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Abstract

This in vitro microperfusion study examined the effects of
growth hormone and insulin-like growth factor I (IGF-I) on
proximal convoluted tubule (PC1) transport. Tubules were per-
fused with an ultrafiltrate-like solution and bathed in a serum-
like albumin solution. Neither a physiologic (5 X 10-10 M), nor
a pharmacologic (5 X 10j- M) dose of growth hormone had an
effect on PCT phosphate or bicarbonate transport, or volume
absorption. Addition of 5,x 10-9 Mand 5 X 108 MIGF-I, but
not 5 x 1010 MIGF-I, to the bathing solution resulted in an
increase (12-15%) in phosphate transport, but no change in
volume absorption or bicarbonate transport. Addition of IGF-I
to the luminal perfusate also stimulated phosphate transport.
The effect was noted at a concentration of 5 X 10-1 MIGF-I
(27% stimulation) and was maximal at a concentration of 5
x 10`0 M IGF-I (46% stimulation). There was no effect of
luminal IGF-I on volume absorption or bicarbonate transport.
These data indicate that growth hormone has no direct effect on
PCTtransport. In the PCT, IGF-I stimulates phosphate trans-
port specifically and acts via both basolateral and apical mem-
branes. However, the magnitude of the maximal response to
the luminal addition of IGF-I was threefold greater than that
measured upon addition of the hormone to the bath, and the
stimulation occurred at a 100-fold lower concentration. These
data are consistent with IGF-I mediating the in vivo stimulation
of phosphate transport by growth hormone. (J. Clin. Invest.
1991. 88:368-374.) Key words: in vitro microperfusion * phos-
phate transport * bicarbonate transport * volume absorption

Introduction

There is substantial evidence that growth hormone affects renal
function ( 1-13). Growth hormone excess, whether from endog-
enous hypersecretion or chronic exogenous administration,
has been associated with an increase in renal blood flow, glo-
merular filtration rate (1-6), and increased levels of serum
phosphate (7-9, 13-15). Administration of growth hormone to
dogs increased glomerular filtration rate, serum phosphate,
and the maximal rate of tubular phosphate reabsorption, ef-
fects independent of parathyroid hormone (8). Brush border
membrane vesicles prepared from the renal cortex of dogs

Address correspondence to Dr. Michel Baum, Department of Pediat-
rics, University of Texas Southwestern Medical Center, 5323 Harry
Hines Boulevard, Dallas, TX 75235-9063.

Received for publication 19 February 1991.

treated with growth hormone for 3 d had an increase in so-
dium-dependent phosphate uptake (16). Likewise, hypophy-
sectomized animals had a reduction in renal blood flow and
glomerular filtration rate, effects reversed by growth hormone
administration (1, 10, 11). Selective growth hormone defi-
ciency, induced by administration of a synthetic peptide antag-
onist to growth hormone releasing factor, resulted in a reduc-
tion in glomerular filtration rate and increased the fractional
excretion of phosphate ( 12).

While chronic growth hormone administration produces
renal hemodynamic changes and modulates phosphate trans-
port, acute administration of growth hormone does not pro-
duce these changes (5, 6, 17, 18). Renal blood flow, glomerular
filtration rate, and tubular reabsorption of phosphate remained
stable 2 h after growth hormone administration in normal and
thyroparathyroidectomized dogs (17). Similarly, renal blood
flow and glomerular filtration rate remained stable for 6 h in
manafter growth hormone administration (5, 6, 18). However,
on the second and third day after a single injection of growth
hormone, there was a rise in renal blood flow and glomerular
filtration rate (5, 6). The increase in these parameters paralleled
a rise in serum insulin-like growth factor I (IGF-I)' levels, and
occurred at a time when growth hormone levels had returned
to normal. In normal human subjects, infusion of IGF-I in-
creased creatinine clearance and decreased plasma creatinine
and urea levels (19). IGF-I increased renal plasma flow and
glomerular filtration rate in fasted rats within 40 min of infu-
sion (20). Thus, these studies suggest that the hemodynamic
and tubular effects of growth hormone may be mediated by
IGF-I.

