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Localization of Binding Sites for
Epidermal Growth Factor (EGF) in
Rat Kidney: Evidence for the Existence
of Low Affinity EGF Binding Sites on
the Brush Border Membrane
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We investigated the renal distribution of '**I-EGF in the filtering
perfused rat kidney using an acid washing technique. Trichloroace-
tic acid-precipitable '*°I-EGF radioactivity was eluted from both the
renal vein and the urinary cannulae, the former regarded as repre-
senting the antiluminal, and the latter the luminal, cell surface bound
125[.radioactivity. The addition of excess unlabeled EGF (20 nM) to
the perfusate completely inhibited the binding of '*’I-EGF to the
antiluminal membrane but did not inhibit that of '*’I-EGF to the
luminal membrane. On the other hand, the order of relative density
of '*I-EGF binding sites in the in vivo kidney determined by auto-
radiography was cortex > inner medulla > outer medulla. After the
i.v. administration of excess unlabeled EGF together with '’[-EGF,
the renal uptake of '*I-EGF was inhibited completely in the inner
medulla, but only by 50% in the cortex and outer medulla, suggest-
ing the presence of nonsaturable luminal uptake of EGF in the cor-
tex and outer medulla. After i.v. administration of '*’I-EGF, a
change in position of silver grains from the luminal cell surface
membrane to the intracellular space was observed in the proximal
convoluted tubules. In conclusion, in addition to the previously
identified uptake mechanism of circulating EGF through high-
affinity binding sites on the antiluminal cell surface membrane, the
reabsorption mechanism of filtered EGF through low-affinity bind-
ing sites on the luminal cell surface membrane was demonstrated. In
vivo autoradiography showed the gradual internalization of EGF
from the luminal cell surface membrane to the intracellular space of
the proximal convoluted tubule.

KEY WORDS: receptor-mediated endocytosis; acid wash; internal-
ization; filtering kidney; epidermal growth factor (EGF); nonsatura-
ble uptake of EGF from the luminal side of the kidney, luminal
uptake of EGF in the proximal convoluted tubules.

INTRODUCTION

The binding of EGF to its receptor on the cell surface
membrane induces various physiological effects (1,2). Hirata
and Orth (3) measured the EGF concentration in various
human fluids and showed that milk and urine contain a high
concentration of EGF. Although EGF eliminated in the urine
was isolated and its primary structure was determined (4),
the origin of urinary EGF has not been clarified. The kidney
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was found to be abundant in EGF mRNA (5). EGF has been
immunolocalized to the luminal cell surface membrane (sep-
arating the luminal fluid from the cell cytoplasm) lining the
thick ascending limb of Henle (TALH) and the distal con-
voluted tubule (DCT) (6). It is likely that the presence of
EGF immunoreactivity in the mouse Kidney is the result of
EGF synthesis rather than filtration of serum EGF (6).
Therefore, it is plausible that the prepro-EGF localized to
the luminal cell surface membranes of the TALH and DCT is
cleaved to release ECG into the urine (6). However, there is
no evidence so far that there are EGF receptors on the lu-
minal cell surface membranes along the nephron. On the
other hand, the application of EGF to the antiluminal side
(the side of the basement membrane, upon which the epithe-
lial layer rests, separating the cytoplasm from the interstitial
fluid) induced physiological effects on isolated nephron seg-
ments (2,7-9).

We have demonstrated that the relative contributions of
the liver and kidney to the early phase distribution clearance
of plasma EGF after its i.v. bolus administration were 70 and
13%, respectively (10). When EGF was infused intrave-
nously at a constant rate, the plasma EGF concentration
reached steady state 90 min after the start of infusion, and
the contributions of the liver and kidney to the total elimi-
nation clearance in the steady state were 70 and 17%, re-
spectively (11-13). The kidney is thus the second most im-
portant organ in the removal of circulating plasma EGF,
compared to the liver. Subsequently, we investigated the
relative contributions of antiluminal and luminal EGF uptake
in the perfused rat kidney (filtering and nonfiltering kidney),
and it was demonstrated that receptor-mediated endocytosis
of EGF through the antiluminal membrane plays an impor-
tant role in the renal uptake of EGF (14,15). The purpose of
the present study is to investigate the binding and uptake of
EGF via the luminal membrane and to identify the binding
sites of EGF on the luminal membrane morphologically.

