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Abstract

An increasing body of information now suggests that insulin-
like growth factor (IGF) binding proteins (BPs) may serve as
antigonadotropins at the level of the ovary. It is the objective of
the present communication to evaluate the functional role of
endogenous (granulosa cell-derived) IGFBPs by exploiting the
unique properties of des( 1-3)IGF-I, a naturally occurring IGF-
I analogue characterized as a weak ligand of IGFBPs but not of
type I IGF receptors. Given IGFBP-replete circumstances,
des(1-3)IGF-I proved more potent (10-fold) than its intact
counterpart in promoting the follicle stimulating hormone
(FSH)-stimulated accumulation of progesterone by cultured
rat granulosa cells. In contrast, des(1-3)IGF-I proved virtually
equipotent to the unmodified principle under IGFBP-deplete
circumstances. Taken together, these findings are in keeping
with the notion and that the apparently enhanced potency of
des(1-3)IGF-I (under IGFBP-replete conditions) is due to its
diminished affinity for endogenously generated IGFBPs and
that rat granulosa cell-derived IGFBPs are inhibitory to IGF
(and thus inevitably to gonadotropin) hormonal action. Accord-
ingly, the reported ability of gonadotropins to attenuate IGFBP
release by granulosa cells may be designed to enhance the bio-
availability of endogenously generated IGFs in the best interest
of ovarian steroidogenesis. (J. Clin. Invest. 1992. 90:1593-
1599.) Key words: ovary * insulin-like growth factor * insulin-
like growth factor binding proteins

Introduction

Recent observations from this laboratory disclosed the multi-
plicity of rat (ovarian) granulosa cell-derived high affinity in-
sulin-like growth factor (IGF)' binding proteins (BPs) and re-
vealed the striking ability of follicle-stimulating hormone
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(FSH) to suppress their constitutive release under both in vitro
and in vivo circumstances ( 1-3). Inasmuch as FSH is con-
cerned with the promotion of granulosa cell development, the
demonstration of FSH-attenuated IGFBP release strongly sug-
gested that the loss of IGF binding activity may be part and
parcel of granulosa cell ontogeny, an effect designed to enhance
the bioavailability of endogenously generated IGFs. According
to this view, soluble IGFBPs may subserve an inhibitory func-
tion by sequestering extracellular (granulosa cell-elaborated)
IGFs, thereby diminishing their bioavailability. In so doing,
IGFBPs may in effect be acting as antigonadotropins in that the
IGFs so sequestered are precluded from amplifying the gona-
dotropic signal (4). That this in fact may be the case is further
supported by recent observations wherein exogenously added
IGFBP- 1 (5), IGFBP-2 (6), and IGFBP-3 (6-8) have all been
shown to suppress FSH-supported cAMPgeneration, steroido-
genesis, and thymidine incorporation at the level of the murine
granulosa cell.

To further evaluate the functional role of granulosa cell-
derived IGFBPs, we have taken advantage ofthe unique proper-
ties of a truncated analogue of IGF-I the ability of which to
recognize and bind IGFBP-1, IGFBP-2, but not IGFBP-3 (9,
10) has been substantially diminished. Specifically, reference is
made to des( 1-3)IGF-I, a naturally occurring (presumptively
posttranslationally modified) IGF-I analogue (1 1-14) lacking
the amino-terminal tripeptide Gly-Pro-Glu. Indeed, des(l-
3)IGF-I (but not intact IGF-I) binding to and activation of
type I IGF receptors proved relatively impervious to inhibition
by either IGFBP-1 (9, 13) or IGFBP-2 (9). Although a poor
ligand of IGFBPs, des( 1-3)IGF-I is functionally equivalent to
IGF-I as a ligand of type I IGF receptors in some ( 15-17) but
not all ( 12, 13, 18) tissues. Consequent to this constellation of
attributes, des( 1-3 )IGF-I is substantially more potent than its
intact counterpart in stimulating the growth of a variety of cell
types (9-10, 12, 14, 15).

Implicit in the present experimental approach is the predic-
tion that truncated IGF-I would prove functionally superior to
its intact counterpart when assessed under IGFBP-replete cir-
cumstances, a functional advantage attributable to relatively
limited affinity for endogenously generated IGFBPs. Such ob-
servations would be in keeping with the notion that granulosa
cell-derived IGFBPs are inhibitory to IGF-I hormonal action.
On the other hand, equipotency of des( 1-3)IGF-I and IGF-I
under comparable experimental circumstances would render
such possibility unlikely.

