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ABSTRACT We previously have demonstrated that insu-
lin and insulin-like growth factor-I (IGF-I) down-regulate
growth hormone (GH) binding in osteoblasts by reducing the
number of surface GH receptors (GHRs). The present study
was undertaken to investigate the mechanism of GHR down-
regulation. Treatment with 5 nM insulin or IGF-I for 18 hr
significantly decreased surface GH binding to 26.4 6 2.9% and
23.0 6 2.7% of control (mean 6 SE; P < 0.05), respectively.
No corresponding reductions in the mRNA level and total
cellular content of GHR were found, nor was the rate of
receptor internalization affected. The effects on GHR trans-
location were assessed by measuring the reappearance of GH
binding of whole cells after trypsinization to remove the
surface receptors. GH binding of control cultures significantly
increased (P < 0.05) over 2 hr after trypsinization, whereas no
recovery of binding activity was detected in insulin and
IGF-I-treated cultures, indicating that GHR translocation was
impaired. Studies on the time course of GHR down-regulation
revealed that surface GH binding was reduced significantly by
3-hr treatment (P < 0.0005), whereas GHR translocation was
completely abolished by 75–90 min with insulin and IGF-I.
The inhibition of receptor translocation by insulin, but not
IGF-I, was attenuated by wortmannin. In conclusion, insulin
and IGF-I down-regulated GH binding in osteoblasts by
acutely impairing GHR translocation, with their effects ex-
erted through distinct postreceptor signaling pathways.

Growth hormone (GH) stimulates peripheral tissue growth
through a dual effector mechanism involving the endocrine
action of insulin-like growth factor-I (IGF-I) produced from
the liver (1) and paracrine action of locally produced IGF-I (2).
GH exerts its actions through binding to specific high affinity
receptors (GHRs) in the liver and in extrahepatic tissues (3).
The factors and mechanisms regulating GHRs in the liver have
been the subject of intensive investigation and, in particular, in
relation to the effects of nutrition (3, 4). These studies show
that hepatic GHRs are strongly and positively regulated by
nutrition (5) and insulin (6), with evidence of regulation at the
transcriptional level (7).

Very little is known about the factors and mechanisms
involved in the regulation of GHRs in extrahepatic tissues.
Using osteoblasts as a model of extrahepatic tissues, we have
recently reported that insulin and IGF-I act through their
respective receptors to down-regulate GHRs (8). The effect of
insulin is diametrically opposite to its effect on GHRs in the
liver, suggesting that GHRs in hepatic and extrahepatic tissues
may be regulated differently. Moreover, the negative effect of
IGF-I on GHRs indicates the existence of a peripheral feed-

back loop limiting the action of GH in peripheral tissues. The
present study was undertaken to investigate the mechanisms by
which insulin and IGF-I down-regulate GHRs.

MATERIALS AND METHODS

Cell Culture. The osteoblast-like cell line, UMR106.06, was
a generous gift from T. J. Martin (St. Vincent’s Hospital,
Melbourne, Australia). The cells were routinely grown in
monolayer culture at 37°C in 5% CO2y95% air in Eagle’s
minimum essential medium (EMEM) supplemented with 10%
fetal bovine serum, 25 mM Hepes, L-glutamine, and penicilliny
streptomycin. All reagents for cell culture were purchased
from Cytosystems (Sydney, Australia).

In all subsequent studies, monolayer cultures were treated in
triplicate with 5 nM human insulin (Wellcome) or human
IGF-I (GroPep, Adelaide, Australia) in EMEM with 0.2%
BSA (EMEMy0.2% BSA) at 37°C in 5% CO2y95% air for 18
hr, unless otherwise stated. These concentrations of insulin
and IGF-I previously were shown to cause maximal inhibition
of GH binding to the cells (8).

GH Binding to Cell Monolayers. The GH binding assay with
cell monolayers has been described previously (8). Briefly,
recombinant human GH (9) was radiolabeled with Na125I
(ARI, Sydney, Australia) by the Iodogen (Pierce) method to
a specific activity of 20–30 mCiymg (10). Monolayer cultures at
a density of 4 3 104 cellsycm2 were set up in 6-well plates (Flow
Laboratories) and treated with insulin or IGF-I. After two
washes with PBS, 1 ml of EMEMy0.2% BSA containing
125I-labeled GH (2 3 105 cpm) was added, and the binding
assay was allowed to proceed at 22°C for 2 hr. Nonspecific
binding of the radioligand was estimated by adding 10 mgyml
of unlabeled GH. The assay was terminated by washing the
cultures five times with ice-cold PBS containing 0.2% BSA
(PBSy0.2% BSA). Cells were detached with trypsinyEDTA
and counted with a hemocytometer. Cell lysates were prepared
by solubilizing in 0.5 M NaOH and 0.1% Triton X-100, and
radioactivity in the lysates was counted on a g-counter (Pack-
ard). Specific binding of the radioligand was calculated as the
difference of total and nonspecific binding and corrected for
cell number in the wells.

