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Abstract

To identify an appropriate model of human renin-angiotensin system (RAS) involvement
in fetal origins of adult disease, we quantitated renal Angll receptors in fetal (GD 90,
n=14), neonatal (3-wk, n=5), and adult (6-mo, n=8) microswine by autoradiography ('*°I-
Sar'lle®Angll + cold CGP 42112 for AT1R, '?°I-CGP 42112 for AT2R) and by whole-
kidney radioligand binding. Renal AT1R exhibited 10-fold increase postnatally (p<.001)
with maximal postnatal density in glomeruli and lower-density AT1R in extra-glomerular
cortex and outer medulla. Cortical levels of AT2R by autoradiography fell with age from
=~ 5000 fmol/g in fetal kidneys to = 60% and 20% of fetal levels in neonatal and adult
cortex respectively (p<.0001). Swine renal AT2R binding mimicked that described in
primate - but not rodent - species: dense AT2R confined to discrete cortical structures
which included pre- and juxta- (but not intra-) glomerular vasculature. Results provide a
quantitative assessment of Angll receptors in developing pig kidney and document
concordance of pig and primate in developmental regulation of renal AT1 and AT2

receptors.

KEY WORDS: renal development, Angll receptors, AT1R, AT2R, pig kidney,

quantitative autoradiography, image analysis, radioligand binding



Introduction

The renin-angiotensin system (RAS) plays an important role in development of renal
vascular and tubular structures’2. Although ureteral bud induction during early
nephrogenesis occurs in in vitro organ culture despite angiotensin (Angll) AT1 receptor
(AT1R) blockade?, the in vivo role of Angll in determining nephron number remains
controversial. Emerging evidence also implicates the Angll AT2 receptor (AT2R) in
renal development®, both in morphogenesis of the urogenital system* and in fetal

vasculogenesis and vascular differentiation®.

Renal AT1 and AT2 receptors also play critical roles in postnatal renal hemodynamics
and renal tubular function in both physiologic and pathologic states. Thus, AT1R
stimulation promotes vasoconstriction and Na retention in the normal kidney and
activates cellular growth and fibrosis in inflammatory disease states’. New evidence
supports an active role of the AT2R in attenuation of renal AT1R responses®, via AT2R
activation of nitric oxide- and bradykinin-mediated vasodilation”®, pressure natriuresis'®,
growth inhibition/apoptosis'’, and anti-fibrotic actions'?. These actions underscore the
importance of a balance between AT1R and AT2R activities in determining net in vivo
renovascular response to Angll and thus vulnerability to hypertension when AT1R

actions are unopposed”®.

Much of our information about AT1 and AT2 receptors derives from rodent models. Yet

studies suggest potentially important differences between human and rodent in the



distribution of intrarenal AT2R">. Autoradiographic study of renal Angll receptors in
rodents demonstrated absence of vascular AT2R'*"°, whereas similar human and
simian studies reveal the consistent presence of AT2R in preglomerular arterioles'> %8,
To identify a non-primate animal model optimal for study of human RAS involvement in
intrauterine growth retardation and the associated adult hypertension, we have
examined Angll receptors in microswine, a species with cardiovascular, renal, and
immune systems uniquely similar to the human'®?°. We have quantitatively assessed
renal AT1R and AT2R in normal fetal, neonatal, and adult microswine by
autoradiography and membrane radioligand binding. Results indicate striking
developmental differences in renal AT1R and AT2R density and/or distribution,
document the histologic structures responsible for AT1/AT2 receptor binding, and

emphasize the similar prominence of AT2R in postnatal preglomerular vasculature of

porcine and human kidneys.

METHODS

Animal/Tissue Preparation: Time-bred normal microswine were obtained from Charles
River Laboratories and maintained in the OHSU Animal Care Facility until study
according to institutionally approved protocols (#A439). For fetal studies, sows at 90
days gestation underwent sterile Caesarian section, sequential fetal removal, and then
euthanasia with 85 mg/kg Beuthanasia-D (Schering) IV. Each piglet was immediately
sacrificed and the kidneys removed, length and weight recorded, and the tissue
immediately immersed in ice-cold Phosphate Buffered Saline (PBS). 3-wk and 6-mo
pigs under isofluorane anesthesia underwent a midline thoraco-abdominal incision for

kidney removal. Coronal slices from the mid-right kidney were kept in ice-cold PBS for



3-4 hrs prior to processing for frozen sections. From each left kidney, tissue was placed
in ice-cold PBS for membrane binding or snap-frozen in liquid nitrogen for RNA
extraction. Additional renal tissue sections were quickly distributed to zinc-formalin
(10%), Carnoy’s solution, or fresh 4% paraformaldehyde for histology. Neonatal and
adult (but not fetal) animals included in this report represent partial commonality with
control pigs used in studies of intrauterine growth retardation (3-wk pigs: |D#s 2745,

2746, 2748, 2749, 2750; 6-mo adult pigs: ID#s 1285, 1286, 1153, 1155).

