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in the Isolated Perfused Rabbit Cortical Collecting Tubule
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Abstract

Epidermal growth factor (EGF) is a 53-amino acid polypetide
which is a potent mitogen for cultured cells. The kidney has
recently been shown to be a major site of synthesis for the EGF
precursor. EGF infusions in sheep result in a diuresis and
natriuresis despite a fall in GFR, suggesting a direct tubular
effect. Using in vitro microperfusion of rabbit cortical collect-
ing tubules (CCTs) at 37°C, we examined the effect of EGF on
the transepithelial voltage (¥,) and arginine vasopressin
(AVP)-stimulated hydraulic conductivity (Lp). Pretreatment
with peritubular EGF at concentrations from 1078 to 10712 M
resulted in a 50% inhibition of both AVP- and 8-chlorophen-
ythio-cyclic AMP-stimulated peak Lp. This effect was re-
versed by the protein kinase C inhibitor, staurosporine, but
unaffected by indomethacin. CCTs with an initially negative
V., depolarized after exposure to bath EGF. 10~®* M EGF
applied from the lumen had no effect on either Lp or V,. Spe-
cific binding of 20 nM '>I-EGF to microdissected CCTs was
also demonstrated. These results suggest that EGF can modu-
late both salt and water transport in the CCT via a receptor
linked to protein kinase C activation.

Introduction

Epidermal growth factor (EGF)! was originally isolated from
extracts of mouse submaxillary gland as the active agent that
induced precocious eyelid opening and early incisor eruption
in newborn mice (1). Since then EGF has been demonstrated
to be a potent mitogen in a wide variety of cultured epithelial
and mesenchymal cells (2). Several intracellular events that
precede or accompany this proliferative response, including
activation of Na*/H* exchange (3) and stimulation of tyrosine
kinase activity (4), have also been described.

Although the cellular actions of EGF have been extensively
studied, relatively little is known about the precise physiologic
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effects of EGF. EGF has been demonstrated to inhibit gastric
acid secretion (5) and to be a potent vasodilator in the dog (6).
These effects seem unrelated to its mitogenic capacity.

More recently, a role for EGF in the kidney has been sug-
gested. EGF has been isolated from a variety of body fluids
and, in fact, human EGF was originally purified from urine
(5). The high levels of EGF in urine relative to blood suggested
that the kidney itself may be the source of urinary EGF (7). In
support of this, Rall and co-workers have recently demon-
strated that the kidney is a majeor site of synthesis for the EGF
precursor, preproEGF (8, 9). PreproEGF mRNA levels in the
thick ascending limb of Henle and distal convoluted tubules of
the kidney are orders of magnitude higher than in other tis-
sues.

The function of the EGF precursor in the distal nephron
remains a matter of speculation. Specific receptors for EGF in
whole-kidney homogenates are well described (10), and more
recently their existence has been demonstrated in numerous
cultured kidney cells (11-13) and in suspensions of collecting
duct cells. Scoggins et al. (14) found that EGF infusion in
sheep caused a brisk naturesis and diuresis despite a fall in
GFR. Taken together these findings suggest the possibility that
EGF might have an effect on vasopressin-stimulated water
reabsorption in the collecting duct. In the present studies, we
examined the effects of EGF on the hydroosmotic response to
vasopressin in the isolated microperfused rabbit cortical col-
lecting tubule (CCT). We observed potent effects of EGF on
both arginine vasopressin (AVP)-stimulated water flow and
transepithelial voltage in the CCT.

Methods

Microperfusion experiments

Single CCTs (1.61+0.05 mm in length) were dissected from kidneys of
female New Zealand White rabbits weighing between 1.5 and 2.0 kg.
After isolation, the CCT was transferred to a thermostatically con-
trolled, flowing bath chamber, cannulated, and perfused with an iso-
tonic solution as previously described (15). An isotonic bath solution
was also used and bath flow was adjusted to 0.5 ml/min using a perfu-
sion pump (Sage Instruments, Inc., Cleveland, OH). The hydrostatic
pressure of the perfusate was adjusted so luminal fluid was collected at
a rate of 15-23 nl/min into a constriction pipétte of known volume
(four pipettes used, ranging from 65 to 107 nl). Transepithelial voltage
(V}) was continuously monitored by electometer (FD-223, World Pre-
cision Instruments, New Haven CT) and strip chart recorder (model
R-02, Soltec Co., Sun Valley, Ca.).

Experimental design

All experiments were performed at 37°C. After an initial equilibration
period of 45 min the isotonic perfusate was exchanged with a hypo-
tonic solution (150 mosmol) containing exhaustively dialyzed tritiated
inulin. The seven following protcols were conducted.
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Control studies with AVP or 8-chlorophenylthio-cyclic AMP
(CcAMP).? 30 min after the perfusate exchange, three collections were
taken for the determination of basal CCT hydraulic conductivity (Lp).
Tubules with negative basal Lp values significantly less than zero
(< —4.0 X 1077 cm/atm per s) were presumed to have an inulin leak
and were discarded. Immediately after basal measurements were
taken, 10 xU/ml AVP or 0.1 mM CcAMP was added to the bath. We
chose to use this dose of AVP since it is above the maximal physiologic
concentration of AVP measured in the rabbit (16). This concentration
might also allow us to see either suppression or stimulation of AVP-
induced Lp (17).

