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ABSTRACT

The insulin-like growth factors (IGF) are anabolic peptides that stimulate cellular

proliferation and differentiation. The IGFs are found in association with specific IGF binding

proteins (IGFBP). To date six classes, IGFBP-I, IGFBP-2, IGFBP-3, IGFBP-4, IGFBP-5 and

IGFBP-O have been classifred on the basis of sequence and immunological data. These IGFBP:

modulate the biological actions of IGF, in either an inhibitory or stimulatory manner; promote

the half life of IGF in the circulation; and can act as endocrine stores of IGF. In the blood there

is a good correlation between the concentrations of IGF and IGFBP.

The research presented in this dissertation examined IGF and IGFBP during pregnancy

in the rat and human. The metabolic adaptations during pregnancy allows mothers to meet a

large demand in energy and nutrient required by the conceptus. Since the placenta expresses

IGF receptors and the IGFs are regulated both developmentally and nutritionally, the IGFs

were considered to play a role in this metabolic adaptation and to modulate fetal growth.

The rat was our experimental model. The IGFBP found initialty in biological fluids and

secreted by liver-, bone- and muscle-derived cells were characterised by size-exclusion

chromatography, Western-ligand blot and Western-immunoblot analysis to identify the IGFBP

produced by different tissue types and found in specifrc biotogical fluids. Adult serum and

abdominal lymph contained a 200 kDa IGFBP (possibly the soluble type-Il receptor) and a 150

kDa IGFBP that contained subunits of 40-50 kDa aligning with IGFBP-3 on WesternJigand

blots. Both fluids also contained a 30 kDa IGFBP that was immunoreactive with an antiserum

to bovine IGFBP-2, a 28 kDa IGFBP that aligned but did not cross react with an antiserum to

human IGFBP-I, and a 24kDa IGFBP, possibly IGFBP-4. Fetal serum and amniotic fluid from

pups between 1? and 20 days gestation, contained a 30 kDa IGFBP-2 whereas CSF contained

only a 30 kDa IGFBP that was not IGFBP-2. Several smaller molecular mass IGFBP were

detected in media conditioned by liver-, bone- and muscle-derived cells, but none of the cells

secreted IGFBP-3. Thus at least 6 IGFBP were found in rat fluids: a 200 kDa IGFBP, a 150

kDa complex that contained IGFBP-3, a 32 kDa IGFBP-2, and a 32 kDa, 28 kDa and 24 kDa

IGFBP.
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Next the IGF-I, IGF-II and IGFBP profrles were examined in sera from non-pregnant,

pregnant and lactating rats. During pregnancy and lactation in the rat, IGF-I was the major

IGF present in maternal serum. I was unable to detect IGF-II above the limit of the assay. In

earþ pregnancy, IGF-I levels rose until day 13, after which both IGF-I and IGFBP-3 declined

and concentrations of both remained low for the duration of pregnancy (ie., to 21 days). One

day postpartum, the IGF and IGFBP pattern began to recover to non-pregnant levels. To

determine the distribution of IGF-I amongst the IGFBP, sera were fractionated by size-

exclusion chromatog¡aphy at physiological pH and then each fraction was acidifred and

subjected to acid size-exclusion chromatography to separate the IGF from IGFBP- The IGF-

containing region was assayed by RIA In sera from non-pregnant rats, the 150 kDa IGFBP

complex, which contained IGFBP-3, carried the majority of the circulating IGF-I whilst the

smaller IGFBP carried the remainder. In contrast, during late pregnancy, the smaller

molecular mass IGFBP carried the mqjority of the IGF-I in blood. Consistent with the

observation of low IGFBP-3 and IGF-I levels, the smaller molecular mass IGFBPs carried the

majority of the circulating IGF. This result was consistent with the loss of IGFBP-3 requiring

the other IGFBP to play an endocrine role.

IGFs have been shown to promote net protein accumulation both in uitro artd in viuo.

Thus, it was considered that the low levels of IGF-I may promote muscle protein catabolism in

the mother, so as to provide supplementary nutrients to the fetus. I endeavoured to reverse the

depressed serum IGF-I and IGFBP concentrations during late pregnancy and assess the effects

on maternal, fetal and placental weight gain. I chose to infuse recombinant human growth

hormone (rhGH; 2.4 mgnrg per day; n=9; days LL-21) that has been shown by others to regulate

the synthesis of IGF-I and IGFBP-3, and rhIGF-I (L.4mglkg per day; n=10; days 11-21) which

will increase circulating IGF-I and IGFBP levels in rats in states of low IGF. Administration of

rhGH did not signifrcantly elevate IGF-I levels, alter maternal, fetal or placental weights, or

affect the IGFBP profrle. Infusion of IGF-I into pregnant rats during late pregnancy

significantly increased circulating IGF-I levels and slightly induced IGFBP-3 and a 32 kDa

IGFBP. Most notable was the significant gain in maternal weight during the IGF-I treatment
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period, whereas neither fetal nor placental weights were influenced. This suggested a

repartitioning of nutrients to maternal tissues without detrimental effects on fetal growth.