Film Autoradiography for Angll Receptors: Autoradiography for both AT1R and
AT2R was performed within 24 hrs of tissue harvest based on preliminary observations
that AT1R — but not AT2R — binding declines in storage (SBagby, unpublished, and
reported studies ?'). Tissue blocks were snap-frozen in OCT® using a pentane-dry ice
slurry; on the day of harvest, sequential 20 um frozen sections were cut, placed on
gelatin-coated slides, and kept at -80° C until study. On the following day, sections were
thawed and pre-incubated for 30 min at room temperature in isotonic buffer [150 mM
NaCl, 50 mM Tris, 50 uM Plummer’s inhibitor (carboxypeptidase inhibitor), 20 uM
bestatin (aminopeptidase inhibitor), 5 mM EDTA, 1.5 mM 1,10-phenanthroline, and
0.1% heat-treated protease-free BSA, pH 7.4]. Consecutive sections were incubated
for 25 min in one of 4 isotonic-buffer solutions: 0.4 nM '®|-Sar'lle® Angiotensin Il (*SIAll)
for total Angll receptor binding; 0.4 nM *SIAll plus 10° M Sar'Angll (nonselective
analog) for nonspecific binding; 0.4 nM *SIAll plus 10° M Valsartan (Val, an AT1-
selective antagonist) to demonstrate AT2R; and ; 0.4 nM *SIAll plus 10° M CGP 42112

(an AT2R selective compound) to demonstrate AT1R. To independently confirm AT2R



binding, we exposed a second set of 4 consecutive sections to: 0.4 nM '°l-CGP 42112
(*CGP) for total binding; *CGP+ Sar'Angll for nonspecific binding; *CGP+Val to confirm
absence of AT1R binding, and *CGP+PD123319 (a chemically distinct AT2R selective
compound) to confirm AT2R specificity of CGP 42112 in microswine. (Radioligands
were purchased from Peptide Radioiodination Service Center, Washington State
University, Pullman WA.) Sections were rinsed, dried, placed on Kodak Biomax MR1
xray film, and maintained at -80° C for 24 hrs. A standard slide with calibrated

125 (Microscales, Amersham-Pharmacia

concentrations ranging from 1 to 600 nCi/mg
Biotech, Piscataway, NJ) was included in each cassette. Film was developed using an

automated Kodak film processor.

Image Analysis: Images were captured using an AlS image analysis system (Imaging
Research Inc, Ontario Canada) via analog camera. Average density of Angll receptors
was determined by reference to the '®°| standards for each film. Because AT1R binding
in fetal kidneys was low and diffusely distributed, average density was assessed across
the whole-kidney area. In postnatal kidneys, using a threshold setting, AT1R binding
was analyzed for size, for number/area, and for fractional area of cortex occupied by the
distinctly denser glomerular profiles (identity confirmed, see below). AT1R density was
assessed both within glomeruli and separately in the extraglomerular tissue. Fetal AT2R
density was individually assessed in pelvic wall (“pelvis”), papilla, outer medulla, main
cortex (excluding outer rim), and in subcapsular cortex. In postnatal cortical areas,
where the AT2R occupied only a portion of the cross-sectional area, a threshold setting

was used to assess the average AT2R density, size, and number/unit area of AT2R-rich



“‘Hotspots” and to also estimate the fraction (%) of the cortical cross-sectional area
occupied by AT2R. Specific AT2R binding in intervening cortical tissue was
undetectable in both neonatal and adult kidneys. Results for AT2R using *SIAll+Val
were qualitatively similar but of lower resolution than those using *CGP 42112. Thus,
formal analysis was restricted to *SIAII+CGP 42112 for quantitating AT1R and *CGP
42112 for AT2R, each with subtraction of the relevant non-specific binding density.
Image analysis data for each receptor subtype were analyzed by ANOVA, either one-
way with age as the experimental factor or, if data permitted, 2-way with age and region
of kidney as factors. Sex-related differences were evaluable only in fetal kidney.

To identify histologic sites of ATR binding, adjacent frozen sections were processed for
autoradiography or immunostained by an avidin-biotin protocol previously detailed # for
Factor-VIII related antigen (Dako Corp, 1:4000 dilution). Slide images were digitized,

identically sized, and electronically overlaid.

Angll Receptor Binding in Fresh Kidney Membranes: Freshly harvested tissue from
14 fetal and 8 adults animals was processed according to standard methods, including
homogenization, preparation of a crude membrane fraction via 100,000 x g
ultracentrifigation, protein assay (Biorad), and incubation of 20-100 ug protein/well at
37°C with appropriate radioligands in 150 ul assay volume. Each binding assay
included: *SIAIll and *CGP saturation curves (each in triplicate) and *SIAll displacement
curves using CGP 42112 (displacement), Valsartan (AT1R displacement), or Angll|
(AT1R and AT2R displacement), each done in duplicate with a nonspecific-binding well.