A 10-15-min equilibration period was allowed and then six to eight
collections were taken for the determination of peak Lp response to
AVP or CcAMP. The peak Lp was defined as the mean of the three
greatest contiguous values obtained after exposure to AVP or CCAMP.
Preliminary studies showed this peak generally occurred 30-45 min
after exposure to these agents.

Effect of peritubular EGF on AVP-stimulated Lp in the CCT. 15
min after the perfusate exchange, varying concentrations of EGF were
added to the bath. Another 15-min equilibration period was allowed to
elapse before the three collections for basal Lp were made. After basal
collections, the 10 uU/ml AVP was added to the EGF-containing bath.
The total elapsed time before the tubule was exposed to AVP was thus
identical to that in the control group. A 10-min equilibration period
was allowed and six to eight collections for peak Lp were made.

Effect of peritubular 3+ 10~'° M EGF on CcAMP-stimulated Lp in
the CCT. Since AVP stimulates osmotic water flow via a CAMP-de-
pendent mechanism, we examined the effects of EGF on CcAMP-
stimulated Lp. These studies were intended to distinguish an effect of
EGF on cellular cAMP levels versus processes stimulated by cAMP-
dependent mechanisms. The protocol was designed precisely as the
previous experiment except that, after basal Lp collections, 0.1 mM
CcAMP was added to the EGF-containing bath instead of AVP. Peak
Lp was then determined.

Effect of luminal EGF on AVP-stimulated Lp. Because of evidence,
reviewed in the discussion, that EGF is secreted into the urine, we
examined the effect of luminal EGF on AVP-stimulated Lp. After a
45-min equilibration period, the isotonic perfusate was exchanged for
hypotonic perfusate containing 0.1% albumin (to serve as a carrier)
and 3- 10" M EGF. A 30-min equilibration period was allowed before
basal Lp measurements were made. The tubule was then exposed to 10
uU/ml AVP and peak Lp was determined.

Effect of indomethacin (INDO) pretreatment on the EGF-mediated
inhibition of AVP-stimulated Lp. 5 min after the hypotonic perfusate
exchange was made, 5 uM INDO was added to the bath. This concen-
tration of INDO was chosen since it has previously been shown to
inhibit cyclooxygenase almost completely, have little effect on cAMP
phosphodiesterase (18), and to reverse the inhibitory effects of both
bradykinin (19) and the calcium ionophore A23187 (20) on AVP-stim-
ulated Lp in the isolated perfused CCT. 15 min after the perfusate
exchange, 107'° M EGF was added to the bath. Basal and AVP-stimu-
lated Lp collections were then taken as in previous protocols. In a
separate group of control studies, tubules were pretreated with INDO
and then exposed to AVP without exposure to EGF.

Effect of staurosporine (STSP) pretreatment on the EGF-mediated
inhibition of AVP-stimulated Lp. STSP is a recently described potent
inhibitor of protein kinase C (21). We have also recently demonstrated
that 10~7 M STSP completely reverses the inhibitory effect of a maxi-
mal concentration of phorbol myristate acetate (PMA) on AVP-stimu-
lated Lp in the isolated perfused rabbit CCT (20). 5 min after the
hypotonic perfusate exchange was made, STSP (final concentration
1077 M), in DMSO (final concentration 0.01% vol/vol), was added to

2. Since there is some modest varibility in the mean control AVP-stim-
ulated Lp during the year, it is important to perform controls concur-
rently with each experimental group. This practice was followed
throughout this study.
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the bath. 15 min after the perfusate exchange, 107! M EGF was added
to the bath. Basal and AVP-stimulated Lp collections were then taken
as in previous protocols. In a separate group of control studies, tubules
were pretreated with STSP plus DMSO and then exposed to AVP,
without exposure to EGF. .

Effect of EGF on V,. Although these studies were primarily de-
signed to examine the effect of EGF on the response of the CCT to
AVP, we noted striking changes in the V; after the tubule was exposed
to EGF. Comparison between the change in V; (AV)) for control tu-
bules versus EGF-treated tubules were made at identical time points
for all experiments. AV, was defined as the change in V; between two
time points: 10 min after the perfusate exchange (i.e., 5 min before
EGF was added to the bath in experimental tubules) and at the begin-
ning of the first collection for basal Lp (i.e., 15 min after exposure to
EGF in the experimental tubules). We also compared the peak hyper-
polarization of ¥ in response to AVP with and without EGF. Compar-
ison was made by nonpaired  test.