MATERIALS AND METHODS

Materials

Biosynthetic human epidermal growth factor (EGF), ob-
tained from Escherichia coli via the synthesized coding se-
quence described previously (16), was used in all experi-
ments. Sodium iodide-125 (100 mCi/ml) was purchased from
the Radiochemical Center (Amersham Corp., Arlington
Heights, IL). The EGF was radiolabeled with 12°I-Na by the
chloramine-T method (17). Unreacted '*°I-Na was removed
by a Sephadex G-25 column, and the 2’I-EGF was eluted in
the void volume. The '>’I-EGF had a specific activity of 0.5
to 1.0 mCi/nmol. '*C-Inulin (2.6 pnCi/mg) was purchased
from ICN Radiochemicals (Division of ICN Biomedicals,
Irvine, CA), and its purity as determined by gel filtration
(Sephadex G-25) was more than 98%. Bovine serum albumin
(fraction V) was purchased from Sigma, and all other chem-
icals were obtained from commercial sources and were of
analytical grade.

Isolated Perfused Rat Kidney

The isolated perfused rat kidney technique previously
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described by our laboratory (18) has been slightly modified.
After male Wistar rats weighing 300-380 g were anesthetized
with ether, the renal right artery was cannulated via the mes-
enteric artery without interruption of blood flow. The renal
vein and the ureter were also cannulated. The perfusate
composition is as follows: Krebs-Henslait 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, glucose (1 mg/ml), *C-inulin, and a mixture
of amino acids (I-methionine, 0.5 mM; [-alanine, 2 mM; gly-
cine, 2 mM; [-serine, 2 mM; [-proline, 2 mM; l-isoleucine, 1
mM; [-aspartic acid, 3 mM; [-arginine, 1 mM; [-cystine, 0.5
mM; [-glutamate, 0.5 mM) (19,20). Monoiodotyrosine (1
mM) was included in perfusate containing ‘*’I-EGF to in-
hibit dejodination of degradation products (21). Immediately
after the operation on the right kidney, the kidney was ex-
cised and then perfused in a closed-circuit system. Unless
otherwise noted, kidneys were perfused at 37°C with 100 ml
of perfusate in a recirculatory mode. The pH 7.4 perfusate
was continuously gassed with a mixture of 95% O,-5% CO,.
When kidneys were studied in the filtering mode, the per-
fusate albumin concentration was 5 g/dl, and the effective
perfusion pressure was approximately 100 mmHg.

Determination of Cell Surface Bound EGF by an Acid
Washing Technique

The kidneys were perfused in the filtering mode. After a
10-min stabilization period, the perfusate was switched to a
perfusate containing EGF. After a 20-min recirculatory per-
fusion of '>’I-EGF only or together with 20 nM unlabeled
EGF in the filtering kidney, the perfusate containing '*°I-
EGF was switched to EGF-free perfusate and the filtering
kidney was washed out for 6 min to remove any '>’I-EGF
remaining in the antiluminal extracellular and luminal spaces
and the perfusion medium was then switched to a pH 4.0
acid buffer (NaCl, 58 mM; KCI, 4 mM; CaCl,, 2 mM;
KH,PO,, 1.5 mM; MgSO,, 2.4 mM; NaHCO;, 25 mM;
CH,COOH, 58 mM) and washed for an additional 6 min to
release the '*’I-EGF molecules bound to the basolateral
membrane and brush border membrane. During the washing
process, the outflows from the renal vein and urinary can-
nulae were collected at 1-min intervals and the trichloroace-
tic acid (TCA)-precipitable '*°I radioactivities in the out-
flows were determined. The total released '*°I-EGF radio-
activity detected in the venous outflow has been considered
to be '*°I-EGF that was bound to the antiluminal membrane.
The '*°I radioactivity remaining in the kidney after the acid
washing was treated as the internalized '>’I-EGF. The re-
sults were normalized by the amount of EGF added to the
perfusate.