Methods
Animals. Immature (23-25-d old) Sprague-Dawley female rats from
Johnson Laboratories Inc. (Bridgeview, IL) were implanted subcutane-
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ously with Silastic capsules containing diethylstilbestrol (DES) and
killed between 3 and 4 d after surgery.

Reagents and hormones. McCoy's 5a medium (modified, without
serum), penicillin-streptomycin solution, L-glutamine, and trypan
blue stain (0.4%; wt/vol) were obtained from Grand Island Biological
Co. (Grand Island, NY). Polyethylene glycol (PEG) 8000 was from
Sigma Chemical Co. (St. Louis, MO). Human immune globulin
( 18%) was from Cutter Biological (Berkeley, CA). The Centriprep Cen-
trifugal Microconcentrator was from Amicon, a division of W. R.
Grace & Co. (Beverly, MA).

des( 1-3)IGF-I with a sequence identical to human IGF-I but with
the amino-terminal tripeptide omitted, was prepared by chemical syn-
thesis ( 15), or by recombinant DNAtechnology in collaboration with
Kabigen AB, Stockholm, Sweden (19). Recombinant [Gln3, Ala4,
Tyr 15, Leu 16] IGF-I (20), generously provided by Drs. M.L. Bayne and
M.A. Cascieri (Merck, Sharp & Dohme, Rahway, NJ) represents par-
tial simulation of the B-chain of insulin wherein two of the known three
sequence-unique domains were replaced (i.e., residues -1 to 4 and
residues 15 and 16). [Thr"9] IGF-I prepared from an Escherichia coli
host by recombinant DNAprocedures was from Amgen Biologicals
(Thousand Oaks, CA). Synthetic IGF-II was generously provided by
Dr. C.H. Li, University of California at San Francisco (San Francisco,
CA). Ovine FSH (oFSH; NIH FSH-S 14; FSHpotency = 9 NIH FSH-
Sl U/mg; LH activity, 0.02 NIH LH-Sl U/mg; PRL activity, <0.1%
by weight) was from the National Pituitary Agency, National Institute
of Arthritis, Diabetes, and Digestive and Kidney Diseases.

Tissue culture procedures. Granulosa cells were maintained in cul-
ture for up to 72 h under serum-free conditions as previously described
(1-5). At no point was serum used during the culture period.

Determination of IGF binding activity. The unoccupied binding
protein content of conditioned and unconditioned media determined
by measuring its ability to bind [1251] IGF by a modification of previ-
ously described methodology (21 ). Samples were incubated for 1 h at
37°C with the indicated amount of [ '25I] IGF in 250 ,l of McCoy's 5a
medium stably buffered with Hepes at a pH of 7.4. Preliminary valida-
tion studies (not shown) revealed concentrations of .20% of PEGto be
required for maximal precipitation of the ['251] IGF-I-binding protein
complex. Validation of time requirements revealed time-dependent
increments in binding peaking after a 1-h preincubation (not shown).
Optimal precipitation of binding activity, although apparent at 22°C,
remained unchanged at 37°C in keeping with earlier reports from this
laboratory (2). Accordingly, the IGF-binding protein complex formed
was precipitated at 1,200 g for 15 min with 250 ,l of a 1% solution of
human Ig and 500 ,ul of 25%PEG. The resultant pellet was washed once
with 1 ml of 6.25% PEGand centrifuged again. Bound [ '251I]IGF was
determined by counting the pellet. Nonspecific binding was deter-
mined using buffer alone supplemented with 1 ,g/tube of unlabeled
IGF. Specifically bound [1251] IGF was expressed in terms of percentage
of total binding.

Western ligand blots. Conditioned media were electrophoresed on
SDS-PAGE(10%) under nonreducing conditions. The size-fraction-
ated proteins were then electroblotted onto nitrocellulose for 1 h. There-
after, the filter-immobilized proteins were blocked, incubated with 1
X 106 cpm of [ '251]IGF-II overnight at 4°C, washed, and visualized by
autoradiography, according to the method of Hossenlopp et al. (22).