Average specific binding was calculated in Excel (Microsoft Inc, Redmond WA) as fmol



radioligand/mg lysate protein); curves were analyzed in PRISM (GraphPad Software,
San Diego, CA) and statistical analysis carried out using SigmaStat (Jandel Scientific
Software, San Rafael, CA) via ANOVA for effects of age (fetal vs adult) or sex (fetal
data only) on: 1) maximum binding (Bmax) for *SIAll (AT1R + AT2R), for *CGP (AT2R),
and for AT1R by difference; 2) Kd for each radioligand; 3) % AT1R using valsartan
displacement curves; % AT2R using CGP 42112 displacement curves; and log ICs, for

each displacing Angll analog by standard PRISM formulas.

Results
AT2 RECEPTORS

FETAL KIDNEY. By autoradiography, AT2R were overwhelmingly predominant in fetal

kidney (FIGs 1, 2), maximally dense in primordial papillary regions (p<.025 vs other
areas) and extending in spoke-like cords to a distinct outer nephrogenic region. Despite
trends toward higher AT2R density in several regions of female kidneys (FIG 2), there
were no significant sex differences in autoradiographic AT2R density. By radioligand
binding (Table 1, FIG 3), fetal kidney again exhibited high levels of total Angll receptors
(combined average 352 + 276 fmol/mg protein, n=14) which were 96 + 3% AT2R by
competition binding and by comparing *SIAngll Bmax (total ATR) vs *CGP Bmax (AT2R
only) (Table 1). As in autoradiographic AT2R binding, there were no significant sex
differences in receptor number (Bmax) or subtype distribution. However, Kd for both
*SIAIl and *CGP 42112 were significantly higher in females than in males (Table 1),
indicating a lower AT2R affinity in the fetal female kidney. (Because of the

predominance of AT2R, *SIAll binding affinity in this context also reflects primarily that



of the AT2R). Because differing Kd values could bias results of autoradiographic
receptor density, we reexamined the effect of sex on AT2R density after adjustment for
the sex-dependent Kd differences. However, even after this adjustment, AT2R density

values did not differ significantly between fetal males and females.

NEONATAL KIDNEY. By comparison with fetal kidney, 3-wk neonatal kidney (FIG 4)

exhibited a lower density of cortical AT2R by autoradiography (FIG 5 vs FIG 2) (p=.002
vs fetal,) and a substantially altered distribution pattern (FIG 4 vs FIG1). Thus, AT2R
binding in neonatal cortex was confined to discrete AT2R-rich clusters (AT2R
“Hotspots”) with no detectable specific binding in the intervening cortical tissue (FIG 5).
Average ATZ2R density within neonatal Hotspots in both subcapsular and main cortex
significantly exceeded the density of the linear outer medullary and the low diffuse
papillary AT2R (FIG 5: regional difference p<.001). Intense pelvic-wall AT2R binding
was similar to cortical Hotspot levels. AT2R Hotspots in the subcapsular cortex
occupied a higher fractional area (p<.025) and were more numerous per unit area
(p<.01) than those of the main cortex (FIG 6). AT2R Hotspot size did not differ between
the two cortical regions. The AT2R-dense structures were often linear and sometimes
branching. Based on overlays of autoradiographic and adjacent histologic images
immunostained for Factor VllI-related antigen (FIG 7, lefthand panels), AT2R Hotspots
included some (but not all) vessels (specifically small intra-cortical arterioles and
microvessels of the outer medulla), juxta- (but not intra-) glomerular structures, and
large neural trunks accompanying penetrating pelvic vessels. [Note: Attempted

radioligand binding using both *SIAll and *CGP in neonatal whole-kidney homogenates
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yielded barely detectable binding in only 2 of 8 neonatal kidneys tested (data not

shown)].

ADULT KIDNEY. In adult kidney cortex, AT2R similarly exhibited a “starry-sky”

distribution pattern: discrete clusters of intense AT2R binding with no detectable binding
in the intervening tissue (FIGs 8, 9). Unlike neonates, there was no distinct subcapsular
region in *CGP autoradiographs of adult kidneys. Average AT2R density of adult cortical
Hotspots (FIG 9) was = 15% that of fetal cortex and = 25% that of neonatal Hotspots
(Table 2; age effect: p<.0001). As in neonates, selected adult autoradiographs
demonstrated AT2R binding in larger renal vessels ( eg FIG 8). As compared to
neonatal Hot Spots, adult AT2R Hotspots were larger in size (p=.05) but fewer per unit
area (p<.01), thus occupying a comparable fractional area of cortex (Table 2).