In Vivo Uptake Study

A tracer amount of '*’I-EGF or '*’I-EGF plus excess
unlabeled EGF (17 nmol) was administered together with
¥C-inulin (1.5 pmol) through the femoral vein to male
Wistar rats anesthesized with ether. At designated times, the
blood was withdrawn through the femoral artery cannula,
and 10 min after the administration of drugs, the kidney was
perfused with 50 ml of 0.9% NacCl solution (10 ml/min/rat)
and excised. The plasma was obtained from blood by cen-
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trifugation and the TCA-precipitable '*°I radioactivity in the
plasma was determined. The kidney, perfused with 0.9%
NaCl solution, was dissected into cortex, outer medulla, and
inner medulla. The sections were assayed for '*’I radioac-
tivity in a gamma counter (Model ARC-300, Aloka Co., Ltd.,
Tokyo) with a counting efficiency of 80%. The sections (0.1
mg) were dissolved in 10 ml aquasol at 37°C overnight. The
radioactivities for '*C in dissolved sections were determined
in a Tri-Carb liquid scintillation spectrometer (Packard
Instruments Model 3255, Downers Grove, IL). The appro-
priate crossover correction was used to separate the radio-
activities, '*C and '*’I. The apparent uptake clearance
(CL,p app) Of "’I-EGF in each renal fraction was calculated
by dividing the '*’I radioactivity in each fraction by the
AUC 4, which is the area under the plasma concentra-
tion-time curve of '>’I-EGF from time 0 to 10 min.

Autoradiographic Study (in Vivo)

A tracer amount of '*’I-EGF (10 n.Ci) alone was admin-
istered through the femoral vein to male Wistar Rats (230-
260 g body wt) anesthesized with ether. At different time
intervals (2 and 10 min), the kidneys were perfused through
the heart with 50 ml of NaCl (0.9%) and subsequently per-
fused with 50 ml of 2% glutaraldehyde in saline solution.
Immediately, the kidney was excised, and the '*’I-radio-
activity was measured in a gamma counter. The separated
kidney was preserved overnight in 2% glutaraldehyde, de-
hydrated 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 dehydrated 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 for the quantitative measurement of density
(22). The densities of enlarged autoradiographic images were
measured in an image analyzer (IBAS, Carl Zeiss, Germany)
that converted the amount of light into grey values. The
tissue radioactivity was estimated using standards for auto-
radiography.

To observe the binding sites of '>I-EGF at the micro-
scopic level, three paraffin sections (4 pm thick) were
mounted on glass slides and dipped into nuclear track emul-
sion (NTB-2, Eastman Kodak) and exposed for 60 days.
After the preparations were developed and fixed, they were
stained with hematoxylin-eosin, and the observed silver
grains were counted with the use of image analyzer. The
variances in grain density among the sections were less
than 5%.

RESULTS

Release of '**I-EGF into the Venous Outflow and Urinary
Cannula by Acid Washing in the Isolated Perfused
Rat Kidney

Twenty minutes after the recirculatory perfusion of 2I-
EGF only (or together with excess unlabeled EGF), the cell
surface bound '**I-EGF was separated from the internalized
121.EGF using an acid washing technique (Fig. 1). These
results are also summarized in Table 1. '%°I radioactivity
levels appearing in the outflows from renal vein and urinary
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Fig. 1. Acid-washing method to determine separately the '’I-EGF
bound to antiluminal and luminal cell surface and the internalized
1251 EGF. Open bars represent the %[ radioactivity elution pattern
in the outflows during the washing procedure. B and A represent the
buffer and acid washing periods, respectively. Dashed lines repre-
sent the time course of cumulative TCA-precipitable '?°I radioactiv-
ity during the acid washing period. (a,b) Outflows from the renal
vein cannula; (c,d) outflows from the urinary cannula; (a,c) the
tracer '>’[-EGF perfusion experiment; (b,d) the tracer '**I-EGF plus
20 nM unlabeled EGF perfusion experiment. The results were nor-
malized by the amount of EGF added to the perfusate. See details
under Materials and Methods.