Finally, in view of the results obtained in rats, I was interested in measuring IGF and

IGFBP in the sera of {¡omen before, during and after pregnancy. During pregnancy' IGF-I and

IGF-II levels were signifrcantly elevated, reaching a maximum between weeks 26-33 and

declining postpartum to non-pregnant levels. The IGFBPs, as assessed following size exclusion

chromatography at pH 2.8 and measured as interference in the IGF assays or characterised by

Western-ligand blotting, showed an apparent decline in IGFBP-3 and the 32 kDa IGFBP after

week ? of pregnancy. The IGFBP profile recovered 3-4 days postpartum. These results were

unusual as IGF and IGFBP generally show a close conelation in the circulation, yet I found

elevated levels of IGF-I and IGF-II whilst the major serum carrier, IGFBP-3 levels were low.

Unbound IGF is rapidly cleared from the circulation, thus higher concentrations of free IGF

would be expected during pregnancy. To investigate this anomaly, the distribution of IGF

amongst the IGFBP was determined by measuring the IGF concentrations in sera fractionated

on a size-exclusion column at pH 7.4. The IGF-I and IGF-II concentrations in the 150 kDa

IGFBP complex that contained IGFBP-3 were elevated during late pregnancy' but IGFBP-3

detected by WesternJigand blot analysis of the same fractions lr¡as diminished. I suggest that

the structural and functional integrity of IGFBP-3 as part of the 150 kDa complex is

maintained since most of the IGF-I and IGF-II is present in a complex of 150 kDa whose

formation depends on active IGFBP-3. Techniques that dissociat¿ the IGFBP-3 from the 150

kDa complex (acidification or electrophoresis in SDS) appear therefore to markedly reduce

IGFBP-3 stability. In conclusion, IGF-I, IGF-II and IGFBP-3, as part of the 150 kDa, are

elevated in the serum of women in late pregnancy.

The research in this thesis presents a comparative study of IGF and IGFBP during

pregnancy in rats and human. I observed a parallelism between the changing IGF and IGFBP

levels during pregnancy; in the rat both IGF-I and IGFBP-3 declined whereas in the human,

IGF-I, IGF-II and IGFBP-3 concentrations increased. The physiological signifrcance of the inter-

species variation is unresolved. Possibly the energy and nutrients required by the rat to fulfil
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the demands of up to 16 conceptuses demands extreme metabolic a{ustments; thus the

dramatic loss of IGF-I. In contrast, women with a single conceptus may be more subtly

regulated, possibly by lGFBP-proteases that can alter the stabitity of IGFtsP-3 and

subsequently modify the bioavailability and bioactivity of IGF-I. Clearly much interesting work

into the role of IGF and IGFBP during pregnancy remains to be done.
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1

GENERAL INTRODUCTION

This chapter presents a brief review of the insulin-like growth factors (IGF), their

receptors and binding proteins (IGFBP). Topics include: the isolation and characterization of

IGF and IGFBP as both proteins and the genes that encode them; the variation in IGF and

IGFBP concentrations in different metabolic conditions; and the endocrine and molecular

regulation of IGF and IGFBP.

1.1THE IT,IN-LIKE R^S

Three independent areas of ¡esearch led to the discovery of the insulin-like g¡owth

factors (IGF): 1) the formation of the somatomedin hypothesis; 2) the demonstration of

nonsuppressible insulin-like activiþ; and 3) the characterization of serum growth promoters'

1. 1. 1 SOMATOMEDIN HYPOTHESIS

In 1931, Evans and Simpson documented the growth-promoting properties of the

anterior hypophysis. Later, growth hormone (GH) was purifred from the pituitary and injected

into hypophysectomized rats: this resulted in increased skeletal growth (Becks et al., 1949).