The proximal tubule has both growth hormone and IGF-I
receptors (21-25). It has been demonstrated recently that
growth hormone has direct effects on this epithelium in the
absence of IGF-I (22). Growth hormone produced an increase
in phospholipase C activity when added to proximal tubular
basolateral membranes. Addition of growth hormone to proxi-
mal tubule suspensions stimulated gluconeogenesis (26, 27)
and ammoniagenesis (27). Whether growth hormone directly
affects proximal tubule transport or acts indirectly via IGF-I is
not known. The purpose of this in vitro microperfusion study
was to determine if growth hormone and IGF-I can directly
modulate transport in the proximal tubule.

Methods

Isolated segments of proximal convoluted tubules (PCT) were perfused
as previously described (28, 29). Briefly, kidneys from female New

1. Abbreviations used in this paper: IGF-I, insulin-like growth factor I;
Jph,,O, phosphate transport; JTC02, bicarbonate transport; PCT, proxi-
mal convoluted tubules; PD, potential difference.
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Zealand white rabbits were sliced in coronal sections. Individual PCT
segments were dissected in a cooled (40C) ultrafiltrate-like solution
which contained in mM: 115 NaCi, 25 NaHCO3, 4 Na2HPO4, 10 Na
acetate, 1.8 CaC12, 1 MgSO4, 5 KC1, 8.3 glucose, and 5 alanine. Tu-
bules were then transferred to a 1.2 ml-temperature-controlled bath
chamber and perfused with concentric glass pipettes.

Tubules were perfused with the above ultrafiltrate-like solution and
bathed in a similar serum-like solution containing 6 g/dl albumin. The
osmolality of the bath and perfusate was adjusted to 295 mOsm/kg by
adding either water or NaCl. The bath was exchanged at a rate of 0.5
ml/min to maintain a constant pH and osmolality. The bath tempera-
ture was 370-380C. After a 60-min equilibration period, the control
period was begun. Subsequent periods were separated by 30 min of
equilibration. To ensure that the albumin containing bathing solution
had no growth hormone or IGF-I contaminants, samples of bath solu-
tion were sent to two independent laboratories (Nichols Institute, Irv-
ing, TX, and Endocrine Sciences, Tarzana, CA) for determination of
growth hormone and IGF-I content. Both of these substances were
found to be below the detectable limits of the assay (< 2.7 x 10-l M
growth hormone and < 1.3 X 10`0 MIGF-I).

Volume absorption (in nanoliters per minute per millimeter) was

calculated as the difference between perfusion (VO) and collection (VL)
rates, and normalized per millimeter of tubule length (L). Exhaustively
dialyzed [methoxy-3Hlinulin was added to the perfusate at a concentra-
tion of 50 uCi/ml so that the perfusion rate could be determined. The
collection rate was measured by timed collections using a constant
volume pipette. The length (in millimeters) was measured using an

eyepiece micrometer.
Bicarbonate transport (JTCO2, picomoles per minute per millimeter)

was calculated using the equation: JTC02 = (VOCO- VLCL)/L, where C0
and CL represent the bicarbonate concentrations in the perfusate and
collected fluid, respectively. Bicarbonate was measured using microca-
lorimetry (picapnotherm, model GVI; World Precision Instruments,
Inc., New Haven, CT) (30).

Phosphate transport (JphO,, picomoles per minute per millimeter)
was measured using perfusate 32P04 (50 MCi/ml). Phosphate transport
was then calculated using the equation: JphOSS = [(VOCO - VLCL)/L]
(PO/C*), where PO is the phosphate concentration in the perfusate and
C0 and CL are the concentrations of 32P04 in the perfusate and col-
lected fluid, respectively, in counts per minute per nanoliter.

