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Abstract

The sites of action of angiotensin II along the nephron are not
well defined and both proximal and distal effects are suggested.
Using a microassay that permits measurement of hormone bind-
ing in discrete tubule segments, we determined the binding sites
of '25I-angiotensin II along the nephron of Sprague-Dawley rats.
Specific binding in proximal convoluted tubule (PCT) (at 250C,
pH 7.4) was linearly related to tubule length and saturable, with
an apparent maximal binding capacity of -300 amol cm-'.
Binding specificity was verified in competition experiments that
revealed significant (P < 0.001) and comparable competition for
radioligand binding by angiotensin II and angiotensin precursor,
metabolite, and analogues, whereas unrelated peptides of similar
size (bradykinin, ACITH 11-101) were without effect. The profile
of specific angiotensin II binding along the nephron was: PCT,
216±13; pars recta, 86±14; medullary thick ascending limb of
Henle's loop, 46±8; cortical thick ascending limb of Henle's
loop, 77±8; distal convoluted tubule, 49±10; cortical collecting
tubule, 15±1; medullary collecting tubule, 32±7 amol cm-'.
These results indicate the presence of specific angiotensin II
binding sites in all tubule segments studied, but binding capacity
was highest in the proximal convoluted tubule, in agreement
with transport studies that localize the effects of the hormone
in this segment.

Introduction

Angiotensin II (All)' influences both renal hemodynamics (1)
and tubular transport processes (2), but its effects on the latter
are incompletely defined. Although clearance studies provided
circumstantial evidence for a tubular effect of All at both prox-
imal and distal nephron sites, the nature of this interaction re-
mains controversial. In micropuncture studies in the rat (3, 4)
the findings were again variable, ranging from inhibition (3) to
stimulation of transport (4), and including a dose-dependent
bimodal effect (5) that probably explains the divergent findings.
The early negative findings in isolated perfused rabbit proximal
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1. Abbreviations used in this paper: All, angiotensin II; PCT, proximal
convoluted tubule(s); PR, pars recta.

tubules (6) have been ascribed to degradation of All by serum
angiotensinases present in the bathing medium, since recent
studies utilizing artificial bath solutions described an electro-
neutral stimulation of fluid transport (7).

Although these reports suggest a dose-dependent bimodal
effect of angiotensin II at multiple sites along the nephron, they
do not define the exact tubular sites of action of the hormone.
Binding sites for All have been identified in the glomerular tuft
(8), renomedullary interstitial cells in tissue culture (9), renal
tubular cell fragments (10-13), and bovine kidney proximal tu-
bule cell culture (14). However, these studies were performed
utilizing heterogenous preparations and thus do not identify the
target nephron segment(s) affected by the hormone. The present
study was undertaken to determine the binding sites of All along
the rat nephron using a microassay that permits measurement
of hormone binding in discrete nephron segments.

Methods

Tubule microdissection. Kidneys were obtained from 68 Sprague-Dawley
rats weighing 180-200 g and fed regular laboratory chow ad lib. until
study. Procedures for tissue preparation and tubule microdissection have
been previously described (15) and will be presented briefly. Under pen-
tobarbital anesthesia the left kidney was perfused with a cold collagenase-
containing solution (NaCl, 137 mM; KCI, 5 mM; MgSO4, 0.8 mM;
Na2HPO4, 0.33 mM; KH2PO4, 0.44 mM; MgCl2, I mM;CaCI2, I mM;
Tris-HCl, 10 mM; collagenase, type I (Sigma Chemical Co., St. Louis,
MO), 400 U/ml; and bovine serum albumin, 0.05%; pH 7.4). Thin
pyramids were cut along the corticopapillary axis and incubated for 7
min in the same medium at 35°C, after which they were rinsed with
cold microdissection solution (NaCl, 100 mM;MgCl2, 4 mM;Tris-HCI,
50 mM; dithiothreitol, 2 mM; bovine serum albumin, 0.5%; pH 7.4).
Segments from different parts of the nephron were dissected freehand
under stereomicroscopic observation, transferred to a sunken bacterio-
logic slide, and photographed to determine their length.