Using overlays of autoradiographic vs histologic images from adult kidney sections as
described for neonates, AT2R-positive structures were again found to include small
intra-cortical arterioles and juxta-glomerular sites, while the main glomerular tufts were
consistently negative for AT2R binding (not shown). Although not present with enough
consistency in autoradiographic sections for statistical analysis, adult pelvic wall
typically exhibited intense AT2R binding. In contrast, unlike neonatal kidney, there was

no detectable AT2R in adult medulla (FIG 8).

By radioligand binding in adult kidney membranes, total Ang Il receptors were low,
detectable in only 4 of 8 kidneys studied and averaging = 1% of fetal total ATR levels.

*SIAIl Bmax in the 4 adult kidneys averaged 5 + 3 fmol/mg protein, of which 0-30%
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were AT2R. Representative binding curves are shown in FIG 10. However, AT2R as
assessed by *CGP saturation binding were undetectable in all 8 adult kidneys. Of
potential importance, the insensitivity of *CGP — despite its high affinity for AT2R — may
be due to the unusually high nonspecific binding in renal membranes, this despite the
remarkably low nonspecific binding in renal autoradiographs. Separating cortex vs
medulla in binding assays did not improve the sensitivity of radioligand binding in adult
pig kidneys (data not shown). Thus, as in neonates, radioligand binding in whole-kidney
adult porcine membranes were insufficiently sensitive to consistently quantitate Angll

receptor status.

AT1 RECEPTORS

FETAL KIDNEY. By autoradiography, AT1R binding in fetal kidney was very low but

consistently detectable, distributed diffusely throughout the cortex while absent in
primordial papilla (FIG 1, lower right panel). AT1R density in fetal kidney was =1/40™
that of fetal AT2R (FIG 2: note separate Y axis scale for AT1R vs AT2R). There were no
AT1R-dense structures in fetal cortex comparable to the glomerular profiles present in
postnatal kidneys. Although AT1Rs were difficult to directly detect by competition
binding due to the large excess of AT2R, comparison of *SIAll (total) vs *CGP (AT2R
only) binding in kidney membranes yielded an estimate of 4 + 3% AT1R, which were
also detectable by *SIAll saturation binding carried out in the presence of AT2R

blockade with 1 uM *CGP42112 (Table 1; FIG 3D).
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NEONATAL KIDNEY. The pattern of AT1R distribution in 3-Wk neonatal cortex tissue

(FIG 4, lower right panel) was one of AT1R-dense glomerular profiles, seen as uniformly
round “dots”, superimposed on diffuse, less-dense AT1R binding in the intervening
cortical tissue. AT1R density of neonatal glomerular profiles was 10-fold higher than that
of fetal cortex, was comparable in the glomerular profiles of subcapsular and main
cortex regions, and was significantly higher than that in the extraglomerular cortex or
medullary tissue (FIG 5). However, neonatal subcapsular vs main cortex areas
exhibited significant differences in binding patterns: AT1R-dense glomerular profiles
occupied a >10-fold larger fraction of the subcapsular area than of the main cortex area
(p<.001; FIG 6). Also, average size of the glomerular profiles by image analysis was =
4-fold increased in the subcapsular vs main cortex. However, this apparently increased
size of neonatal subcapsular > main-cortex glomeruli was not supported by histologic
assessment (FIG 7, right-hand panel). Instead, normal-sized, Factor VllI-antigen-
positive glomeruli in the subcapsular cortex were densely packed along with less
mature glomeruli, which lacked Factor Vlll-antigen immunoreactivity but did exhibit
AT1R binding (FIG 7). This high density of subcapsular glomeruli caused overlapping
outlines of adjacent glomerular profiles during use of the threshold setting for image
analysis, overestimating glomerular size while underestimating #/unit area. Thus, it is
the increased number of glomeruli/unit area and the concomitant increase in fractional
area occupied by glomerular profiles (but not the size of glomeruli) that distinguishes
subcapsular (nephrogenic) from main cortex. (Overlapping of glomerular profiles was

not an issue in the main cortex of neonates nor in adult kidney cortex.)
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In adult kidney, there was, as for AT2Rs, no distinguishable subcapsular cortical region
in AT1R autoradiographs (FIG 8). Concordance of AT1R-rich “hotdots” and glomerular
profiles in adult kidney was confirmed as described for neonatal kidney (not shown).
Average AT1R density of adult glomerular profiles was significantly higher than that of
extraglomerular cortical and outer medullary areas (FIG 9; p<.025) and was comparable
to that of neonatal glomeruli (p NS)(Table 2). The average size (cross-sectional area) of
AT1R-dense adult glomerular profiles were > 3-fold larger than that of the glomerular
profiles in the main cortex of neonates (p=.001). Adult glomerular profiles occupied 10 +
5% of cortical area, as compared to 3 + 2% of the main cortex area in neonates
(p=.03)(Table 2). The number of glomerular profiles per unit area did not differ between

adult cortex and neonatal main-cortex (Table 2).