Northern Analysis. The effects of insulin and IGF-I on the
abundance of GHR mRNA were quantified by Northern
analysis using a cDNA probe (pRat1–20) encompassing the
region from position 27 to 794 of the rat GHR mRNA (11).
Monolayer cultures at a density of 1.3 3 104 cellsycm2 were set
up in 10-cm dishes (Flow Laboratories), followed by treatment
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with 5 nM insulin or IGF-I for 18 hr. Total RNA was isolated
using 4 M guanidinium isothiocyanate followed by cesium
chloride gradient centrifugation (12) and was quantified by
absorbance at 260 nm. Integrity of the RNA was assessed by
visual inspection of the 18S and 28S rRNA bands stained with
ethidium bromide after agarose-formaldehyde gel electro-
phoresis.

Thirty micrograms of total RNA was separated by electro-
phoresis in 1% agarose gel with 6% formaldehyde and trans-
ferred to Hybond-N membrane (Amersham) by capillary
immobilization (12). The membrane was prehybridized and
hybridized in Church buffer (0.5 M Na2HPO4, pH 7.2y7%
SDSy0.5% BSAy1 mM EDTA) (13) as described previously
(11). The GHR probe was radiolabeled with [a-32P]dCTP by
random priming. Hybridization was performed at 60°C for 18
hr, followed by washing with 23 standard saline citrate (SSC)y
0.1% SDS at 65°C. Bands were visualized by autoradiography.
RNA load was corrected for the levels of b-actin mRNA and
18S rRNA by reprobing the membrane with a [a-32P]UTP-
labeled riboprobe encompassing a 358-nt fragment of the rat
b-actin gene or with a [g-32P]ATP-labeled 30-bp oligoprobe of
18S rRNA. All autoradiographs were quantified with a den-
sitometer (Molecular Dynamics).

Western Analysis. The content of immunoreactive GHR
protein was assessed by Western analysis using an anti-rabbit
GHR antiserum (14). Briefly, cell monolayers were set up and
treated with insulin or IGF-I in the same way as in the
Northern studies described above. The treated cultures were
solubilized in SDS-containing buffer. Protein content of the
lysates was measured by the Bradford method and normalized
for gel loading. The samples were separated by SDSyPAGE
(15) and blotted to a nitrocellulose membrane (Schleicher &
Schuell). The membrane was treated sequentially with block-
ing buffer (20 mM TriszHCl, pH 7.4y150 mM NaCly5% skim
milk powdery0.1% Tween 20), the anti-GHR antiserum (1:300
in blocking buffer) or preimmunized rabbit serum, and donkey
anti-rabbit Ig-horseradish peroxidase. The bands were visual-
ized using the enhanced chemiluminescence method (Amer-
sham) and quantified by densitometry.

Total GHR. To estimate the total cellular content of func-
tional GHRs, GH binding activity of surface and intracellular
membranes derived from cell sonicates was measured as
follows. Cell monolayers were set up in 10-cm dishes and
treated with insulin or IGF-I for 18 hr. The cells were detached
by scraping in 1 ml PBS containing a mixture of protease
inhibitors (1 trypsin inhibitor unit/ml of aprotininy10 mM
benzamidiney0.2 mM phenylmethylsulfonyl f luoride) ob-
tained from Sigma. After centrifugation, the packed cells were
resuspended in 2 ml of ice-cold inhibitor mixture and disrupted
by sonication. The cell sonicates were centrifuged at 150,000 3
g for 15 min at 4°C to yield pellets of total cellular membranes.
Protein content of the membrane fractions was determined by
the bicinchoninic acid assay (Pierce).