25I-Angiotensin II binding assay. Experiments were done using
proximal convoluted tubules to determine optimal temperature, hormone
concentration, and incubation time for the binding assay. The compo-
sition of the incubation solution used was identical to that used in mi-
crodissection above, except for the addition of radioligand and unlabeled
hormone. The angiotensinase inhibitor dithiothreitol was added to both
the microdissection and the incubation solutions to minimize All deg-
radation.

Several tubules from the same nephron segment (average total length,
3-5 mm) were pooled in each sample and placed on small pieces of
aluminum foil in wells of an aluminum plaque. The microdissection
solution was then aspirated and replaced by 2 ul of cold incubation
medium using an automatic Hamilton dispenser. Incubation was started
by immersing the plaques in a water bath at 25°C, and was carried out
for 30 min without agitation. Incubation was stopped by cooling on ice.
The incubation medium was aspirated and the tubules were washed four
times with 2 gl of a cold stop solution containing 50 mMMgCl2, 300
mMNaCI, and 50 mMTris, pH 7.4. After the final rinsing, the solution
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was completely removed, the pieces of aluminum foil containing thl
tubules were transferred to counting vials, and the radioactivity was
counted in a gammacounter (Beckman Biogamma, Bria, CA).

To allow assessment of the binding of All to other cell components
including luminal membranes, osmotic shock was performed in separate
experiments before the binding assay as follows: After transfer of the
tubules to the aluminum wells, the microdissection solution was aspirated
and replaced with 2 IAl of distilled water. At the end of 5 min the hypotonic
solution was removed, the incubation solution was added, and experi-
ments were carried out as described above.

To determine the specificity of All binding, PCTwere incubated in
the presence of 1,000-fold excess unlabeled All, All analogues (Sar'-
Ala8-angiotensin II, Sar1-Thr8-angiotensin II), angiotensin I, angiotensin
III, and unrelated peptide hormones of similar molecular weight (bra-
dykinin, ACTH [1-10] fragment). Angiotensin converting enzyme in-
hibitor was added to the incubation medium (final concentration, I mM)
when displacement by angiotensin I was performed.

Calculations. 125I-angiotensin II binding was determined in each an-
imal in quadruplicate, each sample consisting of 3-5 mmof tubule, and
all tubules of a particular segment from a single animal represent a single
data point in the figures. In addition, blanks (incubated without tubules)
were used for each assay condition. Adherence of the labeled hormone
to aluminum foil was negligible. Binding is expressed as attomoles 12511
angiotensin II bound per centimeter of tubule using the following formula:
bound 1251-angiotensin II = (X - X0) (L. SRA)-, where X is the mea-
sured radioactivity (counts/20 min) of the sample; X0 is the mean counts
of the blanks; L is the length of the tubule in cm; and SRAis the specific
radioactivity of '25I-angiotensin II in counts per 20 min per attomole.
Specific binding was calculated from the difference between the total
binding (measured in the presence of '25I-AII alone) and the nonspecific
binding (measured in the presence of 1,000-fold excess unlabeled All).
Counts per minute of total binding ranged between seven times the
background counts in proximal convoluted tubules (PCT) and two to
three times the background counts in cortical collecting tubules (CCT).
Examples of actual counts per 20 min for total and nonspecific binding,
respectively, were 5,900 and 3,100 in PCT, and 2,050 and 1,600 in CCT;
background counts averaged 820/20 min.

To verify the appropriateness of normalizing binding per unit length
of tubule, we examined in preliminary experiments the relationship be-
tween the two variables. PCTsegments of variable total length (2.2-1 1.0
mm)were used. Binding was found to be highly correlated with tubule
length (r = 0.93, P < 0.001), and therefore was expressed in all subsequent
experiments in amol * cm-'.