Solutions

The composition of the bath medium, and isotonic perfusate was (in
millimolar): NaCl 105, NaHCO; 25, Na acetate 10, NaHPO, 2.3, KCl
5, CaCl, 1.8, MgSO, 1.0, glucose 8.3, alanine 5 (300 mosmol/kg H,0).
0.5% ablumin was added to the bath to serve as a carrier for EGF. The
composition of the hypotonic perfusate was identical to that of the
isotonic perfusate except the NaCl concentration was lowered to 30
mM to yield a 150 mosmol/kg H,O solution and tritiated inulin (75
uCi/ml) was added to serve as a volume marker. In experiments where
luminal EGF was added, 0.1% albumin was added to the perfusate to
serve as a carrier. Before use, all solutions were bubbled at 37°C with a
95% 0,/5% CO, gas mixture to achieve equilibrium and a pH of
~ 7.40. .

Calculations

Hydraulic conductivity (Lp, 10”7 cmh/atm per s was calculated accord-
ing to Dubois et al. (22): L, = (1/RTS)-(1/Op)*-[Oy- (Vi — V)
+ O; V;-Ln{(Op — 0)+Vi/(Op* V, — O;-V))}], where R is the gas
constant, T is the temperature of the solutions (°K), S is the luminal
surface area of the tubule estimated from the directly measured tubular
length and an assumed luminal diameter of 20 um. O, and O, represent
the osmolality of the bath and perfusate, respectively. V; and V,, repre-
sent the perfusion rate and the collection rate, respectively. The differ-
ence between V; and V, represents the volume of water absorption. V,
is calculated from the volume of the constriction pipette divided by the
time required to fill it to the constriction. V; can be calculated by the
ratio of counts per min/nl collectate (CPM,) versus that of the perfus-
ate (CPM,) so that V; = [CPM,/CPM}]- V.

Microreceptor '*I-EGF binding assay

Slices of rabbit kidney were microdissected in chilled (4°C) wash buffer
(pH 7.4) containing (in millimolar): 12.0 Na,HPO,, 3.0 NaH,PO,, 90
Na(l, 5 KCl, 2 MgSO,, 1 CaCl,. In addition, bovine serum albumin
(0.5% wt/wt), bacitracin (0.08%), and aprotinin (15 xM) were added to
diminish proteolysis of the receptor and '*’I-EGF as well to diminish
nonspecific binding. 36-45 CCTs per experiment were microdissected
and their length determined by an eyepiece reticle. Tubules were ar-
ranged into six groups, each containing 9-13 mm of CCTs, and each
group was transferred onto a small albumin-coated aluminum foil disc
that was in a well of an aluminum plaque as described by Mujais et al.
(23). Three wells were used to measure total binding and three wells for
nonspecific binding. The microdissection solution was aspirated and
replaced with 2 ul of chilled incubation solution which was identical
except for the addition of the radiolabled and unlabeled EGF. Three
additional wells containing foil but no tubules were also exposed to
125I.EGF and counted as blanks.

In separate studies (24), experiments were performed in microdis-
sected pars rectae to determine the optimal temperature, hormone
concentration, and incubation time for the binding assay. These stud-
ies showed equilibrium binding on ice to occur within 4 h, specific



125I.EGF binding to be saturable (apparent K; = 6.5 nM) and not
competed off by other polypeptides. Based on these results, incubation
of the microdissected CCTs was performed on ice (to prevent receptor
internalization), for 4 h and using 20 nM '**I-EGF with (nonspecifiz
binding) or without (total binding) a 500-fold excess of noniodinated
EGF. By means of a dissecting microscope, the incubation medium
was then aspirated and the 5 ul of wash buffer was added. This wash
procedure was repeated for each well four times. The foil discs were
then counted for 10 min using an Isodyne model 1185 automatic
gamma system (TM Analytic, Inc., Elk Grove Village, IL).

12| EGF binding was calculated in attomoles per centimeter as
equal to: {[counts/well(total or nonspecific)-blk]/10 min/tubule length
in cm} - (attomoles '*’I-EGF/cpm). Attomoles bound '*I-EGF/cpm
were determined using the counting efficiency of the counter (0.48
cpm/dpm), the specific activity of the '*’I-EGF (=~ 170 uCi/ug), and
the molecular weight of EGF. Specific binding was taken as the differ-
ence between total and nonspecific binding.

Statistics

Data are presented as mean+SE. Comparisons between groups were
made by nonpaired Student’s ¢ test and P values < 0.05 were consid-
ered significant.