To measure GH binding, the membrane pellets at a protein
concentration of 0.5–1.0 mgyml were resuspended in EMEMy
0.2% BSA. The membrane suspensions were incubated in
triplicate with 125I-labeled GH (2 3 105 cpmyml) at 22°C for
2 hr. Nonspecific binding was defined as the binding in the
presence of 10 mgyml unlabeled GH. At the end of the assay,
the membrane suspensions were centrifuged, washed twice
with ice-cold PBSy0.2% BSA, and counted on a g-counter.

Surface GHR. As the GH binding assay with cell monolayers
measures the sum of surface-bound and internalized radioli-
gand, the effects of insulin and IGF-I on the component of cell
surface binding was measured by undertaking the binding
assay at low temperature to prevent GHR internalization (16,
17). Monolayer cultures were set up in 6-well plates, treated
with insulin or IGF-I, and assayed for GH binding as described
above, except that the binding assay was carried out at 4°C for
2 hr.

Intracellular GHR. To measure the content of intracellular
GHRs, monolayer cultures were treated with insulin or IGF-I,
and then incubated with 0.1 gyliter trypsin at 22°C for 15 min
to degrade GHRs on the cell surface. The trypsinization was
terminated by adding an equal volume of 2 trypsin inhibitor
unitsyml of aprotinin in EMEMy0.2% BSA. Cells were cen-
trifuged and resuspended in 2 ml of ice-cold inhibitor mixture,
and sonicated and centrifuged at 150,000 3 g to yield the
membrane fractions. GH binding to the membrane fractions
was assayed as described above for total GHR.

Internalization of GHR. Internalization of GHR was as-
sessed by the method of Roupas and Herington (17). After
treatment with insulin or IGF-I, GH binding assay with
monolayer cultures was carried out at 22°C for 2 hr as described
above. At the end of the binding assay, the cultures were
washed with ice-cold PBSy0.2% BSA, followed by treatment
with 50 mM HCl in the same buffer at 4°C for 1 min. The acid
treatment has been shown to remove more than 90% of the
surface-bound radioligand (17), which was confirmed in our
laboratory. After three washes with PBSy0.2% BSA, the cells
were lysed with 0.5 M NaOH and 0.1% Triton X-100. Radio-
activity in the lysates was measured on a g-counter. The
cell-associated radioactivity of the acid-treated cultures re-
f lects the level of radioligand internalized with GHR. Parallel
cultures were set up but not treated with acid to determine the
levels of total incorporation of radioactivity.

Translocation of GHR. The rate of GHR translocation from
the intracellular pool to the cell surface was measured as the
recovery of GH binding to whole cells after stripping of surface
receptors by trypsinization (18). Monolayer cultures in 10-cm
dishes were treated with insulin or IGF-I, followed by incu-
bation with 0.1 gyliter trypsin for 15 min. After removal of
trypsin, the cells were resuspended in EMEMy0.2% BSA,
dispensed at a concentration of 6–8 3 105 cellsywell to 6-well
plates and allowed to recover at 22°C for 2 hr with continuous
shaking. At times 0, 0.5 and 2 hr of the recovery period,
125I-labeled GH (2 3 105 cpmyml) with and without unlabeled
GH (10 mgyml) was added in triplicate. The incubation was
continued at 22°C for 30 min before radioactivity bound to the
cells was measured.

Time Course of Inhibition. To investigate the time course of
inhibition of GH binding, cell monolayers in 6-well plates were
incubated in serum-free conditions for 18 hr, and then treated
with insulin or IGF-I for 1.5, 3, 6, and 24 hr before monolayer
GH binding was assayed as described above. The time course
of impairment of GHR translocation was studied in a similar
manner, except that the effect on receptor translocation was
measured after treatment with insulin or IGF-I for 30, 45, 60,
75, 90, and 180 min.

Effects of Wortmannin and PD098059. Phosphatidylinositol
3-kinase (PI3K) (19–23) and mitogen-activated protein kinase
kinase (24, 25) are known to mediate the biological actions of
insulin and IGF-I. To investigate whether the inhibitory ac-
tions of the two growth factors are mediated by these kinases,
wortmannin, a PI3K inhibitor (Sigma) and PD098059, a mi-
togen-activated protein kinase kinase inhibitor (Calbiochem–
Novabiochem) were used to abolish the kinase activity. Briefly,
monolayer cultures were incubated in serum-free conditions
for 18 hr, and then treated at 37°C for 0.5 hr with 100 nM
wortmannin, 10 mM PD098059, or the dimethyl sulfoxide
vehicle at a final concentration of 0.01% before the addition
of insulin or IGF-I. Treatment with the two growth factors was
allowed to proceed at 37°C for 1.5 hr, followed by the GHR
translocation assay.