cannulae approached zero 6 min after changing the perfusate
to normal buffer free of '*’I-EGF, showing that the extra-
cellular space on the antiluminal side and the luminal space
were almost completely washed. When the normal buffer
was changed to acid buffer, the '*°I radioactivity in the out-
flows from renal vein and urinary cannulae again began to
appear. The accumulated '*°I radioactivities in the renal vein
and urinary outflows after acid washing were considered to
represent the amounts of antiluminal and luminal cell surface
bound '*’I-EGF, respectively. In addition, the '*°I radioac-

Table I. Parameters for EGF Handling by Filtering Rat Kidney“

Tracer %1 EGF

Tracer '*’I EGF plus 20 nM EGF

LR (ALM)/L

(ml/kidney)? 2.47 £ 0.10 0.202 * 0.064
LR(LM)/L

(mi/kidney)® 1.01 = 0.34 0.717 = 0.441
LR/L

(ml/kidney)® 8.60 + 2.17 1.76 = 0.22

2 After the recirculatory perfusion of EGF, the amounts of cell sur-
face bound and internalized EGF were determined by the acid
washing technique. Under the experimental conditions, the con-
centration of EGF was kept essentially constant for 20 min.

¢ LR(ALM) and LR(LM) represent the amounts of cell surface
bound EGF on the antiluminal and luminal membranes, respec-
tively. L is the perfusate concentration of EGF. The values of
LR (ALM)/L were reported previously (15).

¢ LR, is the amount of internalized EGF at 20 min.

Kim, Hanano, Kanai, Ohnuma, and Sugiyama

Table II. Time Profile of the Optical Density of *’I-EGF*

X, [optical density/area]

Time

(min) COR OM M
2(n=23) 0.642 + 0.091 0.270 + 0.132 0.305 = 0.120
10(n =2) 0.571 0.164 0.318

@ After the i.v. administration of tracer >’I-EGF (10 nCi/rat), the
kidney was fixed by perfusion with 2% glutaraldehyde solution.
The paraffin sections (20 pm in thickness) prepared from the de-
hydrated kidney were mounted on glass slides and the X-ray films
were apposed tightly to the sections, exposed, and developed for
the quantitative measurement of density. The densities of enlarged
autoradiographic images were measured with an image analyzer
(IBAS, Carl Zeiss, Germany). COR, cortex; OM, outer medulla;
IM, inner medulla. See details in the text.

tivity remaining in the kidney after the acid washing can be
regarded as internalized '*’I-EGF. The antiluminal cell sur-
face bound and internalized '*’I-EGF decreased to V12 and
s, respectively, in the presence of excess unlabeled EGF
(20 nM) in the perfusate, but the luminal cell surface bound
25I-EGF did not (Table I).

Localization of ***I-EGF Binding Sites In Vivo

Two and ten minutes after i.v. administration of '*’I-
EGF (10 pCi/rat), the intrarenal distribution of **°I radioac-
tivity was determined by autoradiography. The distribution
of optical density of '2’I-EGF was cortex > inner medulla ~
outer medulla at 2 min and cortex > inner medulla > outer
medulla at 10 min after the administration (Table II, Fig. 2).
However, these results should be interpreted carefully since

Fig. 2. Intrarenal distribution of %I radioactivity I0 min after i.v.
administration of '*I-EGF (10 pCi/rat) determined using X-ray film
autoradiography. COR, cortex; OM, outer medulla; IM, inner me-
dulla.
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Fig. 3. The time profiles of plasma concentration after the i.v. ad-
ministration of 2’I-EGF plus *C-inulin (filled circles) or '*I-EGF
plus “C-inulin together with 17 nmol unlabeled EGF (open circles).
(a) "¥I-EGF time profiles; (b) *C-inulin time profiles. See details
under Materials and Methods.

it is possible that the tissue-associated radioactivity may
have come partly from degraded products.