Reagents

AVP, chlorophenylthio-cyclic AMP, and indomethacin, were pur-
chased from Sigma Chemical Co., St. Louis, MO. Indomethacin was
stored as a 5 mM stock in a 75 mM NaCO; solution. STSP was
obtained from Kyowa Hakko (Tokyo, Japan and New York) and
stored as a | mM stock in pure DMSO at —20°C. Mouse epidermal
growth factor was the generous gift of Dr. Stanley Cohen and stored at
—20°C as a 1 mg/ml stock solution in distilled water. The purification
method for the EGF was devised by Savage and Cohen (25) and is the
one used by commercial sources for EGF. '*’I-EGF and tritium-
labeled inulin was purchased from DuPont NEN Products Co., Bos-

ton, MA.
Results

EGF inhibition of AVP-stimulated Lp. Pretreatment of iso-
lated perfused CCTs with EGF resulted in a dose-dependent
suppression of subsequent AVP (10 pU/ml)-stimulated Lp
(1077 - cm/atm/s) (Figs. 1 and 2). AVP control group (n = 15)
had basal Lp values of 6.8+2.7, which increased to a peak
value 232.4+9.6 after AVP addition. Tubules pretreated with
doses of EGF ranging from 3 X 1072 to 3 X 10~® M demon-
strated no significant difference in basal Lp (11.6+3.2) from
the control group (P > 0.1); however, AVP-stimulated Lp in
EGF-pretreated tubules was significantly lower over this dose
range of EGF (e.g., 3 X 107> M EGF, n = 5, peak Lp
= 142.9+£20.27, P < 0.0005 vs. control). EGF also caused the
AVP-stimulated peak Lp to occur significantly earlier than in
the control group (AVP peak at 54.8+1.78 min after AVP and
EGF/AVP peak 31.4+1.34 min after AVP, P < 0.0005). Nev-
ertheless, at 31 min the Lp response to AVP was higher than in
the EGF/AVP group (AVP 31 min = 178+10.65 vs. EGF/
AVP 31 min = 117+8.88, P < 0.0005). When the dose of EGF
was further decreased to 3 X 107! M, these effects were lost
(n = 4, peak Lp = 221+19.4, P> 0.1 vs. control group).? Thus
the inhibitory effect of EGF pretreatment on AVP-stimulated

3. The steep dose-response relationship seen with EGF and its effgcts
on AVP-stimulated Lp in the CCT is typical of other regulatory pep-
tides. The effect of AVP itself goes from undetectable to maximal
stimulation of Lp over a similar concentration range (i.e., 1072 to
107" M) (49).
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Figure 1. Inhibition of AVP-stimulated Lp in the CCT by EGF is
dose dependent. Data are plotted as the mean+SE Lp for each dose
of EGF. (o) Value obtained in tubules perfused without EGF; (e) Lp
in tubules pretreated with the indicated dose of EGF in the bath. (o)
Lp in tubules pretreated with the indicated dose of EGF in the
lumen. Numbers in parentheses indicate the number of individual
tubules perfused at each dose. *P < 0.0005; NS indicates P > 0.05
vs. control.

peak Lp is dose dependent and effective at picomolar concen-

trations.
Luminal EGF has no effect on AVP-stimulated Lp. Because

of the possibility that EGF is secreted into the urine and is in

100

50

Lp % respective control

Figure 2. Mechanism of peritubular EGF-mediated inhibition of
AVP- or CcCAMP-stimulated peak Lp. Data are plotted as a percent-
age of the mean Lp (£SE) for each experimental group vs. its appro-
priate respective control group Lp. Thus the control group for EGF
+ AVP + STSP was AVP + STSP, whereas the control group for
CcAMP + EGF was CcAMP alone. Where indicated the concentra-
tions of compounds used were: AVP 10 pU/ml, 0.1 mM CcAMP,
EGF 107 M, INDO 5-107¢ M, and STSP 10”7 M. See text of Re-
sults for absolute values of Lp in each group. *P < 0.01, P < 0.005
vs. EGF + AVP, NS indicates P > 0.05 vs. control.
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contact with the tubular cell luminal membrane, we examined
the effects of luminal EGF on AVP-stimulated Lp. Pretreat-
ment with 3 X 107 M luminal EGF had no effect on either
basal or AVP-stimulated peak Lp (—1.18+.98 and
239.8+31.1, respectively, p > 0.1 vs. control) (Fig. 1).

Inhibitory effect of peritubular EGF on CcAMP-stimulated
Lp. Pretreatment of CCTs with peritubular EGF (107° M)
resulted in a 42% reduction in CcAMP-stimulated Lp
(132.2%£17.43,n = 6, vs. 225.8+25.2 in CcCAMP control group,
n=6,P <0.01). The magnitude of this inhibition of CcCAMP-
stimulated Lp was comparable to that observed for the AVP-
stimulated water flow (42% vs. 50% inhibition) (Fig. 2).