Statistical Analyses. All points in the experiments were
measured in triplicate, or as indicated. All experiments were
repeated at least three times unless otherwise stated, and
mean 6 SE of the results from the experiments are presented.
The degree of significance of differences between groups is
calculated using Student’s t test and ANOVA (STATVIEW 4.02,
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Abacus Concepts, Berkeley, CA) where appropriate and set at
P , 0.05.

RESULTS

We confirm our previous findings (8) that 18-hr treatment with
insulin and IGF-I significantly reduced GH binding of cell
monolayers to 26.4 6 2.9% and 23.0 6 2.7% of control,
respectively (P , 0.05).

Biosynthesis of GHRs. The effects of insulin and IGF-I on
the abundance of GHR mRNA were assessed by Northern
analysis. Two bands corresponding to the GHR and GH
binding protein were detected using the pRat1–20 probe (Fig.
1a). When normalized to b-actin mRNA, the abundance of
GHR mRNA for cultures treated with insulin (86.3 6 11.0%
of control; n 5 3) and IGF-I (103.4 6 23.0%) was not different
from that of control. Similar results were obtained when the
GHR mRNA content was normalized to 18S rRNA (data not
shown).

The total cellular content of immunoreactive GHR protein
was examined by Western analysis (14). A 120-kDa band was
identified for the control and treated cultures (Fig. 1b). The
intensity of this band was not affected by preabsorption of the
anti-GHR antiserum with glutathione S-transferase fusion
protein and was absent when preimmunized rabbit serum was
used, thus confirming the specificity of the antiserum. The
intensity of the 120-kDa band was not changed by treatment
with insulin and IGF-I (108.3% and 96.9% of control, respec-
tively; n 5 2), suggesting that content of immunoreactive GHR
protein was not affected by the treatment.

GHR Distribution. The effects of insulin and IGF-I on the
total cellular content of functional GHRs were next assessed
by measuring the specific binding of GH to surface and
intracellular membranes. Specific binding of the membrane
fractions was not affected by insulin and IGF-I, with the levels
being 96.0 6 2.2% and 99.6 6 6.1% of control, respectively
(Fig. 2). These findings confirm the results of Western analysis
that down-regulation of GH binding by the two growth factors

was not associated with a reduction in the total cellular content
of GHRs.

The effects of insulin and IGF-I on GH binding confined to
the cell surface were investigated by undertaking the binding
assay at 4°C to prevent GHR internalization (18). Treatment
with the two growth factors significantly reduced surface GH
binding to 36.7 6 7.6% and 26.4 6 9.6% of control, respectively
(P , 0.05; Fig. 2). The corresponding effects on intracellular
GHR content were assessed by undertaking parallel binding
studies of total cellular membranes after trypsination to re-
move cell surface receptors. As shown in Fig. 2, after treatment
with insulin and IGF-I, GH binding to membrane preparations
of the cultures stripped of surface receptors increased signif-
icantly to 137.6 6 0.5% (P , 0.0001) and 135.2 6 9.3% of
control (P , 0.005), respectively. Thus, the collective data
show that these two growth factors reduced surface GH
binding and increased intracellular receptor content without
changing the total cellular content of GHRs.

GHR Turnover. To address the possibility that reduction in
GH binding at the cell surface may have arisen from an
increased rate of internalization of surface GHRs, the pro-
portion of 125I-labeled GH incorporated into the cells after
removing the surface-bound radioligand with acid was mea-
sured. At the end of 2-hr incubation, the proportion of
radioactivity internalized after treatment with insulin (34.3 6
8.8% of total radioactivity incorporated; Fig. 3) or IGF-I
(42.8 6 9.3%) was not significantly different from control
(41.3 6 6.0%). Thus, the GHR internalization was not affected
by the two growth factors.

To investigate whether insulin and IGF-I down-regulated
surface GH binding by preventing translocation of GHRs from
the intracellular pool to the cell surface, the time course of
reappearance of binding activity on the cell surface after

FIG. 1. Northern and Western studies of GHR. (a) Northern
analysis. Total RNA was isolated from the cultures after treatment
with insulin or IGF-I, and abundance of mRNA for GHR, GH binding
protein (GHBP), and b-actin was quantified by Northern analysis.
Positions of the 18S and 28S rRNA were shown. (b) Western analysis.
Total protein content was harvested from control and treated cultures
and was studied using Western blotting technique with an anti-GHR
antiserum. Position of the 137-kDa molecular mass marker was shown.
Similar results were obtained in a repeated experiment.