Figure 3 illustrates the time profiles of TCA-precipitable
1251 radioactivity (*>*I-EGF) and '*C-inulin in the plasma af-
ter the i.v. bolus administration of '>’I-EGF plus '*C-inulin
or '2’ILEGF plus '*C-inulin together with excess unlabeled
EGF (17 nmol). The elimination of plasma '*’I-EGF was
remarkably delayed after the coadministration of excess un-
labeled EGF (Fig. 3a), but that of plasma '*C-inulin was not
(Fig. 3b). The intrarenal distribution of '*°I and '“C radioac-
tivities 10 min after the i.v. administration is shown in Table
III. To wash out the '2°I and !“C radioactivities remaining in
the lumen and extracellular space, we perfused the kidney
with 50 ml of saline before excision. The extracellular
marker substance (**C-inulin) was used to assess the non-
specific distribution of '*’I-EGF since '“C-inulin has almost
the same molecular weight (~5000) as '*’I-EGF (MW
~6000). Therefore the “C radioactivity remaining in the kid-
ney after the saline perfusion can. estimate the contribution
of nonspecific '?’I-EGF distribution to the total '*’I-EGF
radioactivity remaining in the kidney. Table III summarizes
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the CL,,, values of '*’I-EGF in each kidney fraction, which
are corrected by the corresponding CL,, ,,, of '“C-inulin.
The CL,,, value of '*’I-EGF of the cortex and outer medulla
decreased to approximately 50% and that of the inner me-
dulla to 5% with the coadministration of 17 nmol unlabeled
EGF as compared with the tracer >*I-EGF experiment (Ta-
ble III).

We also investigated the intrarenal distribution of '*°1
radioactivity morphologically using autoradiography after
i.v. bolus administration of tracer *’I-EGF (Fig. 4). The
silver grains were observed in the proximal convoluted tu-
bules (PCT; S1), proximal tubules (PT; S2 + S3) other than
PCT, glomeruli, and cortical collecting duct (CCD) and were
broadly distributed over the whole outer medulla. Also, the
thin limb of Henle (TLH) and collecting duct (CD) in the
inner medulla were abundant in silver grains. Table IV sum-
marizes the results of grain counting. Concerning the outer
medulla, we did not count grains in different regions because
of difficulty in both identifying the renal tubules morpholog-
ically and counting the low grain density. The grain density
on the luminal cell surface membrane of cortical PCT was
three times larger than that in the intracellular space at 2 min
after the i.v. administration of '*’I-EGF, but the relation
between the luminal membrane and the intracellular space
concerning grain density was reversed at 10 min after '*°I-
EGF administration, which shows the movement of radio-
activity from the luminal cell surface membrane to the intra-
cellular space. On the other hand, the grain density ratio of
antiluminal membrane to the intracellular space of the PT
(82 + S3) was 7 at 2 min and decreased to 2 at 10 min after
the i.v. administration of '>’I-EGF (Table IV), suggesting the
movement of radioactivity from the antiluminal to the intra-
cellular space.

DISCUSSION

EGF receptors have been identified in cultured mesan-
gial cells (7), PT (2), CCD (9), and inner medullary collecting
duct (IMCD) (23). Until the present, these receptors have
been identified only on the antiluminal side of renal tubules

Table III. The Apparent Uptake Clearance of >’I-EGF in the Rat Kidney?®

AUC(O—IO) XI CLuv.app CL“P
(dose min/ml)® (% doselg)? (ml/min/g)¢ (mV/min/gy’
A B Tissue® A B A B A B
2I.EGF  4.04 £ 049 19.7 £23 COR 6.22 +0.86 163 =09 1.58 £ 0.29 0.84 =0.09 1.49 =0.34 0.75 =0.04
oM 384036 942+130 09 =0.10 047 =006 0.79*=0.09 0.42+0.03
M 296 +034 165=+029 058=+0.14 0.08=001 072=x0.12 0.04=0.01
“CInulin 15313 14208 COR 165099 1.17+0.32 0.10=0.05 0.08*0.03
oM 1.00 £ 0.34 0.69 =0.13 0.06 = 0.02 0.05 = 0.01
M 0.61 =£0.27 0.84 =035 004002 0.06=0.02

