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Localization of Epidermal Growth
Factor (EGF) Binding Sites on
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Nonfiltering Perfused Rat Kidney
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We previously demonstrated that the specific binding of EGF to the
antiluminal plasma membrane was a prerequisite step for the renal
uptake of EGF. In the present study, the localization of '>’I-EGF
binding sites on the antiluminal plasma membrane was investigated
by tissue sampling and X-ray autoradiography in the nonfiltering
kidney. The binding of '**I-EGF was recognized over the whole
kidney and was highest in the inner medulla followed by the cortex
and outer medulla. The binding of '>’I-EGF in the nonfiltering kid-
ney was completely inhibited in the presence of 20 nM unlabeled
EGF, suggesting specific binding of *’I-EGF to its receptor. Fur-
ther, we used a histologic tissue staining method to confirm the
location of the !'*I-EGF binding sites. Binding of '®I-EGF was
demonstrated on the proximal straight tubules (PST), cortical col-
lecting ducts (CCD), inner medullary collecting ducts (IMCD), and
thin limb of Henle in the inner medulla IMTLH). We found that the
binding of >’I-EGF was high in the IMTLH. In addition, we deter-
mined the grain density both on the cell surface membrane and in the
intracellular space of the proximal straight tubules, where the grain
density on the antiluminal plasma membrane was approximately
50% that in the intracellular space at 20 min after the start of '2°I-
EGF perfusion, suggesting the internalization of '>’I-EGF from the
antiluminal plasma membrane to the intracellular compartment. In
conclusion, the binding sites of *’I-EGF, which were accessible
from the antiluminal side, were broadly distributed over the whole
kidney and were most dense around the IMTLH.
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autoradiography; binding; antiluminal membrane.

INTRODUCTION

We previously demonstrated that kidney as well as liver
plays an important role in the elimination of EGF from the
circulating plasma after its iv administration (1-4). Subse-
quently, the specific binding of EGF to the antiluminal
plasma membrane was suggested to be a prerequisite step for
the renal uptake of EGF (5). The kidney has been shown as
a major site of synthesis of the EGF precursor, prepro-EGF
(6), and a considerable amount of EGF has been found in
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human urine (7). The cortical thick ascending limb and distal
convoluted tubule were shown to be rich in mRNA for pre-
pro-EGF (8,9), and EGF peptides from the above tubules are
thought to be excreted into the urine (10). Various nephron
segments are reported as the target tissues for EGF (11).
Sack and Talor (12) demonstrated specific binding of EGF to
antiluminal membrane vesicles isolated from the cortex of
rabbit kidney but not to luminal membrane vesicles.

Using isolated perfused rat kidney (filtering and nonfil-
tering), we previously estimated the relative contribution of
two uptake routes to the total renal uptake of EGF, one
being the luminal uptake (reabsorption) of EGF after glomer-
ular filtration and the other the receptor-mediated endocy-
tosis (RME) of EGF through the antiluminal plasma mem-
brane. The contribution of RME through the antiluminal
plasma membrane was shown to be more important (5,13).
Based on Scatchard analysis of cell surface bound EGF ob-
tained at various concentrations of EGF in the nonfiltering
kidney, two binding sites with differing affinities (K,, = 0.1
nM, K, = 25 nM) were identified on the kidney antiluminal
plasma membrane (13). No information on the intrarenal dis-
tribution of EGF binding sites on the antiluminal plasma
membrane of the kidney is available so far. EGF binding
sites were found on rat proximal tubule (14), mesangial cells
(15), and cortical collecting ducts (16). But in these studies,
EGF receptors were identified using binding assays or by the
observation of biological effects of EGF on those isolated
nephron segments. There are few studies investigating the
relative density of EGF binding sites along the nephron. In
the present study, we therefore tried to investigate the lo-
calization and relative density of EGF binding sites on the
antiluminal plasma membrane of the nonfiltering kidney em-
ploying autoradiography.

MATERIALS AND METHODS

Materials

Biosynthetic human epidermal growth factor (EGF), ob-
tained from Escherichia coli via a previously described syn-
thesized coding sequence (17), was used in all experiments.
Sodium iodide-125 (100 mCi/ml) was purchased from the Ra-
diochemical Center (Amersham Corp., Arlington Heights,
IL). The EGF was radiolabeled with '2°I-Na by the chlora-
mine-T method (18). Unreacted '*’I-Na was removed with a
Sephadex G-25 column, and the '>’I-EGF was eluted in the
void volume. The '*’I-EGF had a specific activity of 0.5 to
1.0 mCi/mol. Bovine serum albumin (fraction V) was pur-
chased from Sigma, and all other chemicals were obtained
from commercial sources and were of analytical grade.