Materials. (Tyrosyl-'251)-(5-L-isoleucine)-AII (specific activity, 1,880
uCi/,ug) was purchased from New England Nuclear, Boston, MA. All,
Des-Asp-'-angiotensin I, Val4-angiotensin III, Sar'-Ala8-angiotensin II,
Sar'-Thr8-angiotensin II, angiotensin converting enzyme inhibitor (Glu-
Trp-Pro-Arg-Pro-Gln-Ile-Pro-Pro), bradykinin, and ACTH[ 1-10] frag-
ment were purchased from Sigma Chemical Company.

Statistical methods. Statistical analysis was done using the paired
Student's t test. Values are expressed as mean±SEM.

Results

The temporal profile of binding in PCTat different temperatures
is depicted in Fig. 1. At 4°C binding was minimal throughout
the period of observation. This finding allowed us to consider
that rapid cooling of the tubules on ice can be equated with
termination of the incubation period. At 25°C, total and specific
binding increased rapidly, reached a peak at 30 min, and showed
a slow decline thereafter. At 37°C, total binding also peaked at
30 min. In contrast to the findings at 25°C, however, nonspecific
binding continued to increase with time. Specific binding de-
creased significantly after 15 min, a finding consistent with a
limited stability of the angiotensin receptor or of the receptor-
ligand complex at this temperature.
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Figure 1. Time course of '251-angiotensin II binding in PCTat differ-
ent temperatures. Specific binding was highest at 250C. *, total; A,
nonspecific; o, specific.

The effects of increasing concentrations of labeled All on
binding in PCTare shown in Fig. 2. A progressive increment in
total, specific, and nonspecific binding was observed with in-
creases in free ligand until a concentration of 8-9 nM was
reached. Beyond this level, no further increase in specific binding
was observed, while total and nonspecific binding increased more
slowly and in tandem. The apparent maximal binding capacity
of the PCTestimated from this plot was - 300 amol -cm-'.

The profile of specific 125I-angiotensin II binding along the
rat nephron is shown in Fig. 3. For these studies, a radioligand
concentration of 5-6 nM was chosen because it was sufficient
to allow reproducible measurements in all nephron segments.
Specific binding was highest in the PCT, followed by the pars
recta (PR) and the cortical and medullary portions of the thick
ascending limb of Henle's loop. Very high specific binding
was also identified in dissected glomeruli (302±13 amol -
glomerulus-'). Nonspecific binding was also highest in the PCT
(69 amol - cm-') followed by PR(30 amol - cm-'), and it ranged
between 6 and 19 amol- cm-' in the more distal segments of
the nephron. Disruption of proximal tubule cell integrity by
short exposure to a hypotonic medium significantly increased
total binding (radioligand concentration, 3.5 nM) from 90±10
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Figure 2. Binding of "'25-angiotensin II in PCT at varying ligand con-
centrations determined in 10 animals. The apparent maximal binding
capacity is ~-300 amol . cm-'. e, total; a, specific; A, nonspecific.
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Figure 3. Profile of '25I-angiotensin II binding in seven nephron seg-
ments. Significant specific binding (P < 0.001 vs. zero) was identified
in all nephron segments studied. Number of animals is given in bars.

to 301±32 amol - cm-' (P < 0.001), specific binding from 74±9
to 278±25 amol - cm-' (P < 0.001), with a more modest incr.e-
ment in nonspecific binding from 24±1 to 47±3 amol - cm-' (P
< 0.001).

Competition experiments were done to determine the spec-
ificity of the All binding measured in PCT (Fig. 4). At a radi-
oligand concentration of 3.5 nM, and competitor concentration
of 3.5 uM, significant competition (P < 0.001) was displayed by
all analogues, precursor, and metabolite of angiotensin II studied.
While their affinity for the AII binding site was generally com-
parable, that of Sar'-Thr8-AII was slightly higher than that of
Sarl-Ala8-AII (P < 0.025), and angiotensin III was better than
angiotensin I (P < 0.01) in this respect. Unrelated peptides of
similar molecular weight (bradykinin, ACTH[1-10] fragment)
caused no significant competition with the radioligand for its
binding sites.