The transepithelial potential difference (PD, millivolts) was mea-

sured by using the perfusion pipette as the bridge into the tubular lu-
men. The perfusion and bathing solutions were connected to the record-
ing and reference calomel half-cells using a bridge containing the perfus-
ate in series with a 3.6 M KC1/0.9 M KNO3 agarose bridge. This
arrangement avoided direct contact between the KC1/KNO3 agarose
bridge and the solution bathing the tubule. The recording and reference
calomel half-cells were connected to the high and low impedance sides,
respectively, of an electrometer (model 602; Keithley Instruments,
Inc., Cleveland, OH).

To determine if growth hormone (Eli Lilly, Indianapolis, IN) di-
rectly affects PCT transport, tubules were perfused with an ultrafiltrate-
like solution and bathed in a serum-like albumin solution. During the
experimental period either 0, 5 X 10'0, or 5 X I0`8 Mgrowth hormone
was added to the bath. 5 x 10-8 Mgrowth hormone was added to the
luminal perfusate in additional studies to determine if growth hormone
had a direct effect on the apical membrane.

To determine if bath IGF-I affects PCT transport, tubules were

again perfused with an ultrafiltrate-like solution and bathed in a serum-

like albumin solution. During the experimental period either 0, 5
X 10-10, 5 X 10-9, or 5 X I0O- MIGF-I (Amgen Biologicals, Thousand
Oaks, CA) was added to the bathing solution. Because IGF-I is known
to cause phosphorylation of its own receptor and subsequent phos-
phorylation of other intracellular proteins, an apparent increase in JF%,.
could be due to an increase in cellular uptake and utilization of phos-
phate, and not to an increase in the transepithelial transport of phos-
phate. To examine this possibility, 32P04 accumulation in the bath was
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Three 1-ml samples of bath from both the control and experimental
periods were counted for 32PO4 and then averaged for each experiment.
The lumen to bath flux of phosphate was then calculated from the rate
of appearance of 32PO4 in the bath. In the last series of experiments
IGF-I was added to the luminal perfusate to determine if IGF-I had an
effect on transport via the apical membrane. During the experimental
periodeitherO, 5 X 10-12, 5 X 10-11, 5 X 10 ',or5 X I0- MIGF-Iwas
added to the luminal perfusate.

There were four to six measurements of PD, volume absorption,
bicarbonate transport, and phosphate transport in each period in all
tubules. The mean value for individual periods in a given tubule was
used to calculate the mean for that period. Data are expressed as
mean±SEM. The t test for paired data was used to determine signifi-
cance at the 0.05 level.

Results

Effect of lumen and bath growth hormone on PCTtransport.
The first series of experiments examined whether growth hor-
mone has a direct effect on PCT transport. These results are
shown in Table I. The mean tubular length for these experi-
ments was 1.5±0.1 mm.Time controls were done to ensure the
stability of our preparation. In these experiments vehicle,
rather than hormone, was added during the experimental pe-
riod. There was a small but statistically significant increase in
the PDwith time, but volume absorption, phosphate and bi-
carbonate transport remained constant. An increase in PD
with time has been found previously in the in vitro PCT(31,
32). A physiologic concentration of bath growth hormone (5
x 10-10 M) had no effect on volume absorption, bicarbonate or
phosphate transport, but caused a small significant increase in
PD, comparable to that observed in the time control studies.
The concentration of growth hormone used was similar to peak
plasma levels in humans during puberty (33), and to the con-
centration that caused half-maximal stimulation of phospholi-
pase C activity in canine proximal tubular basolateral mem-
branes (22). A pharmacologic concentration of growth hor-
mone (5 X 10-8 M) also had no effect on PCT volume
absorption, or bicarbonate or phosphate transport when added
to the bath.

Because growth hormone is filtered, the effect of luminal
growth hormone was also examined (34, 35). Addition of 5
X 10-8 Mgrowth hormone to the luminal perfusate had no
effect on PCTtransport (Table I). Time controls with luminal
perfusate exchanges, done to ensure that the luminal exchange
did not affect transport, demonstrated no significant effect on
PCT transport. Thus, neither physiologic nor pharmacologic
doses of growth hormone had an effect on PCTvolume absorp-
tion, or the transport of bicarbonate and phosphate.