Discussion
We have examined the distribution and densities of AT1 and AT2 Angiotensin Il
receptor binding in the normal kidneys of developing microswine, a species with renal
anatomy and physiology uniquely similar to that of the human kidney®. Our major
findings include: 1) reciprocal developmental changes in AT1R (increasing) and AT2R
(decreasing) density in microswine kidney from gestation Day 90 (of 115) to post-
pubertal adulthood; 2) identification and quantitation of distinct postnatal regional
distribution patterns for AT1R (maximally dense in glomeruli with diffuse extra-
glomerular cortical and outer medullary binding) vs AT2R (confined to pre- and juxta-
glomerular arterioles, outer medullary microvessels, and some neural elements) in

swine renal tissue; 3) sex differences in AT2R binding affinity in fetal kidney; and 5)
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similarity of porcine and human kidneys in the prominent presence and distribution

pattern of AT2R""""8,

We are unable to identify prior reports of renal Angll receptors in swine. Grone et al
reported that virtually 100% of Angll receptors in human fetal kidney are AT2R®, in
agreement with our findings in fetal pig kidney. ATR binding in the postnatal human
kidney by autoradiography has been described in 4 studies: 3 of 4 reported predominant
AT2Rs in preglomerular arteries in an adventitial location'®'""'823: glomeruli and outer
medullary vascular bundles exhibited dense AT1Rs, tubules showed less dense AT1Rs.
Similarly, in simian kidney, AT2R were dominant in arteries, while glomeruli contained
only AT1R and the JG apparatus exhibited both subtypes'. One report which failed to
find AT2R in human intra-renal vasculature?* was based on limited human material. An

immunochemistry study in human kidneys reported mild-moderate immunoreactive

AT2R protein in blood vessels, together with weak staining in glomeruli?®.

Overall, our autoradiographic findings in fetal and postnatal porcine kidney closely
match these prior reports in primate kidneys. Our finding that AT1-rich “hotdots”
represent glomerular profiles in pig conforms to results in other species using emulsion
autoradiography ">'"'®2* Qverlays of our autoradiographic and histologic images of pig
kidney indicate that postnatal porcine glomeruli exhibit little if any AT2R, while cortical
arterioles and outer medullary microvessels show dense AT2R binding. Our results do
not indicate whether small-arteriole-associated AT2R reflects binding by medial wall,

adventitia, and/or associated micro-neural elements. Comparison of extra-cortical
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neonatal vs adult pig kidneys demonstrates loss or marked reduction of AT2R binding in
medullary microvessels with aging, whereas the pelvic wall retains dense AT2R binding
in adults. Finally, based on the diffuse and homogenous specific AT1R binding in the
extra-glomerular cortical tissue, our results indicate that the diverse tubular and vascular

elements within this compartment contain AT1R at comparable densities.

The primate/porcine pattern of AT2R stands in distinct contrast to reports of
AT1R/AT2R distribution in the rodent kidney. In a paired autoradiographic study of
adult human and rat kidney, Gibson et al ' found AT2Rs in human renal vasculature
but no AT2R in rat kidney. Song et al also found only AT1R in adult rat renal
structures™. Immunochemical studies of rat kidney by Ozono et al'®, using a well-
validated anti-AT2R antibody, demonstrated virtual disappearance of AT2R protein by 4
wks of age, whereas low Na diet induced reappearance of AT2R protein. This was
localized to glomerular and interstitial sites, not to vasculature sites'”. In disagreement
with these reports, Miyata et al found immunoreactive AT2R protein thoughout the rat
kidney except in glomerulus and thick ascending limb®. Finally, Cao et al*” applied
radioiodinated CGP-42112 autoradiography to rat kidney sections and found extensive
AT2R binding, most prominent in the inner cortex. This did not, however, reproduce the
pattern reported in primate and porcine kidney (as described above). Studies of AT2R
mRNA in rat kidney are also discrepant. Norwood et al'® found no AT2R mRNA in 1-mo-

old rat kidney and Kakuchi et al*®

noted disappearance of rat renal AT2R mRNA at
birth. However, Miyata et al reported positive AT2R mRNA in all rat renal compartments

except glomeruli and medullary thick ascending limb®®.
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Because we were unable to reconcile these differences in reported studies of AT2R
binding and mRNA in postnatal rodent kidney, we examined AT1R and AT2R in 3
normal adult rat kidneys by autoradiographic techniques identical to those used in our
adult microswine. Confirming the results of Gibson et al 3, no specific AT2R binding
was detectable in adult rat kidney after 24 hrs exposure (FIG 11). This does not exclude
AT2R in rat kidney; macrovascular AT2R in pig require 3-4 weeks exposure for
detection. However, the differences noted demonstrate a substantially lower AT2R

density in adult rat kidney as compared to adult porcine kidney.