INDO fails to reverse the effects of EGF on AVP-stimulated
Lp. Pretreatment of the CCT with 5 uM INDO failed to re-
verse EGF-mediated inhibition of vasopressin-stimulated os-
motic water flow (INDO/EGF/AVP mean Lp = 145.8+20.0, n
= 8 vs. EGF/AVP mean Lp = 127.9+13.6, P > 0.1) (Fig. 2).
Furthermore, INDO/EGF/AVP Lp was significantly less than
AVP alone (Lp = 232+9.58, n = 15, P < 0.0005) or AVP plus
INDO (258.8+27.5, n = 3, P < 0.01). There was no significant
difference between the two control groups AVP alone or the
concurrent control group of AVP plus INDO (P > 0.1).

STSP reverses the effect of EGF on AVP-stimulated Lp.
CCTs were pretreated with the protein kinase C inhibitor,
STSP (107 M), and 0.01% DMSO and were then subsequently
exposed to AVP alone or 107 M EGF then AVP. Lp in CCTs
pretreated with STSP plus 107! M EGF and AVP was signifi-
cantly greater than the Lp in tubules exposed to EGF and AVP
alone (STSP/EGF/AVP mean Lp = 182.9+8.5, n = 5 vs.
EGF/AVP mean Lp = 127.9£13.6, n = 6, P < 0.005, Fig. 2).
Furthermore, there was no significant difference in the mean
Lp of the STSP/EGF/AV? group and STSP/AVP without
EGF (mean Lp = 187+9.7, n = 5, P > 0.375). Thus STSP
completely reversed the effects of EGF on AVP-stimulated Lp
as compared to its concurrent control group.

Effect of EGF on V,. Isolated perfused rabbit CCTs fre-
quently exhibit a spontaneous lumen-negative V;, which cor-
relates with net cation transport (27). Within 5 min of expos-
ing CCTs (used in the previously described water flux studies)
to peritubular EGF, we observed a reproducible depolarization
of the lumen-negative V; (Fig. 3). No deterioration in tubule
morphology was noted. Using the parameter AV, as defined in

-30r
EGF 10-10M

|

-20

+20%

Figure 3. EGF-induced depolarization of the transepithelial voltage
in the CCT. A representative tracing of the V; in the CCT during an
experiment in which 107'9 M EGF was added to the bath (at the
arrow). Within 5 min of addition of EGF the V, began to progres-
sively drop towards zero and then become positive. The voltage re-
mained positive with the continued presence of EGF for over 2 h.
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Methods we compared the change in V; between EGF-treated
and nontreated tubules over comparable time points. AV, in
control tubules was —1.7+0.66 mV in control tubules (n = 23)
and +8.9+1.9 mV in tubules exposed to EGF over the dose
range seen to inhibit AVP-stimulated Lp (i.e., 10~%to 107 M
EGF, n = 24, P < 0.0005). Luminal addition of EGF had no
effect on V;. Thus there is a highly significant and rapid effect
of peritubular EGF on AV, in the CCT.

AVP is known to cause a transient hyperpolarization in the
CCT (26). Control tubules hyperpolarized by —6.8+1.14 mV
in response to AVP. The AVP-induced hyperpolarization peak
was not prevented by EGF (mean voltage hyperpolarization
—4.52+0.94, P = ns vs. controls). Thus the depolarizing effect
of EGF did not prevent or diminish the voltage response
to AVP.

Neither INDO nor STSP prevented the depolarizing effect
of EGF on V, (AV, INDO/EGF = 11.5+3.2, n = 8, AV, STSP/
EGF = 6.4+1.52, n = 5). Interestingly, however STSP, itself,
resulted in a significant depolarization of V; (V; before STSP
= —0.8+2.22 vs. after STSP = +3.0+1.9, n = 5, P < 0.05).
This effect of STSP, however, did not blunt the subsequent
hyperpolarization in response to AVP in the control group
(mean A = —5x1 mV).

Specific binding of '’I-EGF to microdissected rabbit
CCTs. Binding of 20 nM '»’I-EGF to non—collagenase-treated
microdissected rabbit CCTs from 5 separate animals, revealed
198.8+33.3 amol/cm total binding, and 70.4+13.4 nonspe-
cific binding (35%), yielding 128.0+44.8 amol/cm of specific
EGF binding (Fig. 4).

Discussion

The present studies represent the first demonstration of a di-
rect renal tubular action of EGF. These studies are of particu-

200 —

amol/cm

100 —

specific

Figure 4. '"*I-EGF binding to microdissected rabbit CCTs. Incuba-
tions were carried out on ice for 4 h, with 20 nM '*’I-EGF in the
presence (nonspecific binding) or absence (total binding) of a 500-
fold excess of unlabeled EGF. Total binding and nonspecific binding
was carried out in triplicate on each rabbit kidney. The data repre-
sents the mean+SE of binding to CCTs from five different rabbits.
Binding is expressed in attomoles per centimeter tubule length.



lar significance since the kidney appears to be a major site of
synthesis for the EGF precursor prepro-EGF. EGF has been
shown to be mitogenic in a variety of cultured cells including
renal epithelial cells (11, 13, 28). However, the relevance of the
mitogenic effects of EGF on cultured cells to its role in the
intact animal is uncertain. For example insulin, bradykinin,
and AVP are also mitogenic in cultured cells (28, 29) yet in
vivo their primary roles are not as growth factors. The demon-
stration of acute functional effects of EGF on the CCT, freshly
obtained from the in vivo setting, provides important new
information. Since this tissue is not actively proliferating, these
findings raise the possibility that, in a manner analogous to
AVP or insulin, EGF might function not only as a growth
factor, but may play a dual role in the intact animal, modulat-
ing both transport and growth.