Radioligand receptor assays. Binding studies were conducted as
previously described (23). Briefly, isolated granulosa cells were homog-
enized and spun at 600 g for 20 min at 4°C. The first supernatant in
turn was spun at 40,000 g for 20 min at 4°C to yield crude plasma
membrane preparations. The latter were then incubated with I05 cpm/
tube of [ 1251] IGF and the indicated concentration of the specified ex-

perimental agents. At the conclusion of the incubation period, the mix-
tures (total vol of 0.2 ml) were washed twice with 3 ml ice-cold assay
buffer to remove excess unbound hormone, and the cell-bound radioac-
tivity in the final pellet determined using a gamma-spectrometer with a

counting efficiency of 60%. Nonspecific binding, determined using
[Thr59] IGF-I (1 jg/tube), constituted 1.9% of the total counts added
or 9.6% of the total binding (23).

RIA. Medium progesterone content was determined using a spe-
cific antiserum (#337) raised again progesterone-l 1-BSA (24), gener-
ously provided by Dr. Gordon D. Niswender (Colorado State Univer-
sity, Fort Collins, CO).

Data analysis. Statistical significance was determined by the Stu-
dent's paired two-tailed t test or analysis of variance as indicated.

Results

To validate the functional utility of des( 1-3 )IGF-I in the con-
text of granulosa cell-derived IGFBPs, use was made of
(IGFBP-containing) media conditioned by untreated cultured
rat granulosa cells from immature DES-primed rats. Although
the exact identity of rat granulosa cell-derived IGFBPs re-
mains unknown, published information indicates the absence
of IGFBP-2 (25). As shown (Fig. 1, left), addition of increasing
concentrations (0-1,000 ng/tube) of IGF-I resulted in progres-
sive dose-dependent inhibition of specifically bound [ 125I ] IGF-
I (IC50 = 0.5±0.07 ng/tube). In contradistinction, des(1-
3)IGF-I displayed substantially diminished competitive po-
tency over the same dose range. Qualitatively similar results
were obtained when using [1251] IGF-II (Fig. 1, right). As such,
these observations indicate that truncated IGF-I possesses sub-
stantially diminished avidity for granulosa cell-derived
IGFBPs as compared with the intact principle, thereby validat-
ing its utility in this experimental system.

To determine the relative affinities of des( 1-3 )IGF-I (and
its intact counterpart) for untreated and FSH-treated rat gran-
ulosa cell type I and type II IGF receptors, use was made of a
conventional radioligand receptor assay of corresponding
membrane preparations. As shown (Fig. 2, left), des( 1-3)IGF-
I proved virtually equipotent to IGF-I in competing for binding
to untreated (A) or FSH( 10 or 100 ng/ml)-treated (B and C,
respectively) rat granulosa cell [1251] IGF-I recognition sites.
des( 1-3)IGF-I displayed lesser avidity (IC50 2 100 ng/ml) for
untreated (A) or FSH( 10 or 100 ng/ml)-treated (B and C,
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Figure 1. Functional validation of des( 1-3)IGF-I. Competition for
binding to granulosa cell-derived IGFBPs as assessed in a standard-
ized PEGprecipitation assay. Control (untreated) media conditioned
by granulosa cells (5 X I05 cells/culture) were incubated for 1 h at

370C with 2 x 104 cpm of [1251]IGF in 250 ,l of assay buffer in the
absence or presence of increasing concentrations (0.01-1,000 ng/ ml)
of IGF-I or des( 1-3)IGF-I. Specifically bound ['251]IGF was ex-

pressed in terms of percentage of control binding as described in
Methods. (Left) Tracer = ['1251]IGF-I. (Right) Tracer = [ 1251]IGF-II.
The results reflect a representative experiment. Qualitatively compa-
rable results were obtained in two additional identical experiments. .,
IGF-I; o, des( 1-3)IGF-1.
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Figure 2. Functional Validation of des( 1-3 )IGF-I.
Competition for binding to untreated and FSH-
treated rat granulosa cell type I and type II IGF
receptors as assessed in conventional radioligand
receptor assays. Isolated granulosa cell membranes
were incubated with IO cpm/tube of [ 125I ] IGF
and the indicated concentrations of the specified
experimental agents. Incubation and termination
were as described in Methods. (Left) Type I IGF
radioreceptor assay. (Right) Type II IGF radiore-
ceptor assay. A, B, and C represent membranes
from granulosa cells treated in the absence (A) or
presence of 10 ng/ml (B) or 100 ng/ml (C) of
FSH. a, des( 1-3) IGF-1; a, IGF-I.