Previous reports of vascular AT2R in primate kidney localize the receptors to the
adventitial layer''”. We have recently examined localization of Angll ATRs in conduit
arteries (including the main renal artery) in normal microswine (SBagby et al,
submitted). We found that AT2Rs localize to a discrete circumferential cell layer along
the medial-adventitial border in what would typically be described as adventitia.
However, using smooth-muscle-specific alpha (o) actin immunochemistry in parallel
with AT2R autoradiography, AT2R-positive cells, while a actin-negative, in fact extend
into the outermost medial layer, occupying what Stenmark et al have described as
“intersitital spaces” lying between longitudinal muscle bundles®**. These medial-
adventitial boundary cells, which formed a continuous layer extending from abdominal
aorta into its branch-artery walls, are optimally positioned to mediate AT2R-dependent
effects of Angll generated locally in vascular interstitium®'*?. Recent studies support an

active role for AT2Rs in both modulating renovascular responses to Angll and
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regulating systemic blood pressure. Thus, in vivo infusion of AT2R-antisense
oligonucleotide into the renal interstitial space in normal rats induced hypertension and
enhanced pressor sensitivity to exogenous Angll°, indicating a tonically active role of
AT2R in the renal vasculature even in the rodent. Accordingly, the abundance of
preglomerular arterial AT2Rs may well determine not only the renal hemodynamic
response to Angll, but also the set point of renal homeostatic regulation of blood

pressure.

Our studies raise questions about potential male-female differences in the AT2R, which
is located on the X chromosome>?. In radioligand binding studies of fetal kidneys,
female membranes exhibited significantly lower affinity (higher Kd) for both *CGP and
*SIAll radioligands. In autoradiographic studies, fetal female kidneys showed higher
average density of AT2R in cortical and outer medullary regions, although this was not
significant, even after adjusting for observed Kd differences. Unfortunately, our small
numbers and serendipitous male/female distribution did not permit formal assessment

of sex differences in either neonatal or adult animals.

In summary, we have demonstrated that developmental regulation of Angll receptors in
microswine follows directional changes similar to those reported for other species:
increasing AT1R and decreasing AT2R densities with aging. Further, AT1R density and
distribution over the course of postnatal development is similar to that reported in both
rodent and primate kidneys. In contrast, AT2Rs in postnatal pig kidney localize

predominantly to cortical pre-glomerular and juxta-glomerular vasculature (and, in
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neonates, to outer medullary vasculature), thus following a primate rather than a rodent
pattern of renal AT2R distribution. Importantly, our results do not differentiate which
vascular-wall components exhibit AT2R binding. Our findings provide new information
on developmental AT1R and AT2R regulation in the pig kidney, support potentially
important species differences in Angll AT2R receptor abundance and distribution, and

validate the swine model for study of the renal RAS in fetal origins of human disease.
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FIGURE LEGENDS

Figure 1. Angll Receptors in Fetal Kidney. Representative autoradiographic images
in Top Row show AT2R by *CGP binding (left-to-right): Total binding
(AT2R+nonspecific); Nonspecific binding [*CGP + cold Sar'Angll (S'All)]; AT2R [*CGP
+ Valsartan (Val), an AT1-selective analog]; and AT1R [*CGP + PD 123319 (PD), an
unrelated AT2-selective compound used to confirm AT2R selectivity of CGP]. In
Bottom Row, *SIAll autoradiographic images reflect (left to right): Total ATR
(AT1R+AT2R+non-specific); Nonspecific binding (*SIAIl + cold S'All); AT2R (*SIAIl +
Val); and AT1R (*SIAIl + PD). Each row represents a matched set of adjacent tissue

sections. “Hot” refers to the relevant radioligand, “cold” to non-radioactive analogs.

Figure 2. Regional Angll Receptor Densities in Male vs Female Fetal Kidneys by
Quantitative Image Analysis. Receptor densities, presented according to sex for
indicated kidney regions, are shown for AT2R (left set of four paired bars) and AT1R
(right paired bars). AT2R. AT2R density was high in all regions; the primordial
medullary region significantly exceeded other regions (p<.001), which did not differ from
each other. AT1R density was uniformly low (=1/40™ of AT2R density) and diffusely
distributed. Note differing Y axis scale for AT1R (right) cf AT2R (left). There were no
significant sex differences despite a trend toward higher AT2R and lower AT1R in

females.