FIG. 2. GHR distribution. After treatment with insulin or IGF-I,
total (h), surface (u), and intracellular GH binding (■) were deter-
mined as described in Materials and Methods. The control values for
total, surface, and intracellular GH binding were 2,459 6 209 cpmymg,
112 6 20 cpmy106 cells, and 1,723 6 103 cpmymg, respectively. Vs.
control, p, P , 0.05; ‡, P , 0.005; and †, P 5 0.0001.

FIG. 3. GHR internalization. GH binding assay was undertaken at
22°C for 2 hr. At the end of the binding assay, the surface-bound
radioligand was removed by washing with 50 mM HCl at 4°C. The
remaining cell incorporated radioactivity accounted for the amount of
radioligand internalized with GHRs.
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removal of surface GHRs with trypsin was measured (Fig. 4).
In control culture, specific GH binding increased by 596 6 98
cpmy106 cells (range 210–770 cpmy106 cells, n 5 5) 2 hr after
trypsinization. In contrast, binding activity of the treated
cultures showed no significant change over the 2-hr recovery
period. These findings indicate that insulin and IGF-I impaired
translocation of GHRs to the cell surface.

Time Course of Down-Regulation. The time course of
down-regulation of GH binding and GHR translocation was
studied next. Both insulin and IGF-I caused a time-dependent
reduction of surface GH binding (Fig. 5a). The reduction was
significant by 3-hr treatment to 84.9 6 1.5% and 79.3 6 1.1%
of control for insulin (P 5 0.0005) and IGF-I (P , 0.0001),
respectively. The specific binding fell progressively to 27.2 6
7.0% and 23.6 6 7.3% (P 5 0.0005) after 24-hr treatment with
insulin and IGF-I, respectively. No significant difference was
found between the effects of the two growth factors.

The time course of inhibition of GHR translocation was
investigated by studying the effects of insulin and IGF-I
treatment for 30, 45, 60, 75, 90, and 180 min. As shown in Fig.
5b, GH binding of control cultures increased by 165–200
cpmy106 cells over the 2-hr recovery period. Insulin treatment
for 60 min significantly reduced the recovery of GH binding to
42.7 6 6.1% of control (P 5 0.0006), whereas treatment for 75
min completely suppressed recovery of binding. In contrast,
IGF-I treatment for 60 min had no significant effect. Partial
inhibition (51.9 6 10.5% of control; P 5 0.01) was detected
after 75-min treatment with IGF-I and complete impairment
by 90 min.

Effects of Wortmannin and PD098059. The involvement of
PI3K in the inhibition of GHR translocation by insulin and
IGF-I was examined by pretreating the cells with 100 nM
wortmannin for 0.5 hr. As observed in the time-course study,
treatment with the two growth factors for 1.5 hr completely
blocked the recovery of surface GH binding, with the levels of
GH binding of insulin- and IGF-I-treated cultures (227 6 65
and 2 6 32 cpmy106 cells, respectively) being significantly (P ,
0.05) lower than that of untreated cultures (186 6 14 cpmy106

cells, Fig. 6). Pretreatment with wortmannin had no significant
effect on control (170 6 40 cpmy106 cells) and IGF-I-treated
cultures (211 6 12 cpmy106 cells), but significantly increased
surface GH binding of insulin-treated cultures (160 6 16
cpmy106 cells; P , 0.05) to a level not significantly different
from control cultures. Thus, the data suggest that these two
growth factors use different postreceptor signaling pathways
for their inhibitory action. Pretreatment with 10 mM PD098059

did not affect the effects of insulin and IGF-I on GH binding
(data not shown).

FIG. 4. GHR translocation. GHR translocation was measured as
the recovery of GH binding on the cell surface after removal of the
surface GHR by trypsinization. The trypsinized cells were allowed to
recover at 22°C for the time periods indicated, followed by GH binding
assay. Results from a representative experiment were shown, and
similar findings were obtained in four other experiments. h, Control;
F, insulin; E, IGF-I. Vs. 0 hr, p, P , 0.05.