respectively) rat granulosa cell [1251I IGF-II recognition sites
(Fig. 2, right). Taken together, these observations are compati-
ble with the notion that the comparable avidity of des(1-
3)IGF-I and IGF-I for rat granulosa cell type I IGF receptors
remains unchanged after treatment with either 10 or 100 ng/
ml of FSH.

To examine the functional impact of des( 1-3) IGF-I, gran-

ulosa cells were cultured in the absence or presence of a mini-
mally effective dose of FSH ( 10 ng/ml), with or without in-
creasing concentrations (0.3-50 ng/ml) of either IGF-I or its
truncated counterpart. Importantly, treatment with FSH con-

centrations at the 10 ng/ml dose level was designed (and
herein confirmed) to be associated with little or no change in
the elaboration of endogenous IGFBPs (3) as assessed by both
PEG precipitation and ligand blotting (Fig. 3). Given these

Mr(X 10 3) Figure 3. Effect of treat-
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ble results were obtained in two additional identical experiments.

IGFBP-replete circumstances, treatment with increasing con-

centrations of IGF-I resulted in progressive dose-dependent
(ED50 = 4.2±0.8 ng/ml) amplification of FSH hormonal ac-

tion as assessed in terms of the overall accumulation of proges-
terone (Fig. 4). Comparable studies using des( 1-3)IGF-I re-

vealed the truncated analogue (ED50 = 0.44±0.06 ng/ml) to be
10-fold more potent than its native counterpart.

To exclude the possibility that des( 1-3)IGF-I may be act-
ing via the type II IGF receptor (for which it displayed measur-
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Figure 4. Effect of des( 1-3)IGF-I or unmodified IGF-I on FSH hor-
monal action under IGFBP-replete conditions. Granulosa cells (1
x l0 cells/culture) were grown under serum-free conditions for 72
h in the absence or presence of FSH (10 ng/ml), with or without
increasing concentrations (0.3-50 ng/ml) of either IGF-I or its trun-
cated counterpart. Medium progesterone content was determined by
RIA as described in Methods. The results represent the mean±SE of
three separate determinations. o, IGF-I; o, des( 1-3) IGF-I.
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able affinity; Fig. 2, right), we have undertaken to repeat the
experiment depicted in Fig. 4 in the presence of neutralizing
concentrations ( 100 ,ug/ml) of R-II-PAB1, a previously vali-
dated (26) rat type II IGF receptor-directed monoclonal anti-
body (27). As shown (Fig. 5), qualitatively similar results were
obtained (relative to R-II-PAB 1-negative conditions; Fig. 4)
thereby arguing against the possibility that the apparent advan-
tage of des( 1-3 )IGF-I is accounted for by its ability to interact
at the level of the rat granulosa cell type II IGF receptor.