9 Tracer amount of 'ZI-EGF (3 uCi/rat) only (A) or >’I-EGF plus 17 nmol unlabeled EGF (B) was i.v. injected into the rat together with

14C-inulin.

b AUC 4 ¢, is the area under the plasma concentration-time profile of each compound from time 0 to 10 min. The plasma concentrations

were normalized by dose.
¢ COR, cortex; OM, outer medulla; IM, inner medulla.

4 X, is the dose-normalized accumulated radioactivity of each compound per gram of each kidney fraction.
¢ CLyp,app IS the apparent uptake clearance, which is calculated by dividing the X, value by AUC 4 (.
/ CL,, is the corrected uptake clearance, which is calculated by subtracting the CL.;, o, of 125_EGF with that of **C-inulin in the same rat.
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Fig. 4. Morphologic demonstration of intrarenal distribution of '*°I-
radioactivity determined by autoradiography after the i.v. adminis-
tration of '>’I-EGF (10 nCi/rat). The silver grains were observed to
be high on the luminal side of the PCT (1) and the antiluminal side of
the PT (2) but to be lower in the CT (3) and glomeruli (4). (a) Cortex;
(b and ¢) outer medulla and inner medulla, respectively. In the inner
medulla, the silver grains were observed in the CD (1) and TLH (2).

Kim, Hanano, Kanai, Ohnuma, and Sugiyama

(6) based on binding assays of EGF in those isolated nephron
segments or based on the observation of the physiological
effects induced by EGF. We previously investigated the re-
nal handling of EGF in the nonfiltering perfused rat kidney,
where the EGF receptor is accessible only from the antilu-
minal side (15). We investigated also the distribution of anti-
luminal EGF binding sites along the nephron in the nonfil-
tering kidney by autoradiography (20). We found (i) the pres-
ence of high-affinity binding sites (K4; = 0.1 nM, K4, = 30
nM) and receptor-mediated endocytosis (RME) via the an-
tiluminal membrane after the binding of EGF to those high-
affinity sites (15) and (ii) that the EGF-binding sites were
distributed over the entire kidney, and '2’I-EGF binding was
high in the proximal straight tubule (PST), inner medullary
thin limb of Henle (IMTLH), and IMCD (20).

To detect EGF binding sites on the luminal cell surface
membrane, a recirculatory perfusion of '>’I-EGF was per-
formed in the filtering kidney. The '2°I radioactivity which
appeared in the outflow from the urinary cannular by acid
washing could have been released from '*’I-EGF bound to
the luminal cell surface membrane, mesangial cells, or glo-
merular capillaries. In fact, EGF receptors have been iden-
tified in cultured mesangial cells (4). However, cortical '*°I
radioactivity was observed mainly in the proximal convo-
luted tubule (PCT), not in glomeruli (Table IV). Further, '*°1
radioactivity was high on the luminal cell surface membrane
of PCT after i.v. '>’I-EGF administration, and exposed sil-
ver grains moved from the luminal cell surface to the intra-
cellular space (Table IV). These results suggest that the '*°I
radioactivity eluted from the urinary cannula by acid wash-
ing comes from the bound '2’I-EGF on the luminal cell sur-
face membrane of PCT. These '>’I-EGF binding sites are
thought to be of a low affinity compared to those on the
antiluminal cell surface membrane, since the amount of lu-
minal cell surface bound '>’I-EGF {LR(LM)] was not
changed in the presence of 20 nM unlabeled EGF (Table I).
Therefore, the remarkable reduction of internalized EGF
(LR)) in the presence of excess unlabeled EGF is due to the
saturation of EGF binding to the antiluminal cell surface
membrane receptor. Our previous kinetic analysis using
nonfiltering and filtering isolated perfused rat kidneys pre-
dicted these results (15).