Discussion

This study documents for the first time the profile of All binding
sites along the rat nephron. Specific binding was identified in
most segments but was highest in the proximal tubule. Binding
in PCTwas dependent on tubule length and ligand concentration
and was saturable, with an apparent maximal binding capacity
of -300 amol - cm-'. Specific binding was unstable at physio-
logic temperatuc '^ (370C), while nonspecific binding progressively
increased with time. Furthermore, beyond 15 min of incubation,
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Figure 4. Competition of peptides with '25I-AII for binding sites in the
PCT. Significant competition (P < 0.001) was displayed by angioten-
sin II precursor, metabolite, and synthetic analogues, but not by either
bradykinin or ACTH [ 1-10] fragment. Number of animals is given in
bars.

nonspecific binding tended to be higher at 370C compared with
250C. Similar temperature-related changes in binding charac-
teristics were reported by Kitamura et al. (16), who studied an-
giotensin II binding to rat glomeruli.

Our results indicate that All binding was highest in the prox-
imal convoluted tubule. A high degree of binding to this segment
is consistent with the findings of studies using cortical membrane
preparations (10-13), and cultures of proximal tubule cells ( 14).
Medullary receptors for angiotensin II have not been well char-
acterized before. On the basis of autoradiographic studies, Geh-
lert et al. (17) and Mendelsohn et al. (18) have suggested the
presence of binding sites in the medulla of rat and dog kidney.
However, no specific tubular segment localization was attempted.
The present study is the first to identify and quantitate All bind-
ing in specific medullary tubule segments. Binding in the thick
ascending limb of Henle's loop was higher in the cortical than
in the medullary portion, and was intermediate between that
measured in proximal and collecting tubules.

The profile of AII binding sites defined in this report is also
consistent with the known sites of direct tubular actions of the
hormone. Several studies have shown an effect of All on fluid
transport in the PCT (2, 7). The peptide also increases phos-
pholipid turnover in microdissected PCTs as evidenced by en-
hanced 32P labeling of phosphatidylcholine and phosphatidyl-
inositol (19). Evidence for distal effects of All is less direct (2),
but identification of specific binding sites in distal segments in
this paper suggests that the alterations reported in clearance
studies may, at least in part, reflect direct tubular effects (2).

When intact tubule segments are used, binding is presumed
to occur predominantly to basolateral membranes of tubular
cells, which are directly exposed to the ligand. Studies using
renal membrane preparations have, however, described both lu-
minal and basolateral membrane binding of All (10-13). To
explore luminal binding sites in isolated tubules, the cells were
permeabilized and disrupted by incubation in a hypotonic me-
dium. This procedure led to a significant increase in specific All
binding, with a more modest increment in nonspecific binding.
This increase in specific binding after cell disruption may reflect
exposure of additional binding sites likely located at the luminal
membrane, as the radioligand gains access to these sites as well.
Luminal binding of angiotensin II may be a prelude to its deg-
radation by brush border enzymes in the PCT, a major site of
metabolism of the filtered peptide (20), whereas binding to ba-
solateral membrane receptors probably precedes its biologic effect
on the renal cell. Results of segmental distribution described
above indicating preferential binding to the PCTand the diluting
segment support this view: the best known effects of All on the
renal tubule take place in these same regions of the nephron (2).

In summary, in this study we have determined the profile
of All binding sites along the rat nephron. Binding was highest
in the PCT, a segment known to be a target site for the effects
of the hormone on transport and metabolism, but was also iden-
tified in segments previously unsuspected of being sites of action
of this peptide. The role of angiotensin II in the function of the
latter requires further study.
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