Effect of lumen and bath IGF-I on PCTtransport. The next
series of experiments examined the effect of bath IGF-I on PCT
transport. During the experimental period, IGF-I was added to
the bath in concentrations of 5 X 1010 M, 5 X 10-9 M, or 5
x 1o-8 M. This range includes the concentration that results in
half-maximal occupancy of IGF-I receptors in the proximal
tubule (23-25). The results are shown in Table II and Fig. 1.
The mean tubular length in these studies was 1.4±0.1 mm.
When 5 X 10-9 MIGF-I was added to the bath, there was a
small but statistically significant increase in PD, comparable to
that seen in the time control experiments. There was also a
small but statistically significant increase in volume absorption
during the studies examining the effects of 5 X 10-9 Mbath
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Discussion
E

I0' § § § Figure 1. Effect of bath
{-5 10 0 IGF-I on PCTphos-
I 0 | phate transport. * P

.I _ _ E Xa . a < 0.05. o control, m
TineContro 5x10t0M 5x10-M 5x10-M IGF-I.

IGF-I, but there was no effect on volume absorption at bath
IGF-I concentrations of 5 X 10`1 Mand 5 X 10-8 M. There
was no change in bicarbonate transport at any bath IGF-I con-
centration. However, 5 X I0-' Mand 5 X 1O-8 MIGF-I stimu-
lated phosphate transport by 15%and 12%, respectively. Thus,
bath IGF-I causes a significant increase in phosphate transport,
but no significant change in bicarbonate absorption.

To determine if the increase in phosphate transport was due
to an increase in uptake and metabolism of phosphate, or to a
true increase in transepithelial transport, the bathing solution
was analyzed for 32PO4 in three of the experiments examining
the effect of 5 X 1O-8 Mbath IGF-I on proximal tubule trans-
port. These results are shown in Table III. The lumen to bath
flux of phosphate was calculated from the appearance rate of
32P04 in the bath. These data are in close agreement to the
fluxes calculated from the perfused and collected fluid phos-
phate concentrations, confirming that there was a significant
increase in transepithelial phosphate transport in the presence
of bath IGF-I.

The last series of experiments examined the effect of lu-
minal IGF-I on PCT transport. During the experimental pe-
riod 5 x 10-12 M, 5 x 10-11 M, 5 X 1010 M, or 5 X 10-8 M
IGF-I was added to the luminal perfusate. These results are
shown in Table IV and Fig. 2. The mean tubular length in these
studies was 1.4±0.1 mm. There were no significant changes in
PD, volume absorption, or bicarbonate transport, except for a
small but statistically significant increase in JTCO2 (26.4±2.6 to
31.2±2.3 pmol/min per mm, P < 0.05) with 5 X 10-11 Mlu-
minal IGF-I. At 5 X 10-12 Mluminal IGF-I there was no effect
on phosphate transport. At 5 X 10-1" Mluminal IGF-I there
was a 26.8% stimulation of phosphate transport. The stimula-
tion in phosphate transport was maximal at a luminal concen-
tration of 5 x 1010 MIGF-I (46%), with no further stimulation
at 5 x 10-8 M IGF-I. Thus, luminal IGF-I significantly in-
creases phosphate transport in the proximal tubule. The lu-
minal effect of IGF-I occurs at a much lower IGF-I concentra-
tion, and produces a greater stimulation than that observed
with bath IGF-I.

Table III. Effect ofBath IGF-I on `P CountsAppearing in the Bath

Expenmental 32P counts
protocol n mean±SEM JPbws

cpm/ml pmol/min * mm

Control 3 160.3±67.1 9.0±2.1
5 x 10-8 MBath IGF-1 3 177.6±70.7* 10.2±2.5'

* Jphos calculated from rate of appearance of 32P in the bath. * P
<0.0l; P<0.05.