The assumption that the reabsorption of EGF through
the luminal membrane took place mainly in the cortex and
outer medulla was suggested from the tissue sampling study
(Table III) and comparison of '>’I-EGF distribution as de-
termined by autoradiography in the ir vivo and nonfiltering
kidneys. In vivo autoradiography showed the highest '*°I-
EGF binding in the cortex (Table II, Fig. 2). On the other
hand, '*’I-EGF binding was shown to be high in the inner
medullar, followed by the cortex and outer medulla, by pre-
vious autoradiographic studies in the nonfiltering kidney
(20). In the nonfiltering kidney, glomerular filtration is neg-
ligible, resulting in different results between the in vivo and
the nonfiltering kidneys. Thus, a high abundance of the cor-
tex and outer medulla binding sites available to filtered EGF
can account for the observed difference. The present exper-
iment using filtering perfused kidney indicated the binding
of '*’I-EGF to the antiluminal cell surface membrane
[LR(ALM)} was remarkably inhibited by the addition of
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Table IV. Localization of Binding Sites for >’I-EGF*
COR
PT M
Time
(min) SIPCT) (82 + S3) Glo CT TLH CD
2(N =3)
Whole ND ND 0.14 = 0.04 0.15 = 0.09 0.21 = 0.07 0.04 = 0.01
ALM 0.46 = 0.13 0.86 = 0.13 ND ND ND ND
Cell 1.35 + 0.41 0.10 = 0.06 ND ND ND ND
LM 4.21 * 0.66 0.01 = 0.01 ND ND ND ND
10(N = 2)
Whole ND ND 0.19 0.09 0.28 0.11
ALM 0.29 1.40 ND ND ND ND
Cell 2.71 0.82 ND ND ND ND
LM 1.98 0.28 ND ND ND ND

4 Grain number per unit area was determined. After the i.v. injection of 2°1-EGF (10 uCi/rat), the kidney was fixed with 2% glutaraldehyde
in saline. To observe the binding sites of '>’I-EGF histologically, the paraffin sections (4 um thick) were mounted on glass slides. After
the preparations were developed and fixed, they were stained with hematoxylin—eosin. The silver grains were counted with the use of an
image analyzer (IBAS, Carl Zeiss, Germany). COR, cortex; IM, inner medulla; PT, proximal tubule; Glo, glomerulus; CT, collecting
tubule; TLH, thin limb of Henle; CD, collecting duct; SI(PCT), proximal convoluted tubule; S2 + S3, proximal tubule except the S1
segment; ALM, antiluminal membrane; LM, luminal membrane; Cell, intracellular space; ND, not determined.

excess unlabeled EGF (20 nM) to the perfusate, but that to
the luminal cell surface membrane [LR (LLM)] was not inhib-
ited (Table I). Thus, the saturability of EGF binding differs
in each kidney fraction: (i) In the inner medulla, the high-
affinity binding sites of EGF are mainly on the antiluminal
cell surface membrane; and (ii) in addition to the antiluminal
high-affinity sites, the low-affinity sites of EGF on the lumi-
nal cell surface membrane were also abundant in the cortex
and outer medulla. Besides the function as clearance recep-
tor which controls the plasma levels of EGF, the EGF re-
ceptor on the antiluminal membrane of the kidney may play
an important role in the control of renal physiology. An EGF
infusion (1.25 pg/hri.v. for 6 hr) in sheep showed an increase
in urine flow and urinary Na* and K* excretion (24). The
application of EGF (17 pM-17nM) to the antiluminal side of
the cortical collecting tubule isolated from rabbit decreased
sodium reabsorption by 44-59% (25). Therefore, it is likely
that these pharmacologic effects are induced via the EGF
binding by the antiluminal membrane receptor.

We then identified the binding sites histologically (Fig.
4). The exposed silver grains moved from the luminal cell
surface membrane to the intracellular space in the PCT with
time (Table IV), suggesting the internalization of filtered
EGF via luminal cell surface membrane. On the other hand,
in the PT (S2 + S3), the exposed silver grain density ratios
of antiluminal cell surface membrane to the intracellular
space decreased with time (Table 1V), suggesting the inter-
nalization of !>’I-EGF from the antiluminal side, as observed
previously using the nonfiltering perfused rat kidney (20).