Nonfiltering Isolated Perfused Rat Kidney

The isolated perfused rat kidney technique previously
described by our laboratory (19) has been slightly modified.
After male Wistar rats weighing 300-380 g were anesthetized
with ether, the renal artery was cannulated via the mesentric
artery without interruption of blood flow. The renal vein was
also cannulated. An 18-gauge needle connected to silicon
tubing (ID, 3 mm; OD, 5 mm) was used for the renal arterial
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,cannula, polyethylene tubing (ID, 2 mm; OD, 3 mm) for the
renal vein cannula. The perfusate composition is as follows:
Krebs-Henseleit buffer (NaCl, 116 mM; KCl, 4 mM; CaCl,,
2 mM; KH,PO,, 1.5 mM; MgSO,, 2.4 mM; NaHCO,, 25
mM) containing fraction V bovine serum albumin (10 g/dl),
glucose (1 mg/ml), and a mixture of amino acids (I-
methionine, 0.5 mM,; l-alanine, 2 mM; glycine, 2 mM;
I-serine, 2 mM; [-proline, 2 mM; l-isoleucine, 1 mM; l-aspar-
tic acid, 3 mM; l-arginine, 1 mM; l-cysteine, 0.5 mM; I-glu-
tamate, 0.5 mM) (20,21). Monoiodotyrosine (1 mM) was in-
cluded in perfusions containing '’I-EGF to inhibit deiodi-
nation of degradation products (22). Immediately after the
operation on the right kidney, it was excised and perfused in
a closed-circuit system. Unless otherwise noted, kidneys
were perfused at 37°C with 100 ml of perfusate. The perfus-
ate was continuously gassed with a mixture of 95% O,-5%
CO,, and its pH adjusted to 7.4. The effective perfusion
pressure was approximately 85 mm Hg, with a perfusate
flow rate of 17-21 ml/min/kidney.

Intrarenal Distribution of EGF Binding Sites in the
Nonfiltering Kidney

Tissue Sampling Method. After a 20-min recirculatory
perfusion of various concentrations of EGF (tracer '2’I-EGF
only or tracer '>’I-EGF plus 0.5 nM or 20 nM unlabeled
EGF) in the nonfiltering kidney, the perfusion medium was
switched to buffer (pH 7.4) free of EGF and perfused for an
additional 5 min to wash out the '*’I-EGF remaining in the
extracellular space. During the recirculatory perfusion of
EGF, the perfusion medium was sampled from the reservoir
at designated times (0, 5, 10, 15, 20 min), and its TCA-
precipitable '>’I-radioactivity was ascertained in a gamma
counter. After the buffer washing procedure, the perfused
kidney was dissected into cortex, outer medulla, and inner
medulla and the wet weight of each section was measured.
Dissection was performed on an ice-cooled petri dish. The
sections were assayed for '*’I-radioactivity in a gamma
counter (Model ARC-300, Aloka Co., Ltd., Tokyo).

Autoradiographic Studies. After a 20-min recirculatory
perfusion of tracer '*’I-EGF, the perfusion medium was
switched to buffer (pH 7.4) free of EGF and perfused for an
additional 5 min to wash out the '>’I-EGF remaining in the
extracellular space, and then the perfusion medium was
again changed to 2% glutaraldehyde saline solution and per-
fused for 5 min with the perfusate flow rate of 5 ml/min/
kidney. The perfused kidney was preserved overnight in 2%
glutaraldehyde saline solution and then dehydrated by
means of a serial treatment of ethanol solutions from 50 to
100% and, finally, preserved in 100% xylene until dissection.
The paraffin sections (20 pm thick) prepared from the dehy-
drated nonfiltering kidney were mounted on glass slides and
dried. The X-ray films (IX-150, Fuji Film, Tokyo) were
tightly apposed to the sections, exposed for 60 days at 4°C,
and developed to allow for the quantitative measurement of
density (23). The densities of enlarged autoradiographic im-
ages were measured with a image analyzer (IBAS, Carl
Zeiss, Germany) that converts the amount of light into gray
values. The tissue radioactivity was estimated by means of
standards for autoradiography.