This in vitro microperfusion study examined the effects of
growth hormone and IGF-I on proximal convoluted tubule
transport. Growth hormone had no direct effect on PCT vol-
ume absorption, phosphate or bicarbonate transport at either
physiologic (5 X 100- M) or pharmacologic (5 X 1o-8 M) con-
centrations. However, addition of IGF-I to the bathing solution
resulted in a dose-dependent increase in phosphate transport,
with no change in volume absorption or bicarbonate transport.
Addition of IGF-I to the luminal perfusate resulted in a dose-
dependent stimulation of PCT phosphate transport with no
change in volume absorption or bicarbonate transport. 5
x 10-12 M IGF-I in the luminal perfusate had no effect on
phosphate transport, but there was a stimulation of phosphate
transport at higher concentrations of IGF-I. Maximal stimula-
tion of phosphate transport occurred at 5 x 1010 Mluminal
IGF-I. These data demonstrate that growth hormone has no
direct effect on PCTtransport. However, IGF-I directly stimu-
lates PCT phosphate transport, an effect which can be me-
diated from both the basolateral and apical membranes.

Receptors for growth hormone are present on the proximal
tubule (21, 22). Growth hormone has been shown to bind to
receptors present in the basolateral membrane vesicles isolated
from canine renal cortex and stimulate phospholipase Cactiv-
ity (22). Half-maximal stimulation of phospholipase Cactivity
occurred at 5 X 10-10 Mgrowth hormone and was noted within
15 s of incubation with growth hormone. Growth hormone has
been shown to stimulate gluconeogenesis in rat kidney cortical
slices (36), and in suspensions of canine proximal tubules (26,
27). In these latter studies 10-6 Mgrowth hormone increased
glucose production by 55% after 120 min of incubation. The
half-maximal response occurred between 10-' Mand 1o-8 M
growth hormone (26, 27). Growth hormone also increased am-
moniagenesis, where half-maximal stimulation occurred at a
concentration between 10-10 Mand 10-9 M(27).

The acute effect of growth hormone on tubular phosphate
reabsorption has been examined in dogs (17). Dogs received a
growth hormone infusion for 2 h, then inulin and para-amino-
hippurate clearances and phosphate reabsorption were mea-
sured over the subsequent 2 h. There was no significant change
in renal blood flow, glomerular filtration rate, or tubular reab-
sorption of phosphate in these dogs, results which agree with
our findings. In this study, the concentrations of growth hor-
mone used are well within the range of those that have been
previously reported to stimulate phospholipase C activity, glu-
coneogenesis, and ammoniagenesis in the proximal tubule (22,
26, 27, 36). The total time of incubation with growth hormone
during the experimental period was 90-120 min. This is compa-
rable to the time of incubation where growth hormone has
been shown to increase ammoniagenesis and gluconeogenesis
(26, 27, 36).

Serum IGF-I levels increase after growth hormone adminis-
tration and could mediate the effects of growth hormone on
phosphate transport. Hypophysectomized rats given IGF-I via
osmotic minipump for 6 d had an elevated serum phosphate
and an increased maximal rate of tubular reabsorption of phos-
phate (37). Brush border membrane vesicles isolated from the
renal cortex of these animals had a higher Na-dependent Pi
transport, compared to vehicle treated controls. Sodium-de-
pendent glucose and alanine uptake were not affected. The
stimulatory effect of IGF-I on maximal rate of tubular reab-
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sorption of phosphate was also observed in thyroparathyroid-
ectomized animals indicating that IGF-I's action was indepen-
dent of parathyroid hormone.

Serum 1,25-dihydroxyvitamin D3 levels have correlated
well with serum IGF-I levels under a number of experimental
conditions (38, 39). Infusion of IGF-I in hypophysectomized
rats increased serum 1,25-dihydroxyvitamin D3 levels (37).
Since 1,25-dihydroxyvitamin D3 stimulates phosphate trans-
port (40, 41), the effect of IGF-I in vivo could have been me-
diated by 1-25-dihydroxyvitamin D3. Our study, however,
demonstrates a stimulation of phosphate transport by IGF-I in
the absence of 1,25-dihydroxyvitamin D3.