Figure 3. Angll Radioligand Binding in Fetal Kidney Membranes. Representative

binding curves indicate: A. Specific AT2R Saturation Binding using AT2-selective
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radioligand *CGP 42112. B. Specific Total (AT1R + AT2R) Saturation Binding via
nonselective radioligand *SlAll; C. Competition Binding Curves using 0.55 nM *SIAll
displaced by increasing concentrations of Valsartan (AT1-selective), CGP 42112 (AT2-
Selective), or Angll (nonselective). D. AT1R Binding. Direct confirmation of AT1R using
*SIAll saturation binding in the presence of 10°M cold CGP42112. Collectively, results
show overwhelming dominance of AT2R in 90-Day fetal kidney. Results shown are

representative of 14 experiments summarized in Table 1.

Figure 4. Angll Receptors in Neonatal Kidney by Autoradiography. Images are
labeled as described for Figure 1. AT2R (Top Row, 15! and 3™ panels) are prominent in
cortex as discrete AT2R-dense structures (“HotSpots”) with variable shapes; there are
no detectable AT2Rs in the intervening cortical tissue (see also FIG 7). AT2R were also
present in outer medulla, papilla, and pelvic wall. ATTR (Bottom Row, Righthand Panel)
cortical binding shows discrete, intensely-AT1R-positive “hot dots” (glomerular profiles,
see FIG 7) superimposed on less dense, homogenous extra-glomerular and medullary

AT1R binding. AT1R was not visible in pelvic walls.

Figure 5. Regional Angll Receptor Densities in Neonatal Kidney by Quantitative
Image Analysis. Autoradiographic receptor densities for indicated regions of the kidney
are shown for AT2R (Left set of 6 bars) and AT1R (Right set of 6 bars). AT2R-rich
cortical hotspots were of similar density in subcapsular vs main cortex and significantly
greater than in the intervening (“background”) cortical tissue (undetectable) and in the

outer medullary region and papillary areas (p<.001 overall region effect). Pelvic-wall
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AT2R density was high and similar to that of cortical Hotspots. AT1R density in
glomerular profiles was similar in subcapsular vs main cortical regions and was
significantly higher than that in extra-glomerular (background) cortical, medullary, or

papillary regions. AT1R was undetectable in the pelvic wall.

Figure 6. Angll Receptor Distribution Patterns in Neonatal Kidney Cortex by
Image Analysis. Data are shown for AT2R (left-hand side) and AT1R (right-hand
side) and plotted separately for subcapsular cortex (hatched bars) vs main cortex (open
bars) (See also Table 2). AT2Rs in cortex were present only within hotspots. The visual
appearance of more confluent AT2R in the subcapsular vs main cortex region (eg FIG
4, Top left panel) was corroborated by significant increases in AT2R fractional area and
number of hot spots/unit area without a size difference as compared to main cortex.
AT1R distribution pattern (Right side) was notable for a 6-fold higher fractional area
occupied by glomerular profiles in subcapsular (nephrogenic) cortex vs main cortex.
However, the apparent increase in size and fractional area of glomerular profiles is
overestimated, while glomerular density is underestimated: high density of normally-

sized glomerular profiles led to merging of some outlines during image analysis.

Figure 7. Microscopic Angll Binding Sites in Neonatal Kidney. Adjacent kidney
sections were autoradiographically processed for AT2R (middle left panel) or AT1R
(middle right panel) binding or were immunochemically stained for Factor-Vlll-related
antigen [brown staining marks endothelial cells of glomerular tufts (G/) and vasculature]

(Top panels). The most intense (but not all) ATR-positive sites in each autoradiogram
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were captured by setting a density threshold, then overlaid on the matched, identically
sized immunostained image (Lower panels). AT2R binding sites (Left Panels) were
associated with intra-cortical and medullary microvessels (Mv), with juxta-glomerular
(but not intra-glomerular) structures, and with nerves (Nv) accompanying pelvic
arteries/veins. AT1R binding sites (Right panels) were maximally dense within
glomerular tufts. All extraglomerular structures were homogenously positive for AT1R at

a lower density, including tubules and microvessels.

Figure 8. Angll Receptors in Adult Kidney by Autoradiography. Images are
labelled as described for Fig 1. AT2R (Top Row) in cortex were distributed in a
magnified version of the neonatal pattern — discrete hotspots with no detectable specific
binding in intervening tissue. Dense binding in a large preglomerular penetrating artery
is visible at the cortico-medullary junction. However, unlike neonates, there was no
AT2R binding in the outer medulla or papilla of the adult kidney. AT1TR (Bottom Row,
right hand image) again exhibits a pattern of maximally dense glomerular profiles
superimposed on diffuse extraglomerular AT1R binding of lower density, prominently
including the outer medullary stripe. There was no distinguishable subcapsular cortical
region in adult kidneys. When present in autoradiographs, pelvic wall was consistently

AT2R positive (not shown).