These observations were extended by Denko and Bergenstal (195õ) who found that in uitro

incorporation of sSOn into proteoglycans of costal cartilage was reduced in hypophysectomized

rats, but elevated g to 4 fold in cartilage from GH-treated hypophysectomized rats. However, it

was Salmon and Daughaday (1957) who reported that GH (somatotrophin) stimulated sSOn

incorporation in viuo but not in uitro. They proposed a "sulfation factor" that was GH inducible,

as it appeared in the plasma of hypophysectomized rats following GH administration. This

"sulfation factor" or "thymidine factor" riyas renamed "somatomedin" by Daughaday et al,,

(1972). "Somato" indicated its hormonal relevance to somatotrophin and "medin" referred to the

intermediate role in somatotrophin action. The "somatomedin Hypothesis" was thus

formulated.



2

1. 1.2 NONSUPPRESSIBLE INSULIN-LIKE ACTTVITY

Molecules similar to insulin that did not bind to anti-insulin antibodies Ìvere termed

nonsuppressible insulin-like activity (NSILA) (Slatter et ø1., 1961; Froesch et ø1., 1963). NSIIA

in human serum was mostly insoluble in acid-ethanol and chromatogtaphed with a molecular

weight of 100-150,000. the acid soluble portion had a molecular weight of 6-10,000. These two

activities were called NSILA-P and NSII"A-S, respectively (Burgi et al., 1966; Jakob et ø1.,

1968). The NSILA-S fraction was found to contain two peptides, NSILA-I and NSIf,e-U,

(Rinderknecht and Humbel, 1976) which were subsequently purified and completely sequenced

from Cohn fractions of plasma. These polypeptides were then named IGF-I and IGF-II

(Rinderknecht and Humbel, 1978a,b).

1. 1.3 MULTIPLICATION-STIMUI"NTING ACTIVITY (MSA)

The realisation that serum was an essential constituent for mammalian cell culture led

to the investigation of serum mitogens (Temin, 1971). A Buffalo rat liver-derived cell line was

found to grow in the absence of serum. Temin showed that conditioned media from these cells

could stimulate DNA synthesis in chick embryo frbroblasts. This activity was partially purifred

and called multiplication-stimulating activity (MSA) (Dulak and Temin, 1973a,b).

1.1.4 NOMENCI,ATURE

The nomenclature of the somatomedins lvas clarifred when somatomedin-C,

somatomedin-A and NSILA-I/ IGF-I were found to be identical (Hintz et al', 1980; Van Wyk ¿ú

ol., 1g80; Klapper et al., 1983; Enberg et al., 1984) while human IGF-MSII"A-II and MSA

were found to be 93Vo homologous. MSA was clearþ rat IGF-II (Rinderknecht and Humbel,

1g78b; Marquardt and Todaro, 1981). Thus, the nomenclature was resolved for the insulin-like

growth factors (IGF) (Daughaday et a.1., L987).



Figure 1.1: Insulin and IGF structural relationship (Blundell et al., 1978).
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1.2 CHEMICAL CHARACTERIZATION OF IGF

1.2.1 STRUCTURE of IGF

Human IGF-I and IGF-II are single polypeptides chains of molecular weight 7649 and

?4?1 with three intramolecular disulfrde bonds, respectively. The two IGF peptides are 667o

homologous with each other and, 437o homologous with insulin. The A and B chains of IGF

contain the homologous regions to proinsulin. Ttre connecting peptides of IGF-I and IGF-II are

shorter (12 and 8 amino acids, respectively) and show no sequence homolory to the 35 amino

acid C-peptide of proinsulin. In addition, IGF-I and IGF-II have an 8 and 6 amino acid

extension at the carboxyl terminal or D-domain (Humbel and Rinderknecht, 1978a,b). Both

peptides are synthesised in precursor forms that include signal peptides and carboxyl terminal

extensions: a region called the E domain (Janson et al., L983).

Based on the known X-ray crystallographic analysis of insulin, three-dimensional

models of IGF-I and II were constructed (Blundell et a1.,1978) (Fig. 1.1).

1.2.2 ISOLATION of IGF

Many IGF peptides have been isolated (Table 1.1) and show extensive sequence

homolory between species. In addition, the amino acid sequence for Xenopus IGF-I has been

inferred from the cDNA sequence (Shuldiner et ø1., 1990) and immunoreactive IGF-I material

has been reported in Bufo wood.housi (toad), Bombyr r¿ori (silkworm), and Hagfrsh (Thornedyke

et a1.,1989; Maruyama et al., 1990; Pancak-Roessler and Lee, 1990).