To observe the binding sites of '>’I-EGF histologically
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at the microscopic level, some paraffin sections (4 pm in
thickness) were mounted on glass slides and dipped into nu-
clear track emulsion (NTB-2, Eastman Kodak) and exposed
for 60 days. After preparations were developed and fixed,
they were stained with hematoxylin—eosin and the silver
grains were counted with the use of the image analyzer.

RESULTS

During the 20-min recirculatory perfusion of a tracer
amount of '*’I-EGF in the nonfiltering kidney (100 ml of
perfusate), the TCA-precipitable radioactivities per milliliter
of the perfusate decreased by less than 3% of the initial
value, representing a minimal clearance of **’I-EGF. In par-
allel, the fraction of TCA-soluble radioactivity increased
only by 2.3% during the perfusion, indicating minimal deg-
radation of '*’I-EGF to small fragments. After '*’I-EGF
tracer perfusion for 20 min, the level of '*°I-radioactivity
determined by the tissue sampling method was highest in the
inner medulla. The *#’I-EGF distribution was similar be-
tween the cortex and the outer medulla (Fig. 1). The binding
of ’I-radioactivity to those sites was almost completely
inhibited by the addition of excess unlabeled EGF (20 nM) in
the perfusate (Fig. 1). When the perfusate concentration of
EGF was 0.5 nM, the binding of >*I-EGF was inhibited by
45-55%, as compared to the tracer '*’I-EGF experiment in
the cortex and outer medulla. On the other hand, the pres-
ence of 0.5 nM unlabeled EGF only slightly inhibited the
binding of '’I-EGF in the inner medulla, which was approx-
imately 75% of that in the tracer '>’I-EGF experiment.

Figure 2 shows the distribution of >’I-EGF binding
sites, as determined by autoradiography 20 min after the
recirculatory perfusion of tracer >’I-EGF in the nonfiltering
kidney, and the results of quantitative analysis of the auto-
radiographs are summarized in Table I. Sites with high and
low optical densities were observed within the cortex (Fig.
2). The gradient of optical density representing the distribu-
tion of '*’I-EGF binding was inner medulla > cortex ~ outer

of Dose/g tissue
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Fig. 1. Intrarenal distribution of !*I-radioactivity in the nonfiltering
kidney. The nonfiltering kidneys were perfused with a tracer amount
of '?*I-EGF or together with unlabeled EGF (0.5 or 20 nM) during a
20-min period. After the recirculatory perfusion, the kidneys were
dissected into cortex, outer medulla, and inner medulla and the
125Lradioactivity in each fraction was determined. The perfusate
concentrations of EGF are as follows: open bar, tracer >’I-EGF;
dotted bar, *?*I-EGF plus 0.5 nM unlabeled EGF; hatched bar, '*I-
EGF plus 20 nM unlabeled EGF.
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Fig. 2. Intrarenal distribution of '**I-radioactivity in the nonfiltering
kidney determined by X-ray film autoradiography. COR, cortex;
OMo, outer stripe of outer medulla; OMi, inner stripe of outer me-
dulla; IM, inner medulla. See details under Materials and Methods.

medulla, which was comparable with the results obtained by
the tissue sampling method (Fig. 1).

The paraffin sections obtained from the same prepara-
tions of X-ray autoradiographic study were also exposed to
the nuclear track emulsion and stained with hematoxylin—
eosin to allow investigation of the intrarenal distribution of
125I.EGF binding sites histologically (Fig. 3). The results of
the grain counting are summarized in Table II. In the prox-
imal straight tubules, the grain density on the antiluminal
plasma membrane was 2.5 times higher than that on the in-
tracellular space (Fig. 3A, Table II). The grain density on the
luminal membrane was below one-fifth of that in the intra-
cellular space. The grains were also distributed around the
cortical collecting ducts (CCD) to the same extent as the
proximal straight tubule (PST) (Fig. 3A, Table II). But the
grain densities around the glomeruli and distal tubules were
very low and, in fact, close to the background level. On the
other hand, the grains were broadly distributed over the
whole outer medulla and were not quantified because of the
difficulty in histologically identifying each nephron segment
in the outer medulla (Fig. 3B). Within the inner medulla, the
silver grains were localized around both the inner medullary
collecting ducts (IMCD) and the thin limb of Henle in the
inner medulla IMTLH). The grain density in the IMTLH
was the highest in the whole kidney.

