agtr1a−/− mice and/or losartan
permitted us to evaluate the relative contribution of AT1a vs. AT1b receptors in mediating
[125I]Val5-ANG II uptake in the kidney and adrenal glands. Our results provide direct
evidence that AT1a receptors play a dominant role in the regulation of this biological/
physiological process (70–80%) and that, in the absence of the AT1a receptor, AT1b
receptors and/or other non-receptor-mediated mechanisms may play a limited role in
mediating renal and adrenal uptake of circulating ANG II (20–30%). Thus AT1a receptor-
mediated uptake of circulating ANG II may contribute to high ANG II levels in the kidney
and adrenal glands of rodents under physiological conditions, and this response may be
influenced by endogenous ANG II. The decreases in AT1a receptor-mediated uptake of
extracellular ANG II in the kidney and adrenal glands may therefore play some role in
increases in urinary water excretion and UNaV and decreases in aldosterone release and
UKV and hypotension in Agtr1a−/− mice.
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Fig. 1.
Basal plasma and intracellular ANG II levels in kidneys of adult male wild-type and type 1
angiotensin receptor-deficient (Agtr1a−/−) mice (n = 6–9 each group). Intracellular ANG II
levels in the kidney were determined after kidneys were perfused with an acidic buffer to
clear blood and cell surface receptor-bound ANG II. KW, kidney weight. **P < 0.01 vs.
wild-type.
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Fig. 2.
A and B: visualization of intracellular uptake of [125I]Val5-ANG II in kidneys of wild-type
and Agtr1a−/− mice (n = 6–9 each group) by quantitative in vivo autoradiography.
Intracellular [125I]Val5-ANG II in the kidney was determined after kidneys were perfused
with an acidic buffer to clear blood and cell surface receptor-bound ANG II. Levels of
[125I]Val5-ANG II uptake are keyed to the color calibration bar, with red representing the
highest (H) and blue the background (L) level of uptake. C: quantitated intracellular
[125I]Val5-ANG II. **P < 0.01 vs. wild-type.
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Fig. 3.
Effects of long-term (2 wk) angiotensin-converting enzyme (ACE) inhibition with captopril
(25 mg · kg−1·day−1 po) on endogenous plasma and renal intracellular ANG II levels in
wild-type and Agtr1a−/− mice (n = 6–9 each group). Intracellular ANG II in kidneys was
determined as described in Fig. 1 legend. **P < 0.01 vs. control in the same strain of mice.
++P < 0.01 vs. corresponding wild-type control or captopril-treated mice.
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Fig. 4.
Circulating and urinary concentrations of [125I]Val5-ANG II in wild-type and Agtr1a−/−
mice (n = 6–9 each group). **P < 0.01 vs. control in the same strain of mice. ++P < 0.01 vs.
corresponding wild-type control or captopril-treated mice.
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Fig. 5.
Visualization of intracellular uptake of [125I]Val5-ANG II in kidneys of wild-type and
Agtr1a−/− mice (n = 6–9 each group) treated chronically (2 wk) with captopril (25
mg·kg−1·day−1 po) or losartan (10 mg·kg−1·day−1 po) by quantitative in vivo
autoradiography. Intracellular [125I]Val5-ANG II in the kidney was determined after kidneys
were perfused with an acidic buffer to clear blood and cell surface receptor-bound ANG II.
Levels of [125I]-Val5-Ang II uptake are keyed to color calibration bar, as described in Fig. 2
legend.
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Fig. 6.
Effects of long-term ACE inhibition with captopril and AT1 receptor blockade with losartan
on intracellular uptake of [125I]Val5-ANG II in kidneys of wild-type and Agtr1a−/− mice (n
= 6–9 each group). *P < 0.05; **P < 0.01 vs. control mice in the same strain. ##P < 0.01 vs.
wild-type or Agtr1a−/− mice treated with captopril. ++P < 0.01 vs. wild-type mice treated
with captopril.
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Fig. 7.
Visualization of intracellular uptake of [125I]Val5-ANG II in adrenal glands of wild-type and
Agtr1a−/− mice treated chronically (2 wk) with captopril (25 mg · kg−1·day−1 po) or
losartan (10 mg · kg−1·day−1 po) by quantitative in vivo autoradiography. Intracellular
[125I]Val5-ANG II uptake in adrenal glands was determined after the mice were perfused
with an acidic buffer to clear blood and cell surface receptor-bound ANG II. A:
representative adrenal gland from a wild-type control mouse. B: representative adrenal gland
from a wild-type mouse treated with captopril. C: representative adrenal gland from a wild-
type mouse treated with losartan. D: representative adrenal gland from a control Agtr1a−/−
mouse. E: representative adrenal gland from an Agtr1a−/− mouse treated with captopril as
in wild-type mouse. F: representative adrenal gland from an Agtr1a−/− mouse treated with
losartan as in wild-type mouse. Scale bar, 1 mm. G: results from direct counting of [125I]-
Val5-ANG II radioactivity from each group of 6–9 wild-type or Agtr1a−/− mice. Levels of
adrenal [125I]Val5-ANG II uptake are keyed to the color calibration bar, as described in Fig.
2 legend. **P < 0.01 vs. respective wild-type or Agtr1a−/− control. ++P < 0.01 vs.
respective wild-type captopril- or losartan-treated mice.
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Fig. 8.
Basal plasma aldosterone levels and their responses to ANG II stimulation and/or AT1
receptor antagonist losartan (Los) in wild-type and Agtr1a−/− mice (n = 6–9 each group).
*P < 0.05 vs. wild-type control. ##P < 0.01 vs. wild-type treated with ANG II. ++P < 0.01
vs. wild-type control or wild-type treated with ANG II.
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Table 2

Effect of captopril on tissue-to-plasma [125I]Val5-ANG II concentration ratios

Wild-Type Agtr1a−/−

Tissue Control Captopril Control Captopril

Kidney 0.88±0.10 1.14±0.04* 0.20±0.02† 0.42±0.03*†

Adrenal 0.012±0.001 0.016±0.001* 0.002±0.001† 0.004±0.001*†

Urine 3.40±0.85 1.10±0.26* 3.38±0.73 0.70±0.13*†

Values are means ± SE of 6–9 mice for each group. Captopril-treated mice received captopril (25 mg · kg−1·day−1 po) for 2 wk.

*
P < 0.01 vs. respective control.

†
P < 0.01 vs. respective wild-type control or captopril-treated mice.
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