1.2.3 VARIANTS of IGF

Although IGF-I and IGF-II are the principal somatomedins, variants have been

isolated. A form of IGF-I was isolated from adult and fetal human brain and bovine colostrum

that lacked the N-terminal tripeptide Gly-Pro-Glu (Carlsson-Skwirut et al., 1986; Francis et ø1.,

1g86; Sara et al., 1986; Carlsson-Skwirut et aI., 1987; Francis et al., 1988). Another line of

evidence suggests that IGF-I exists as a heterogeneous group of peptides with each subform

displaying varying affinities for the IGF receptors (Blum et al., L986; Rosenfeld et ø1., 1987).



Table 1.1: Isolation of IGF in biologrcal fluids and in media
conditioned by cells.

This table is not complete but contains many of the isolates purified to
date (1991).

Species Source IGF References

Human Plasma
IGF-I Rinderknecht & Humbel, 1978a

IGF-II Rinderknecht & Humbel, 1978b

Rat
Sera IGF-I Rubin et aI., L982

BRLSA cells IGF.II Marquardt et al., L98l

Bovine
Colostrum IGF-I Francis et aI., 1986

Sera IGF-IIII Hoggner & Humbel, 1986

Avian Sera
IGF-IÆI Dawe et al., 1988

IGF-II Kallincos et ø1., 1990

Ovine
Plasma IGF-IÆI Francis et aI., 1989a

Sera IGF-I/II IJey et ø1., 1990

Porcine Sera IGF-I/II Fra¡rcis et ø1., 1989b
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Rinderknecht and Humbel found tlrrat 26/o of the IGF-II purifred from human serum

lacked the N-terminal Ala (Rinderknecht and Humbel, 19?8b). Another human IGF-II variant

detected at both the Rl.[A and protein level had the Ser residue 29 in the B domain replaced by

Arg-Leu-Pro-Gly. This variant could arise fTom an alternative splice site (Jansen et al., 1986i

Hampton et ø1., 1989). Larger variants of IGF-II have also been isolated in human serum:

Zumstein et ø1. tepofiæd a pro-form of IGF-II of 10 kDa with a substitution of Ser 33 with Cys-

Gly-Asp, and a carbory terminal extension of 21 amino acid (E domain) (Zumstein et ø1., 198õ);

Haselbacher et aI. reported a 13 kDa species of IGF-II in cerebrospinal fluid (Haselbacher eú

ol., 1g85); and Gowan et ol. pwrifred a 15 kDa species with 28 identical N-terminal amino acids

to IGF-II, but a different carboryl end (Gowan et al., 198?). Normally, these large forms of IGF-

II contributc less than lOTo of the total IGF-II in human plasma, although tumours associated

with hypoglycemia have up to 767o of the plasma IGF-II as a higher molecular mass

(Daughaday and Rotwein, 1989).

Several biologically active polypeptides for MSA, considered to be the rat homologue of

IGF-II, have been purifred and biochemically characterised (Moses et ø1., 1980). The peptides

are designated MSA-I, -II and -III. The molecular sizes differ when the different species are

reduced, yet the amino acid compositions are similar. The binding affrnity of MSA-III is greater

than MSA-II in selective conditions. The relevance physiological signifrcance of these MSA

forms is uncertain.

1.3 MOLECULAR BIOLOGY of IGF

1.3.1cDNA ISOLIffION

The frrst cDNA for IGF-I was isolated in 1983 by Jansen and colleagues from a human

adult liver library (Jansen et al., 1983). Subsequently, additional IGF-I cDNAs were reported

(Ullrich et ø1., 1984; Le Bouc eú aI., L986 Rotwein, 1986) and employing the specifrc human

IGF-I gDNA, human IGF-II cDNA clones were isolat¿d (Bell et al., 1984; Jansen et al., 1985; Le

Bouc eú aI., L987; Shen ¿ú ø1., L986 DePagter-Holtuizen et al., 1987,1988). To date numerous

cDNA species have been described (Table 1.2) leading to a greater understanding of the IGF



Table 1.2: Isolation of cDNA clones for IGF.

SPECIES IGF REFERENCE

Human IGF-I Jansen et ø1., 1983

Ullrich et ø1., 1984

Le Bouc et ø1., 1986

Rotwein, 1986

IGF-II Bell etal., 1984

Jansen et al., 1985

Shen et ø1., 1986

Le Bouc et aI., 1987

DePagter-Holtuizen et o,1., 1987, 1988

Rat IGF-I Roberts et aI., 1987 a,b

Casella et aI., 1987

Murphy et ø1., 1987

IGF-II Whitfield et aI., 1984

Mouse IGF-I Bell eú ø1., 1986

IGF.II Stempien et al., 1986

Bovine IGF-II Brown et ø1., 1990

Porcine IGF.I Tavakkol et al., 1988

Ovine IGF-I Wong et ø1., 1989

Salmon
Oncorhynrhus

hitsutch

IGF-I Cao et aI., L989

Chicken IGF.I Fawcett & Bulfield, 1990

Xenopus
laevis

IGF-I Kajimoto & Rotwein, 1990
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precursor structure and messenger RNA processing.