Given that the apparent increase in potency displayed by
des( 1-3)IGF-I may be accounted for by its diminished affinity
for endogenously derived IGFBPs, we have undertaken to re-
evaluate des(l-3)IGF-I action under experimental circum-
stances characterized by the absence of endogenously elabo-
rated IGFBPs. To this end, use was made of a maximally effec-
tive dose of FSH(100 ng/ml), the ability of which to virtually
eliminate the production of granulosa cell-derived IGFBPs was
previously demonstrated ( 1, 3) and herein confirmed (Fig. 3).
Ovarian granulosa cells were cultured for 72 h with or without
FSH (100 ng/ml), in the absence or presence of increasing
concentrations (0.3-50 ng/ml) of either IGF-I or its des( 1-
3)IGF-I analogue. As shown (Fig. 6), both des( 1-3)IGF-I and
its intact counterpart displayed substantially increased potency
(ED50 = 0.6±0.09 ng/ml) relative to that observed for native
IGF-I under IGFBP-replete circumstances (ED50 = 4.2±0.8
ng/ml; Fig. 4). However, des( 1-3 )IGF-I proved virtually equi-
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Figure 5. Effect of des( 1-3)IGF-I or unmodified IGF-I on FSH hor-
monal action under IGFBP-replete conditions. Role of type II IGF
receptors. R-II-PAB I ( 100 gg/ml)-supplemented granulosa cells ( 1
x lIO cells/culture) were grown under serum-free conditions for 72
h in the absence or present of FSH ( 10 ng/ml), with or without in-
creasing concentrations (0.3-50 ng/ml) of either IGF-I or its trun-
cated counterpart. Medium progesterone content was determined by
RIA as described in Methods. The results represent the mean±SEof
three separate determinations. o, IGF-I; o, des( 1-3 )IGF-I; , IGF-I
+ R-II-PAB1; ., des( 1-3)IGF-I + RII-PAB1.
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Figure 6. Effect of des( 1-3)IGF-I or unmodified IGF-I on FSH hor-
monal action under IGFBP-deplete conditions. Granulosa cells (1
X l0 cells/culture) were cultured under serum-free conditions for
72 h in the absence or presence of FSH (100 ng/ml), with or without
increasing concentrations (0.1-30 ng/ml) of either IGF-I or its trun-
cated counterpart. A parallel set of experiments was carried out in the
presence of CM, i.e., Amicon. ( 10,000)-filtered content of media ( 1
ml) conditioned by low concentrations of FSH (10 ng/ml). Medium
progesterone content was determined by RIA as described in Meth-
ods. The results represent the mean±SE of three separate determina-
tions. o, IGF-I; o, des( 1-3)IGF-I; *, IGF-I + CM; e, des( 1-3)IGF-I
+ CM.

potent to the unmodified principle, thereby strongly suggesting
that the apparently enhanced potency of des( 1-3 )IGF-I (under
IGFBP-replete conditions) is due to its diminished affinity for
endogenously generated IGFBPs. As such, these findings are in
keeping with the notion that endogenously derived IGFBPs are
inhibitory to IGF-mediated amplification of FSH-supported
progesterone biosynthesis hormonal action. This conclusion
was further supported by experiments wherein the addition of
the amicon-filtered content of media (CM; 1 ml) conditioned
by low concentrations (10 ng/ml) of FSH(IGFBP-replete me-
dia) effectively attenuated IGF-I hormonal action (Fig. 6)
while reaffirming the apparent edge of des( 1-3)IGF-I in this
context. The amicon filter mol wt cutoff (10,000) ensured
trapping of IGFBPs while eliminating steroidal principles, the
retention of which could have rendered the results uninterpret-
able. Indeed, no immunoreactive progesterone could be de-
tected in amicon-filtered media (not shown).

To ensure that the preceding observations are not des( 1-
3)IGF-I-specific, we have undertaken to carry out comparable
studies with a similarly endowed analogue. Specifically, the
ability of [GIn3, Ala4, Tyr l5, Leu 16] IGF-I to compete for bind-
ing to media conditioned by untreated cultured granulosa cells
was evaluated in a standardized PEG-precipitation assay.
When using ['251]IGF-I (Fig. 7, left), [Gin3, Ala4, Tyr'5,
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Figure 7. [Gln3, Ala4, Tyr ", Leu'61IGF-I.
Competition for binding to granulosa cell-de-
rived IGFBPs as assessed in a standardized
PEGprecipitation assay. Media conditioned
by untreated cultured granulosa cells was in-
cubated for 1 h at 370C with 2 x 104 cpm of
['25I]IGF in 250 yd of assay buffer in the ab-
sence or presence of increasing concentrations
of IGF-I (0.1-10 ng/ml), or [Gln3, Ala4,
Tyr ", Leu '6]IGF-I ( 10-100 ng/ml). Specifi-
cally bound [ '251]IGF-I was expressed in terms
of percentage of control binding as described
in Methods. (Left) Tracer = [1251 IGF-I.
(Right) Tracer = [12511IGF-II. The results re-
flect a representative experiment. Qualitatively
comparable results were obtained in two addi-
tional identical experiments.