The acute effect of IGF-I on phosphate transport has been
studied in a cell culture line derived from opossum kidneys
(42). These cells have sodium-dependent phosphate transport
that is inhibited by parathyroid hormone (43, 44). IGF-I stimu-
lated sodium-dependent phosphate uptake within 15 min of
incubation (42). Half-maximal stimulation occurred at a dose
of lo-' MIGF-I, and maximal stimulation was found at lo-'
M IGF-I. Kinetic analysis demonstrated an increase in V.
with no change in the Kmfor phosphate transport. It was also
noted that the effect was specific for phosphate transport since
the transport of alanine was not affected.

These studies examined the effect of IGF-I on proximal
tubule transport. In vitro microperfusion of individual PCT
demonstrated that bath IGF-I stimulated phosphate transport,
but did not change volume absorption or bicarbonate trans-
port. The concentration of bath IGF-I that increased phos-
phate transport (5 X 10-' M) was similar to that found in the
cell culture studies (42). This concentration of IGF-I was that
required for half-maximal binding to IGF-I receptors on baso-
lateral membranes (23-25), and the concentration that
caused autophosphorylation of the ,8-subunit of the IGF-I re-
ceptor (45).

Receptors for IGF-I are present on both the basolateral and
apical membranes of the proximal tubule with the density of
receptors greater on the basolateral membrane (24). Incubation
of basolateral membrane vesicles (but not brush border mem-
brane vesicles) with IGF-I resulted in phosphorylation of the
receptor indicating an intracellular signalling process linked to
IGF-I (24). These data indicate that, while IGF-I receptors are
present on the apical membrane, they may not function by the
same intracellular signal transduction mechanism as those on
the basolateral membrane. The present study demonstrates
that IGF-I does have a direct effect to stimulate phosphate
transport when presented to the apical membrane.

The significance of the IGF-I effect on the apical membrane
is not clear. IGF-I has a mol wt of 7,500 and thus could be
filtered by the glomerulus. However, most of the IGF-I in the
serum is tightly bound to carrier proteins (46, 47). The un-

bound fraction of IGF-I has been estimated to be 0.1-0.8% of
the total (46, 47). The circulating concentration of IGF-I is

- 10-' M. Thus, if only 0.1% of IGF-I is free, 10-10 MIGF-I
could be in the glomerular ultrafiltrate. This concentration is
within the range that stimulated phosphate transport in this
study. Recently, studies have found that mesangial cells are

capable of synthesizing IGF-I (48). This raises the possibility
that mesangial cells could play a role in the regulation of proxi-
mal tubule phosphate transport.

IGF-I is produced by several organs in the body including
the liver, lungs, heart, and kidneys (49). The tissue concentra-
tions of IGF-I in these organs decreases with hypophysectomy
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15r tT
E * Figure 2. Effect of lu-

E~j 10 ] I T | T minal IGF-I on PCT
phosphate transport. * P

aCL1= ' 0 < 0.001;tP<0.05;§P
< 0.01. o control, X

Tine Contro 5x1&fr2M 5xV1O"M 5x1O-%M 5x1OM IGF-I.

and increases when the animal is treated with growth hormone.
Recent evidence has shown that rat collecting ducts produce
IGF-I in direct response to growth hormone (50). The signifi-
cance of this finding is not clear. The major site of phosphate
transport is the proximal tubule. It has been postulated that the
IGF-I from the collecting duct cells may traverse the intersti-
tium or travel via the vasa rectae to capillaries surrounding the
proximal tubule (21). In this manner IGF-I synthesized by the
distal nephron may influence phosphate transport by the prox-
imal tubule.

This in vitro microperfusion study directly addressed the
issue of whether growth hormone or IGF-I affects proximal
tubular transport. These studies were performed in the rabbit
PCT and species differences are possible. However, our study
demonstrates that while growth hormone had no effect on PCT
transport, IGF-I stimulated directly phosphate transport in the
rabbit PCT. This stimulation is specific for phosphate as vol-
ume absorption and bicarbonate transport remained un-
changed. The stimulation in transport by IGF-I is much greater
when presented to the apical membrane and suggests that api-
cal receptors may play an important role in the regulation of
phosphate transport in the proximal tubule.
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