Kim, Sugiyama, Kanai, Ohnuma, and Hanano

DISCUSSION

Using the isolated perfused rat kidney, we previously
demonstrated that EGF receptors on the antiluminal plasma
membrane have an important role in the renal uptake of EGF
(1,5). Because kidney is composed of several heterogeneous
tubules, which differ in function and morphology, it is nec-
essary to know the distribution and relative densities of EGF
receptors along the nephron. We therefore investigated the
intrarenal localization of EGF-binding sites in the nonfilter-
ing kidney by autoradiography. The nonfiltering kidney is
appropriate for investigating the intrarenal distribution of
EGF binding sites on the antiluminal plasma membrane, in
which EGF can access only receptors on the antiluminal
membrane side.

1251.EGF radioactivity was distributed over the whole
kidney, and was most highly concentrated in the inner me-
dulla (Fig. 1). The fact that the binding of tracer '>’I-EGF
was almost completely inhibited by the addition of 20 nM
unlabeled EGF in the perfusate implies a specific binding of
1251_EGF to its receptor on the antiluminal membrane. When
0.5 nM unlabeled EGF was added to the perfusate, the de-
gree of inhibition in !>’I-EGF binding was less remarkable in
the inner medulla than in the cortex or outer medulla, which
suggests the presence of lower-affinity EGF binding in the
inner medulla. The conclusion that the receptor densities are
highest in the inner medulla, however, should be drawn with
caution, since it is possible that the tissue-associated radio-
activities may have arisen partly from degraded products
which were produced on the antiluminal membrane by pep-
tidergic enzymes and were locally taken up.

The intrarenal distribution of '*’I-EGF binding deter-
mined by autoradiography was also comparable with the re-
sults from the tissue sampling method (Fig. 1, Table I). Sites
with high and low optical densities were observed within the
cortex (Table 1, Fig. 2). We therefore attempted to identify
these '2’I-EGF binding sites morphologically by a tissue
staining method. In the PST, the silver grains on the antilu-
minal membrane were determined separately from those in
the intracellular space (Fig. 3A). Concerning the other sites
except the PST, we counted the silver grains on the whole
cell because of difficulty in distinguishing the intraceliular
space from the plasma membrane (Table II, Fig. 3). In the

Table I. Intrarenal Distribution of '>’I-EGF in the NFK*

Cortex
(% of dose/g tissue)

Outer medulla
(% of doselg tissue)

Whole Whole M

Expt cortex High Low OM OMo OMi (% of dose/g tissue)
1 4.35 5.05 3.96 4.19 3.98 4.61 6.20
2 4.33 4.75 3.98 4.28 4.12 4.59 6.97
Mean 4.34 4.90 3.97 4.24 4.05 4.60 6.59

@ After the recirculatory perfusion of tracer >’I-EGF for 20 min, the nonfiltering kidney was fixed by the perfusion of 2% glutaraldehyde.
Paraffin sections (20 pm thick) were developed and fixed, and then the densities of enlarged autoradiographic images were measured with
an image analyzer (IBAS, Carl Zeiss, Germany). The radioactivity localized to each tissue fraction was normalized by the tissue weight
and the total radioactivity (dose) added to the perfusate. High, the higher distribution area of grain within the cortex; low, the lower
distribution area of grain within the cortex; OM, outer medulla, OMo, outer stripe of outer medulla; OMi, inner stripe of outer medulla;

IM, inner medulla.
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Fig. 3. Morphologic demonstration of '>*I-EGF binding sites in the
nonfiltering kidney. (A) The cortex, where the proximal straight
tubule (1), glomeruli (2), cortical collecting ducts (3), and distal tu-
bule (4) are shown. (B) The outer medulla. (C) The inner medulla,
where the collecting duct (1) and thin limb of Henle (2) are indicated.