Leu 16] IGF-I displayed substantially diminished affinity for
granulosa cell-derived IGFBPs as compared with the unmodi-
fied principle. Qualitatively similar results were obtained when
using [125I] IGF-II (Fig. 7, right). In related studies, we have
also undertaken to determine the relative affinity of the ana-
logue for rat granulosa cell type I and type II IGF receptors. As
shown (Fig. 8, left), [Gln3, Ala4, Tyr15, Leu'6]IGF-I proved
virtually equipotent to IGF-I in competing for binding to rat
granulosa cell [ 251 ]IGF-I recognition sites. In contrast, the ana-
logue proved relatively ineffective in terms of its ability to com-
pete for binding to rat granulosa cell ['25I] IGF-II recognition
sites (Fig. 8; right).

To examine the functional impact of the [Gln3, Ala4,
Tyr"5, Leu16] IGF-I analogue, granulosa cells were cultured in
the absence or presence of a minimally effective dose of FSH
( 10 ng/ml), with or without increasing concentrations (0.3-50
ng/ml) of either IGF-I or its analogues. As shown (Fig. 9, left),
[Gln3, Ala4, Tyr 5, Leu'6]IGF-I (ED50 = 0.8±0.2 ng/ml)
proved substantially (five to six times) more potent than its
counterpart when tested under IGFBP-replete circumstances.
This apparent edge was lost, however, when restudied under
IGFBP-deplete circumstances (Fig. 9, right). As such, these
findings suggest that the apparently enhanced potency of
[Gln3, Ala4, Tyr'5, Leu 16] IGF-I (under IGFBP-replete condi-
tions) is likely due to its diminished affinity for endogenously
generated IGFBPs.

Discussion
IGFBPs are multifunctional proteins capable of binding IGFs
(but not insulin) with affinities in the I0-'°-10-9 Mrange that
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regulate not only the transport of IGFs but also their presenta-
tion to cognate cell surface receptors (28). Although the pre-
cise role(s) of tissue-derived IGFBPs is a matter of ongoing
studies, both stimulation (29, 30) and inhibition (31, 32) of
IGF binding and action have been reported. Thus, the synthe-
sis and secretion of IGFBPs mayplay a major role in the regula-
tion of IGF hormonal action at the target cell level.

Although the relevance of IGFBPs to ovarian physiology
remains unknown, media conditioned by cultured murine
granulosa cells were reported to contain IGF binding activity
( 1-3). One such species, IGFBP- 1, was localized to luteinized
human granulosa cells by immunohistochemistry (33, 34), ra-
dioimmunoassay (34, 35), immunoisolation (36), and North-
ern blotting (37). Other IGFBP species, i.e., IGFBP-2 and
IGFBP-3, were localized to the porcine granulosa cell (38). In
this communication, we seek to reevaluate the role of granu-
losa cell-derived IGFBPs as it relates to IGF-I hormonal ac-
tion. Special attention has been paid to the possibility that
granulosa cell-derived IGFBPs may inhibit IGF hormonal ac-
tion, thereby compromising its ability to amplify the gonado-
tropic signal (4).

Validation of des( 1-3)IGF-I revealed it to display substan-
tially diminished affinity for granulosa cell-derived IGFBPs as
compared with the native unmodified principle (Fig. 1). Al-
though granulosa cell-derived IGFBPs clearly constitute a het-
erogenous mix of IGF binding species ( 1-3), this material nev-
ertheless represents a more physiologic and thus a more rele-
vant reference preparation. In this respect, our current
observations are in keeping with those reported by others
wherein the limited affinity of des( 1-3)IGF-I to both IGFBP- 1

-1so Figure 8. [Gln3, Ala4, Tyr", Leu 16J]IGF-I.
W

Competition for binding to rat granulosa cell
^ type I and type II IGF receptors as assessed in

L100 i conventional radioligand receptor assays. Iso-
6 lated granulosa cell membranes were incubated
; with 10' cpm/tube of[ "25I]IGF and the indi-

c cated concentrations of the specified experi-
so mental agents. Incubation and termination

were as described in Methods. The data reflect
a representative experiment. Qualitatively

o ': comparable results were obtained in two addi-
- tional identical experiments. (Left) Type I IGF

receptor assay. (Right) Type II IGF receptor
assay.
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and IGFBP-2 (but not IGFBP-3) has been clearly demon-
strated (9, 10).