The first evidence that EGF might modulate renal tubular
transport was obtained in conscious sheep, where intravascu-
lar infusions of EGF resulted in an acute natriuresis and diure-
sis despite a fall in GFR (14). Infusion of EGF directly into the
renal artery (12.5 ug/h) increased urine flow without an in-
crease in Na* excretion. Intravenous EGF infusion (125 ug/h)
resulted in a 500% increase in urine flow and doubled Na*
excretion, while 'Cr EDTA-estimated GFR and renal plasma
flow ('Zparaaminohippurate clearance) both gradually fell.
These effects of EGF infusion in the unanesthetized animal
suggest that the EGF-induced diuresis (and natriuresis) is due
to a tubular and not a hemodynamic effect of EGF. Our stud-
ies support this inference and suggest the CCT is at least one of
the segments involved in this diuretic response of the intact
animal to EGF. Whether blood EGF concentrations vary in
response to changes in water balance or volume status is un-
known, so a physiologic role for EGF in modulating water flow
in vivo remains to be determined.

In order to further define the role of EGF in the kidney,
one must determine the intrarenal segmental distribution of
EGF receptors, the cellular effects of EGF in the segments
bearing specific EGF receptors, and the physiologic parame-
ters that regulate delivery of EGF to these segments. The
present studies help address the first two points. We have dem-
onstrated specific '>I-EGF binding to microdissected CCTs
and a functional effect of EGF in this segment. Pretreatment of
the CCT with picomolar concentrations of EGF results in
rapid depolarization of the CCT and blunts the subsequent
hydroosmotic response to vasopressin. It is unlikely that these
effects are nonspecific or due to a toxic effect of the EGF
preparation for several reasons. First, this preparation of EGF
is highly pure as determined by amino acid analysis.* In addi-
tion, application of EGF from the lumen, at a concentration
equivalent to the highest concentration of EGF tested in the
bath (25 nM EGF), had no effect on either V; or Lp. If the
effects of EGF were not receptor mediated but mediated by
some nonspecific toxic effect of EGF, one would expect equal
activity from the lumen as from the bath. Together with the
demonstration of specific EGF binding, these results are highly
suggestive that these effects are mediated by a specific EGF
receptor.

The high-potency, dose-dependent effects of EGF on the
CCT are also consistent with a receptor-mediated process. Al-

4. Mouse EGF is devoid of alanine, phenylalanine, and lysine residues
(25). Each preparation is extensively characterized by amino acid anal-
ysis and shown free of these amino acid residues before use.
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though the presence of a specific glycoprotein EGF receptor in
whole kidney has been demonstrated (10), the intrarenal dis-
tribution of this receptor is unknown. EGF receptors have also
been demonstrated in cultured cells derived from the proximal
tubule, inner medullary collecting duct, and papillary collect-
ing duct (11-13). The present studies suggest that specific EGF
receptors also exist in the CCT. Furthermore, to our knowl-
edge, these results represent the first demonstration of func-
tion-linked EGF receptors in a noncultured renal epithelium.

To characterize the mechanism of the EGF-mediated inhi-
bition of AVP-stimulated water transport in the CCT, we ex-
amined its effect on CcCAMP-induced water reabsorption. The
binding of vasopressin to its receptor in the CCT is linked to
stimulation of adenylate cyclase and cCAMP accumulation via
a process modulated by guanine nucleotide binding proteins
(30-33). This cascade can be bypassed by the addition of cell
permeable cAMP analogues, such as CcAMP. This allows one
to distinguish events modulating cAMP accumulation from
events resulting from these high intracellular cAMP levels. In
the CCT 0.1 mM CcAMP results in a comparable increase in
Lp as that seen with 10 uU/ml AVP. The present studies dem-
onstrate that EGF suppressed both AVP- and CcAMP-stimu-
lated Lp to an equal extent. This suggests that its inhibitory
effect is predominantly at a step distal to CAMP generation.
These results do not exclude additional effects of EGF, such as
downregulation of the AVP receptor, alteration of the AVP
receptor affinity for its ligand, or decreased cAMP production
per molecule of AVP bound to the CCT. However, the fact
that EGF blunts the hydroosmotic effect of maximal concen-
trations of the phosphodiesterase resistant CAMP analogue,
CcAMP, precludes examining these possibilities using Lp as a
functional assay. The biochemical events that occur after
CcAMP generation are less well characterized than those in-
volved in its generation but appear to involve alterations in
cytoskeletal elements which results in exocytosis of the puta-
tive water channel into the apical cell membrane (32).