Figure 9. Regional Angll Receptor Densities in Adult Kidney by Quantitative
Image Analysis. AT2R density is shown in the left set of bars, AT1R in the right set of

bars. AT2R binding was high in cortical Hotspots and undetectable in intervening
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cortical tissue and medulla. AT1R density of adult glomerular profiles was statistically
similar to neonatal levels and exceeded both the diffuse extraglomerular cortical and the

outer medullary AT1R densities in the adult kidney.

Figure 10. Angll Radioligand Binding Adult Kidney Membranes. A.
Representative *SIAll saturation binding curve indicates total Angll receptors in adult
kidneys. Bmax is 100-fold lower than that of fetal kidneys in Fig 3. *CGP binding was
undetectable in 8 of 8 adult kidneys (data not shown), indicating AT2 receptors are
below assay sensitivity in the whole-kidney preparation. B. Competition Binding
Curves using 0.55 nM *SlAll displaced by analogs Valsartan (AT1-Selective), CGP
42112 (AT2 Selective), or Angll (nonselective) shows virtually 100% AT1R here; AT2R

ranged 0 - 30%.

Figure 11. Angll Receptors in Normal Adult Rat Kidney by Autoradiography.
Because of discrepancy among published reports, we examined three adult rat kidneys
for AT1R (Left Panels) and AT2R (Right Panels) by autoradiographic methods identical
to those applied to microswine kidneys reported here. After 24 hrs exposure, AT2R
binding by *CGP autoradiography was undetectable, whereas AT 1R binding using

*SIAIl + CGP autoradiography was abundant.



Table 1

Ang Il Receptor Binding in Fetal Kidney Membranes*

Male Female p value
Total ATR ( Bmax *SIAll) 272 + 214 459 + 331 NS
Total AT2R ( Bmax *CGP)) 324 +244 379+ 240 NS
% AT2R' 96 + 3 9% + 3 NS
% AT1R 4+3 4+ 3 NS
Kd *SIAll 027+ 0.18 0.77 + 0.51 <.025
Kd *CGP 0.05+ 003 0.13+ 0.09 <.035
Ang Il Log ICso -8.76 + 0.27 -9.03+ 0.74 NS
CGP 42112 Log ICso -9.47 + 0.60 -9.53+ 0.55 NS

(n) (8) (6)

* Receptor number expressed as fmol ligand bound/mg protein; *SIAll - 125).

Sar'lle®Angll; *CGP - '*°I-CGP 42112; Bmax - maximum binding at saturating
radioligand concentration; Kd - dissociation constant (nM); Log 1Cso — log1o
concentration (nM) of competing analog at 50% radioligand displacement; n — no. of
animals studied.

T9%AT1R based on displacement by Valsartan

*9%AT2R based on displacement by CGP 42112



Table 2.
Ang Il Receptors in Neonatal vs Adult Kidney Cortex

by Quantitative Autoradiography*

AT1 Receptors AT2 Receptors
Extra-
Glomerular Glomerular Cortical “Hotspots”t
Profiles Cortex
Neonatal Cortex*
ATR Density* 1549 + 376 856 + 459 2818 + 453
Fxl Area (%) 3+ 2 6+ 2
Size (Pixels) 8+ 4 - 15+ 5
#/kpxI® 4+ 1 4+ 1
(n) (5) (5) (5)

Adult Cortex*
ATR Density 1041 + 646 351+ 243 777 + 280
Fxl Area (%) 10+ 5 8+ 5
Size (Pixels) 30+ 9 33+ 13
#/kpxI® 3+ 1 2+ 0

(n) (5) (5) (5)
p Age Effect

ATR Density NS NS <.0001

Fxl Area* <.04 NS

Size <.001 <.05

#/kpxIS NS <.01

30
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*ATR density expressed in fmol/gm (mean * SD): *°I-CGP 42112A (for
AT2R) or "I-SIAll + cold CGP 42112 (for AT1R). Adult values are compared to

those of the main (not subcapsular) cortex in neonates.

1 AT2R “Hotspots” indicates AT2R-dense structures in postnatal kidney cortex,
largely reflecting microvessels

t

FxlI Area: % of cortical cross-sectional area occupied by AT2R Hotspots
or by AT1R-rich glomerular profiles.

§ #/kpxl : number of receptor-rich structures (glomeruli profiles for AT1R,

“Hotspots” for AT2R) per kilopixel of cortical cross-sectional area
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Ang Il Receptor Binding in Fetal Pig Kidney
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Angll Receptor Binding in Fetal Kidney Membranes
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Cortical AT1/AT2 Distribution Patterns in
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Angll Binding Sites in
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Angll Receptor Binding in Adult Pig Kidney
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Angll Receptor Binding in Adult Kidney
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