Our present findings further document that des( 1-3)IGF-I
effectively binds to type I IGF receptors (Fig. 2, left). Thus,
given that the membranes in question are effectively devoid of
IGFBPs (26), it is highly likely that des( 1-3)IGF-I binding
involved type I IGF receptors rather than contaminating
IGFBPs. Accordingly, any functional differences between the
truncated analogue and its native counterpart cannot be
ascribed to differences in binding potencies to the type I IGF
receptor. As such, these observations are in keeping with those
reported by several investigators wherein des( 1-3)IGF-I
proved functionally equivalent to its intact counterpart in
terms of binding to type I IGF receptors in some ( 15-17) but
not all ( 12, 13, 18) tissues and cells so studied. Our current
observations (Fig. 2, right) also indicate that des( 1-3)IGF-I
(like intact IGF-I) displays relatively limited, albeit measur-
able, affinity for rat granulosa cell type II IGF receptors. It is
not immediately apparent why des(1-3)IGF-I displayed in-
creased affinity for type II IGF receptors as compared with its
unmodified counterpart. All told, these findings suggest that
des( 1-3)IGF-I (and its unmodified counterpart) effectively ac-
tivate type I receptors. Although des( 1-3)IGF-I may be in a
position to bind type II IGF receptors, such a phenomenon is
likely to prove functionally irrelevant in that IGF-I and IGF-II
hormonal action at the level of the rat granulosa cell is exerted
largely, if not exclusively, via type I IGF receptors (27). Experi-
ments reported herein (Fig. 5) are in full agreement with this
conclusion.

Having established des(l-3)IGF-I as a weak ligand of
IGFBPs (but not of type I IGF receptors), we have undertaken
to exploit this differential binding pattern to reevaluate the
impact of granulosa cell-derived IGFBPs on IGF hormonal
action. Initial experiments carried out under IGFBP-replete
conditions clearly indicated that the truncated analogue is sub-
stantially more potent than its native unmodified counterpart
in promoting FSH-supported progesterone accumulation (Fig.
4). Given that such differences cannot be accounted for by
divergent interactions at the level of the type I IGF receptor
(Fig. 2), it is highly likely that differences in binding affinity to
endogenously derived IGFBPs are at play. As such, these find-
ings are in keeping with the notion that endogenously derived
IGFBPs are inhibitory to IGF hormonal action. This notion
was further confirmed under experimental conditions charac-
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Figure 9. Effect of [Gln3, Ala4, Tyr'5, Leu'6J-
IGF-I or unmodified IGF-I on FSHhormonal
action under IGFBP-replete (left panel) or
IGFBP-replete (right panel) conditions. Gran-
ulosa cells (1 x I05 cells/culture) were grown
under serum-free conditions for 72 h in the
absence or presence of FSH (10 ng/ml [left]
or 100 ng/ml [right]) with or without increas-
ing concentrations (0.3-50 ng/ml [left] or
0.1-30 ng/ml [right]) of either IGF-I or its
modified analogue. Medium progesterone
content was determined by RIA as described
in Methods. The results represent the
mean±SEof three separate determinations. o
IGF-I; o, [Gln3, Ala4, Tyr'5, Leu'6]IGF-I.

terized by the absence of endogenously elaborated IGFBPs.
Indeed, given IGFBP-deplete conditions, des( 1-3)IGF-I
proved virtually equipotent to the unmodified native principle
(Fig. 6). Qualitatively comparable observations (Fig. 9) made
using a similarly endowed (Figs. 7 and 8) IGF-I analogue, i.e.,
[Gln3, Ala4, Tyr"5, Leu'6]IGF-I.

Taken together, these findings indicate that granulosa cell-
derived IGFBPs are inhibitory to IGF-mediated amplification
of FSH-supported progesterone biosynthesis. Moreover, given
the established ability of IGFs to synergize with FSH in the
promotion of granulosa cell differentiation (4), the present ob-
servations are also in keeping with the notion that granulosa
cell-produced IGFBPs are in effect inhibitory to gonadotropin
(FSH) hormonal action. Accordingly, FSH-attenuated IGFBP
release ( 1, 3) may be designed to enhance the bioavailability
and hence the access of endogenously generated IGFs to their
cognate cell surface receptors, and in so doing, promote FSH-
supported progesterone biosynthesis.
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