By means of in vitro microperfusion several endogenous
inhibitors of vasopressin action in the CCT have been de-
scribed. These include prostaglandin E,, alpha-2 adrenergic
agents, bradykinin, and atrial natriuretic factor (33-36). None
of these agents inhibits both AVP- and cAMP-stimulated Lp.
They therefore appear to act by interfering with cell cAMP
accumulation. This is in marked contrast to our results with
EGF which also inhibits CcAMP-stimulated Lp. EGF appears
to be the first peptide modulator of AVP-stimulated water
flow, which acts predominantly at a post-cAMP step.

Multiple cellular actions of EGF have been described (2,
37). These can be separated into early effects (seen in minutes,
including tyrosine kinase activity, increased prostaglandin pro-
duction, increased cell calcium influx, inositol phosphate pro-
duction, and stimulation of Na*/H* exchange) and late effects
(may require exposure to EGF for up to 8 h, including in-
creased proto-oncogene transcription, including c¢-fos, and
¢-myc, and stimulation of DNA synthesis and cell prolifera-
tion). Recently, it has been demonstrated that both the imme-
diate and late cellular effects of EGF are dependent upon the
receptor-associated tyrosine kinase activity (37). Cells trans-
fected with EGF receptors, containing a point mutation which
abolishes the receptor tyrosine kinase activity, display normal
EGF binding but no calcium transient, stimulation of c-fos
transcription, or mitogensis—findings which can be demon-
strated in cells transfected with the normal receptor. Thus it

1317



appears that tyrosine kinase activity is required for normal
transduction of the other cellular effects of EGF. These other
cellular effects of EGF are less consistently demonstrable. For
example, while it seems likely that EGF stimulates phosphati-
dyl inositol turnover in the human epidermoid carcinoma cell
line, A-431, similar findings have not been observed in either
Chinese hamster lung or NIH 3T3 fibroblasts (29, 38, 39).

To further characterize the signal transduction pathway
mediating the action of EGF on vasopressin-stimulated os-
motic water flow, we used the cyclooxygenase inhibitor,
INDO, and the protein kinase C inhibitor, STSP. In the both
the isolated perfused stomach preparation and Madin-Darby
canine kidney cells, EGF increases PGE, production (40, 41).
Since PGE, has been shown to decrease V; and inhibit the
hydroosmotic effect of AVP in the CCT (26, 33, 42) it is plau-
sible that prostaglandins might mediate the effects of EGF on
the CCT. Pretreatment with 5 uM INDO failed to reverse the
inhibitory effects of EGF on AVP-stimulated Lp. Since this
concentration of INDO is known to reverse the inhibition of
Lp by either bradykinin or the calcium ionophore A23187 (20,
34), this lack of reversal argues against a role for prostaglandins
or other cyclooxygenase metabolites in mediating these effects
of EGF.

EGF-mediated inhibition of AVP-stimulated Lp bears
some similarities to the effects of exogenous activators of pro-
tein kinase C (PMA or dioctanoylglycerol). Both EGF and
PMA inhibit either AVP-or CcAMP-stimulated Lp, and each
also depolarizes the CCT (20, 43). The effects of both EGF and
PMA are also insensitive to INDO. In contrast, pretreatment
with the protein kinase C inhibitor STSP completely reversed
the inhibitory effects EGF on AVP-stimulated Lp.

In vitro, STSP inhibits protein kinase C with a K of 2.7
nM. At higher concentrations in vitro, STSP also inhibits
cAMP-dependent kinase, cGMP-dependent kinase and myo-
sin light chain kinase but the degree of selectivity for protein
kinase C is 10 times greater that that of H-7 (21, 44). We have
previously reported that STSP completely reverses the inhibi-
tory effect of 1077 M PMA on AVP-stimulated Lp in the CCT
(20). This concentration produces complete inhibition of the
CCT response to both AVP and CcAMP. This is effect of STSP
was specific since it did not reverse the inhibitory action of
A23187 in the same system. In addition, STSP did not affect
the hydroosmotic response of the CCT to concentrations va-
sopressin ranging from 0.5 to 230- 10~'2 M (17). This concen-
tration range encompasses the threshold of the maximal re-
sponse in the in vitro perfused CCT to AVP. Since it is felt that
AVP stimulates water flow in the collecting duct via cAMP-
mediated stimulation of A kinase (32), the normal hydroos-
motic effect of AVP, in the setting of STSP argues against
STSP-mediated inhibition of A kinase. Given the persistence
of an effect of EGF on ¥, (vide infra) in the setting of STSP, an
effect on EGF receptor binding or receptor tyrosine-kinase
activity seems less likely. Thus although we cannot definitively
exclude other possible effects of STSP, given the fact that EGF
has been shown to increase phosphatidylinositol bisphosphate
breakdown in other systems (38), and that STSP reverses the
effect of PMA in the present system as well as in other systems,
we would suggest that the simplest interpretation of the
current results is that EGF stimulates protein kinase C in
the CCT.