FIG. 5. Time course of inhibition. (a) Surface GH binding. Cul-
tures were incubated in serum-free conditions for 18 hr, treated with
insulin or IGF-I for the indicated time periods, and assayed for surface
GH binding of cell monolayers. F, insulin; E, IGF-I. GH binding of the
control at time 0 was 1,065 6 92 cpmy106 cells. Vs. control, ‡, P 5
0.001; p, P 5 0.0005, and †, P , 0.0001. (b) GHR translocation.
Cultures were incubated in serum-free conditions for 18 hr, followed
by treatment with insulin or IGF-I for the durations as indicated. Cells
were then briefly trypsinized, and recovery of surface GH binding was
measured 2 hr after trypsinization. h, control; F, insulin; E, IGF-I. Vs.
control at the same time point, ‡, P 5 0.02; †, P 5 0.007; p, P 5 0.0006;
¶, P 5 0.0002; and §, P 5 0.0001.

FIG. 6. Effect of wortmannin. Cultures were treated with dimethyl
sulfoxide vehicle (h) or 100 nM wortmannin (u) at 37°C for 0.5 hr,
followed by treatment with insulin or IGF-I for 1.5 hr. Then, cells were
briefly trypsinized, and recovery of surface GH binding was measured
2 hr after trypsinization. Vs. dimethyl sulfoxide control, p, P , 0.05 and
‡, P , 0.01. vs. dimethyl sulfoxide insulin; †, P , 0.05. vs. wortmannin
control; ¶, P 5 0.01.
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DISCUSSION

The present study confirms our earlier findings that insulin and
IGF-I down-regulate GH binding in osteoblasts (8). These two
growth factors did not affect the mRNA abundance or the total
cellular content of GHRs, indicating that the mechanism was
not exerted at the transcriptional or translational level. Both
insulin and IGF-I did not alter the rate of internalization of the
surface receptor. Rather, they prevented translocation of
GHRs from the intracellular pool to the cell surface, which
resulted in reduced surface GH binding and increased intra-
cellular GHR content, with total receptor content unchanged.
The impairment of GHR translocation was rapid, occurring
within 75–90 min of treatment. The effect of insulin was
attenuated by wortmannin, suggesting that inhibition of GHR
translocation by insulin is mediated by the PI3K signaling
pathway. In contrast, the effect of IGF-I was not affected by
wortmannin and PD098095, suggesting that PI3K and mito-
gen-activated protein kinase kinase are not involved in IGF-I
action.

The inhibition of GHR translocation to the cell surface by
insulin and IGF-I was acute and preceded the fall in surface
GH binding, which was detectable only after 3 hr of treatment.
We previously have reported that decreased GH binding arises
from reduced number of receptor with no change in binding
affinity (8). The sequence of events strongly suggests that the
reduction in the number of surface receptors resulted from
inhibition of translocation. The lag time between onset of
inhibition of GHR translocation and surface GH binding is
likely to reflect the time it takes the receptors to be removed
from the cell surface by internalization, which occurs consti-
tutively (26), and before the decrease in GH binding becomes
detectable.

Previous studies investigating the mechanism by which GHR
in the liver is regulated have provided strong evidence for
transcriptional control. These studies have shown that modu-
lation of hepatic GH binding by insulin, GH, estrogens, and
nutritional status is accompanied by parallel changes in the
abundance of GHR mRNA (7, 27–30). In the present study,
the effect of insulin on the GHR status in osteoblasts is
opposite to its positive effect on hepatic GHRs (6) and occurs
with no change in GHR mRNA abundance. These differences
in insulin effects between hepatocytes and osteoblasts may
reflect tissue specific regulation.

The inhibition of translocation identified in osteoblasts has
not been previously considered as a mechanism of GHR
regulation, so that it is not known whether this mechanism
exists in the liver. However, indirect evidence indicates that
such a mechanism also may exist in another extrahepatic tissue.
It has been reported in IM-9, a human lymphocyte cell line,
that phorbol diesters induce a fall in GH binding without
changing the total cellular content of GHRs (31). In this same
cell line, the tyrosine phosphatase inhibitor, vanadate, reduced
both GH and insulin receptors on the cell surface (32). Further
investigation of the insulin receptor showed that the fall in
surface receptors was accompanied by an accumulation of an
intracellular pool of the receptor. These findings are analogous
to ours and implicate an effect of tyrosine kinase. Further
studies need to be done to determine whether GHR translo-
cation is a regulatory mechanism within all GHR-expressing
tissues in general or only within certain extrahepatic tissues.