EGF binding sites were thus identified on the luminal
cell surface membrane of the PCT. EGF binding to brush
border membranes isolated from rat or rabbit kidneys was
previously observed (26,27). However, the much lower spe-
cific binding compared with that to basolateral membrane
may be accounted for by cross-contamination of the brush

border with basolateral membranes (26,27). Recently,
Nielsen et al. (28) exposed isolated and perfused rabbit prox-
imal tubules to *>’I-EGF either in the perfusate or in the bath
fluid. Although the fractional transtubular transport of '*°I-
EGF from the perfusate (lumen) to the bath (basolateral side)
was small, it was significant and much higher than that of
inulin. This result (28) is consistent with the significant up-
take of '*’I-EGF from the luminal membrane of renal prox-
imal tubules. Further, uptake (internalization) occurred after
125_EGF binding to the luminal membrane of PCT in the
cortex and probably in the outer medulla (Tables III and IV,
Fig. 4). However, it remains unclear whether the low-affinity
binding sites in these regions were bonafide EGF receptors.

Breyer et al. (29) determined the relative density of
EGF receptors using microdissected nephron segments iso-
lated from rabbit kidney. Specific *’I-EGF binding was
highest in proximal straight tubules (PST), followed by PCT,
collecting ducts in cortical, inner medullar and outer medulla
regions, and distal tubules; however, they did not discrimi-
nate whether the EGF binding sites were localized on the
antiluminal membrane or on the luminal membrane.

Figure S represents the intrarenal distribution of EGF
binding sites, on the basis of the present study. The local-
ization of prepro-EGF mRNA (5) is also shown. The EGF
binding sites on the luminal cell surface membrane of the
PCT seem to be inaccessible to endogeneous EGF, which
was synthesized and excreted to the lumen of TALH or
DCT, located in a more distal part of the nephron than the
PCT (5). Considering that the PCT is the earliest site with
which the filtered EGF had contact, the reabsorption mech-
anism of filtered EGF in the PCT may control the delivery of
filtered EGF to the more distal part of nephron. The origin of
urinary EGF is controversial. Because urinary EGF levels
parallel those of urine creatinine in humans, it would appear
that the kidney simply filters EGF in the glomeruli (19,30).
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Fig. 5. Schematic representation of the intrarenal distribution of
EGF binding sites and prepro-EGF mRNA along the nephron. COR,
cortex; OM, outer medulla; OMo, outer stripe of outer medulla;
OMi, inner stripe of outer medullar; IM, inner medulla; PCT(S1),
proximal convoluted tubule; Glo, glomeruli; PT(S2 + S3), proximal
tubule; TLLH, thin limb of Henle; CT, cortical collecting tubule; CD,
inner medullary collecting duct; TALH, thick ascending limb of
Henle; DCT, distal convoluted tubule. ( i ) The distribution of
prepro-EGF mRNA in TALH and DCT, reported previously (5).
( 3[E ) Antiluminal binding sites of >’I-EGF on the CD, CT, TLH,
and PT(S2 + S3). ( { I} ) Luminal binding sites of '>’I-EGF on the
PCT(S1). Numbers show the relative density of >’I-EGF binding
obtained from the kidney 10 min after the i.v. administration of
tracer *’I-EGF (10 pCi/rat). The numbers for PCT, Glo, PT, CT,
TLH, and CD are obtained from Table IV, while the numbers for
COR, OM, and IM are obtained from Table II.

However, several observations in rat and mice indicate that
EGF synthesized in the kidney and/or EGF in the circulating
plasma is secreted to the lumen (31,32). In either case, some
of the urinary EGF comes from filtration through glomeruli,
and the reabsorption mechanism may play a role in the con-
trol of the amount of EGF excreted in the urine.

In conclusion, the reabsorption mechanism of filtered
EGF through low-affinity binding sites on the luminal cell
surface membrane was demonstrated.
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