It also seems likely that EGF alters ion transport in the
CCT. The spontaneous negative voltage of this segment
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is mainly generated by electrogenic Na* absorption. The Na*
current is shunted by paracellular CI- movement as well as
transcellular electrogenic K* secretion and H* secretion (28,
45). The observed depolarization of the CCT could be ac-
counted for by diminished Na* absorption, increased K* se-
cretion, increased H* secretion, or an increased paracellular
ClI~ shunt. Recently, our results have been confirmed and ex-
tended by Vehaskari et al. (46). These investigators found that
nanomolar EGF in the bath but not the lumen reduced the
lumen-negative V; in the isolated perfused rabbit CCT. These
investigators also demonstrated that EGF inhibits net sodium
absorption in the CCT. It will be important to determine the
effects of EGF on other ion transport rates in this segment as
well.

Interestingly, we found the effects of EGF on AV, were not
prevented by STSP. This is in marked contrast to the effect
STSP on the EGF/AVP interaction with Lp. The failure of
STSP to prevent the effects of EGF on V, suggests that EGF
may affect CCT V, and AVP-stimulated L, by separate signal
transduction mechanisms. Caution must be applied in inter-
preting this data since an independent effect of STSP (leading
to slight depolarization of the CCT) was also noted. Further
studies examining the interaction between STSP and EGF on
ion transport in the CCT must be performed to validate this
observation.

Given the fact that urinary EGF levels are orders of mag-
nitude greater than those in blood, we examined the effect of
luminal EGF on V, and AVP-stimulated Lp in the CCT (7).
We chose a luminal concentration of EGF comparable to that
measured in the urine (i.e., 3-10~® M). In contrast to the
effects of peritubular EGF, luminal EGF had no effect on
either AVP stimulated Lp or V;. Previous studies have sug-
gested that urinary EGF may be derived from the kidney itself.
Using in situ hybridization, Bell et al. (9) charactarized the
thick ascending limb of Henle and distal convoluted tubule as
the major site for preproEGF mRNA synthesis. Salido et al.
(47) localized intrarenal EGF immunoreactivity to the apical
cell membrane of the thick ascending limb of Henle and distal
convoluted tubule (47). Thus it is conceivable that the thick
ascending limb of Henle or distal convoluted tubule could
actively secrete EGF or prepro-EGF into the urine. The lack of
an effect of luminal EGF on V; or Lp in the CCT, argues
against a “downstream” role for secreted EGF. At least in the
CCT, peritubular EGF is much more important in modulating
these two functions.

The factors regulating peritubular EGF levels are un-
known. In humans, circulating blood levels of EGF have been
determined to be ~ 10~!! M. However, Oka et al. (48) found
that most of blood borne EGF is associated with platelets.
Thus platelets might be the source of immunoreactive EGF (or
its antigenic and functional homologue transforming growth
factor-alpha).® Free circulating EGF concentration in platelet
poor human plasma is < 15 pg/ml (2.5 pM/liter), i.e., below
the measurable limits of current assays. It should be noted
however that if EGF is a regulatory hormone, blood concen-
trations would be expected to be on the steep part of our dose
response curve (i.e., below 3 pMy/liter). Thus current assays
may not be sensitive enough to detect free circulating EGF

5. Transforming growth factor-alpha has been shown to be released by
activated platelets. This homologous molecule binds to the EGF re-
ceptor and has similar cellular effects as does EGF (50, 51).



concentrations under normal or pathophysiologic circum-
stances.

It is also possible that EGF levels in renal peritubular ves-
sels or renal interstitium are higher than levels in systemic
venous blood. This would require that renal prepro-EGF be
processed to EGF and released into the peritubular capillaries
or renal interstitium. Measurement of renal arterial, venous,
and interstitial (lymphatic) EGF concentrations would be re-
quired to document this possibility.

In conclusion, we have described potent effects of picomo-
lar EGF on the isolated perfused rabbit CCT. EGF inhibits
both AVP- and cAMP-stimulated water flow. It also causes the
spontaneously negative V; of the CCT to depolarize towards
zero or become positive, suggesting effects on ion transport.
These findings are observed only with EGF in the bath but not
the lumen. These results coupled with the demonstration of
specific EGF binding sites argue for the presence of specific
basolateral EGF receptors in the CCT. Finally, the EGF-me-
diated effects on AVP-stimulated osmotic water flow can be
reversed by STSP, suggesting that protein kinase C may be
involved. The potent and rapid effects of EGF in the CCT raise
the possibility that in addition to its role as a mitogen EGF
could play a role in regulating renal function.
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