The finding that IGF-I did not affect the abundance of GHR
mRNA in osteoblasts is not in agreement with a recent report
by Slootweg et al. (33). The reason for the disagreement is not
clear although they used a different subclone of the osteoblast
cell line (UMR 106.01). In that study, solution hybridizationy
ribonuclease protection assay was used to measure the levels
of GHR mRNA from crude preparations of total nucleic acid,
although gel studies for quantifying the abundance of the
protected fragment were not performed. In our Northern

study, only two bands corresponding to the mRNA of GHR
and GH binding protein were detected, confirming the spec-
ificity of the rat cDNA probe (11). In addition to the Northern
results, we also demonstrated that the total cellular content of
immunoreactive and functional GHR was not affected by
insulin or IGF-I. Our collective data consistently indicate that
the down-regulation of GHR by IGF-I did not arise from a
reduction in the biosynthesis of the receptor.

Translocation of intracellular proteins such as GLUT4 to the
cell surface represents a well recognized intracellular response
of insulin-sensitive cells to the action of insulin and is a rapid
mechanism that subserves the metabolic needs of the cells.
Because of the close interplay between GH and insulin in
regulating substrate metabolism with the actions of one op-
posing but complementing those of the other (34), it is
tempting to speculate that regulation of GHR translocation by
insulin may be a means by which insulin can rapidly modulate
the metabolic actions of GH in extrahepatic tissues.

Although translocation has not been previously described as
a mechanism for GHR regulation, the ability of insulin to
regulate protein distribution to the cell surface has been
described for the receptors of IGF-II and transferrin (35).
These receptors recycle as component proteins of GLUT4-
containing vesicles, so that they share the same recycling
kinetics as GLUT4 in response to insulin. The insulin effect on
GHRs is unique because unlike in the IGF-II and transferrin
receptors, inhibition rather than recruitment of transport to
the cell surface occurs, suggesting that the mechanism does not
involve an association with GLUT4-containing vesicles. The
present report represents an example of negative regulation of
receptor translocation by insulin to the cell surface and raises
for consideration that other receptor types may be negatively
regulated in this way.

Whereas both insulin and IGF-I appear to induce similar,
rapid inhibitory effects on GHR translocation, the mecha-
nisms by which these are achieved are different. By using
receptor-specific antibodies, we previously have demonstrated
that the effects of insulin and IGF-I are exerted through their
own receptors (8). The effect of insulin occurs shortly but
consistently before that of IGF-I by about 15 min. Additionally,
brief treatment for 1.5 hr with insulin results in a transient
reduction of GH binding of longer duration than with IGF-I
(unpublished observations). We also present evidence that the
postreceptor signaling mechanism required for these actions is
different; the studies with wortmannin suggest that the inhi-
bition of GHR translocation by insulin, but not IGF-I, is
mediated by PI3K.

The postreceptor signaling mechanism required for inhib-
iting GHR translocation is not known, although the inhibitor
data suggests an involvement of PI3K for insulin, but not
IGF-I, with no involvement of mitogen-activated protein ki-
nase kinase. Some insights can be gained from studies on the
translocation of GLUT4. GLUT4 translocation to the cell
surface after activation of insulin receptor is dependent on
regional aggregations of the actin microfilament network,
which forms tracks for trafficking intracellular vesicles and
organelles (36, 37). A cascade of postreceptor signaling events,
including phosphorylation of insulin receptor substrate-1
(IRS-1) and activation of PI3K and Rac, are associated with
insulin-induced translocation of the glucose transporter (38–
40). The present findings with wortmannin strongly suggest
that the same signaling cascade at least to PI3K activation may
be involved in GHR regulation. IRS-1 phosphorylation also
occurs as a postreceptor signaling event for the IGF-I receptor
(41). However, the findings with wortmannin suggest that the
pathways for insulin and IGF-I linked to the translocation of
GHRs diverge beyond IRS-1.

In conclusion, insulin and IGF-I down-regulate GHRs in
osteoblasts by acutely preventing the translocation of intracel-
lular receptors to the cell surface, and not by reducing the
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receptor biosynthesis. This is a novel mechanism and level of
GHR regulation. Inhibition of GHR translocation to the cell
surface may subserve acute regulation of the metabolic actions
of GH. The role that translocation plays in regulating GH
action in other tissues, including the liver, is not known and
deserves further study. This mechanism of negatively regulat-
ing functional receptor availability may have general signifi-
cance beyond the GHR.
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