PST, the density of grains in the intracellular space was ap-
proximately 50% of that on the antiluminal plasma mem-
brane. These data, obtained at 20 min after the recirculatory
perfusion of '2’I-EGF in the nonfiltering kidney, indicate
that '*’I-EGF internalization occurred from the antiluminal
membrane to the intracellular space.
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Using isolated nephron segments, EGF receptors have
been shown to be exist on the plasma membranes of the
cortical collecting duct (16), proximal tubules (14), mesangial
cells (15), and inner medullary collecting ducts (24). In the
present study, the relatively high levels of EGF binding sites
accessible from the antiluminal side were identified on PST,
IMCD, and IMTLH (Table II). But the levels of silver grains
around the glomeruli were close to background level (Table
II). This result does not necessarily contradict that of a pre-
vious study (15) which illustrated the existence of EGF re-
ceptors on the mesangial cells. Those studies have identified
EGF receptors on various isolated nephron segments based
on binding assays or the observation of the biological effects
of EGF on those nephron segments but did not determine the
relative distribution of EGF receptor density along the neph-
ron. In contrast, the methodology used in the present study
can estimate the relative distribution of EGF receptors in the
kidney. The receptor density around the glomeruli was thus
found to be relatively low.

Most recently, Breyer ef al. (25) demonstrated the dis-
tribution and relative density of EGF receptors along the
nephron using microdissected nephron segments isolated
from rabbit kidney. Based on mapping studies, they showed
that specific >°I-EGF binding was highest in the PST, fol-
lowed by the proximal convoluted tubules (PCT), CCD,
IMCD, outer medullary collecting ducts (OMCD), and distal
tubules (DT). They also observed specific >’I-EGF binding
to glomeruli. However, it is not known whether the EGF
binding sites identified by using those isolated nephron seg-
ments were located on the antiluminal membrane or on the
luminal membrane, while in our system using the nonfilter-
ing kidney, the ligand can have access to the receptors only
from the antiluminal side. Our results thus identified antilu-
minal EGF binding sites in the PST, CCD, IMCD, and DT.
The high level of '*I-EGF binding was identified on the
IMTLH.

What is the physiological role of EGF receptors located
on the antiluminal membrane of the kidney? According to
the studies using isolated nephron segments, EGF induced a
decrease in glomerular filtration (15), the stimulation of
phosphorylation in the rat proximal tubules (14), and the
inhibition of sodium and water transport in the rabbit cortical
collecting duct (16). In addition, our previous studies have
demonstrated that the RME of EGF through the antiluminal

Table II. Histological Localization of Binding Sites of '>’I-EGF*

Cortex IM
PST Glo CCD TLH CD
Whole 0.03 = 0.01 0.32 = 0.07 2.56 = 0.31 1.11 = 0.09
ALM 1.01 = 0.17 ND ND ND ND
Cell 0.40 = 0.10 ND ND ND ND
LM 0.07 = 0.02 ND ND ND ND

4 Grain number per unit area was determined. After the recirculatory perfusion of tracer '2’I-EGF for 20 min, the nonfiltering kidney was
fixed by the perfusion of 2% glutaraldehyde solution. To observe the binding sites of '2’I-EGF histologically, paraffin sections (4 wm in
thickness) were mounted on glass slides and dipped into the nuclear track emulsion and exposed for 60 days. After the preparations were
developed and fixed, they were stained with hematoxylin—eosin and silver grains were counted using an image analyzer. IM, inner
medulla; PST, proximal straight tubule; Glo, glomeruli; CCD, cortical collecting duct; TLH, thin limb of Henle; CD, collecting duct;

ALM, antiluminal membrane; LM, luminal membrane.
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plasma membrane plays an important role in the clearance of
circulating plasma EGF (1,5), though its contribution to the
total-body clearance was smaller than that of the liver.
Therefore, it can be postulated that the EGF receptors lo-
cated on the antiluminal membrane may play a role in the
regulation of plasma endogenous EGF as clearance receptor.
Recently, Maack et al. (26) upheld that the majority of the
renal receptors of atrial natriuretic factor (ANF) serve as
clearance receptors involved in the metabolic clearance and
plasma homeostasis of endogenous ANF. RME of EGF from
the antiluminal to the luminal direction by Madin-Darby ca-
nine kidney cells was also noted (27), again supporting the
possibility that the EGF receptor serves in the clearance of
circulating EGF.

Recent studies identified high levels of mRNA for pre-
pro-EGF and EGF immunoreactivity localized on the lumi-
nal membrane of the cortical thick ascending limb and distal
convoluted tubule (6,28). EGF and prepro-EGF are thought
to be continuously released into the urine and may serve in
urinary tract repair (29). Therefore, EGF receptors located
on the antiluminal plasma membrane identified by the
present study may not be accessible to the luminal endoge-
nous EGF synthesized in the kidney, but only to the endog-
enous EGF released into the circulating plasma after synthe-
sis in organs other than the kidney.
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