1.3.2IGF-I GENE

1.3.2 a) Precursors

Analysis of the cDNA data indicates that human, rat and mouse IGF-I are synthesised

as larger precursor molecules of approximately 130 amino acids that undergo processing at

both the signal peptide (N terminus) and the E domain (C terminus) to produce mature

peptides of ?0 amino acids (Sussenbach, 1989). Two cDNA encoding different carbory terminal

extensions have been isolated with E domains of different lengths: IGF-Ia with 35 amino acids

and IGF-Ib with ?7 amino acids (Janse¡ et al',1983; Rotwein, 1986).

1.3.2 b) Gene structure

The human IGF-I gene contains 3 initiation codons (-48, -25,-22). Comparative studies

infer the -25 and -22 positions as initiation codons, but i¿ udúro systems indicate position -48 as

the preferred initiation site (Rotwein, 1986). The human IGF-I gene is located on chromosome

12, region L2q22 (Brissenden et al., 1984; Tricoli et al., 1984) and spans more than 95 kb of

chromosomat DNA. The IGF-I gene for rat and human is divided into frve exons divided by four

introns (Fig. 1.2). Exons 1 and 2 code for the signal peptide, exons 2 and 3 contain the mature

IGF peptide and exons 3, 4 and õ contain the E domain of IGF-Ia and IGF-Ib and 3'

untranslated sequences (Rotwein et al., 1986; Shimatsu et ø1., 1989). In the human, the

primary transcript is spliced to produce the two cDNA precursor molecules: IGF-Ia contains

exons L, 2, g and õ, whilst IGF-Ib contains exons L,2, 3 and 4 (Rotwein et ø1., 1987; De Pager-

Holthuizen et al., 1990) (Fig. 1.2). Unlike the E domain of IGF-Ia, the E domain of the IGF-Ib

precursor is not conserved between species (Tavakkol et a1.,1988).

1.3.2 c) nRNA Expression

In the rat, processing is further complicated by: alternative splicing that can occur in

both the 5'and 3'end of the gene;five polyadenylation sites at the 3'end of exon õ;divergent 3'



FigUre 1.2: Structure and. expression of the hurnan and' rat IGF'I gene and

nRNA (Daughaday & Rotwein' 1989).

Exons are numbered; indicated below each gene is the alternative mRNA

splicing that generates the different transcripts. IGF-Ia and IGF-Ib are noted. The

stripped region in the 5' end of the rat mRl.[A, marked A'has not been marked on the

genomic map. The 5' end of each mRNA is left open since it is not defrned. The

beginning and end of the coding region for each mRNA is marked by at AUG and

UGMJAG, respectively. Possible alternative polyadenylation sites are indicated by

unlabelled arrows.
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untranslated regions; and a õ'region of variable sequence (Casella et al., 1987; Murphy et al.,

1g87; Shimatsu eú al., L987; Holthuizen, 1990) (Fig. 1.2). Northern analysis indicates a

range of IGF-I mRl',[A transcripts ranging from 1 to 7.6 kb (Bell et al., 1985a; }Jan et al., L988;

Rotwein, 1936) (Fig. 1.2). Human IGF-I mRNA can be detected in most adult and fetal tissues

(Han eú ol., 1988). Expression is tissue specifrc and developmentally regulated.

Rat and mouse IGF-I expression is regulated by differential initiation of transcription

and alternative splicing due to the presence of three õ' leader sequences. The expression of the

alternative 5' untranslated regions regulates tissue specifrcity, mRNA stability and mRNA

levels developmentally (Lowe et a1.,1987; Adamo et a1.,1989; Lowe et al., L989). The half life of

rat IGF-I mRNA is affected by the 3' untranslated sequence (Helper et u'1., l99O).

1.3.3 IGF-II GENE

1.3.3 a) Precursors

The IGF-II cDNAs for human, rat and mouse encode an 180 amino acid long precursor

which contains a 24 amino acid signal peptide and an 89 amino acid carbory terminus (E

domain). In each case this is processed to a 67 amino acid peptide.

1.3.3 b) Gene structure

The human IGF-II gene is located on the short arm of chromosome 11 (Brissenden eú

al., 1984; Tricoli et al., 1984). The gene spans more than 30 kb of chromosomal DNA,

comprisingS exons. Exons õ,6,7 are the coding sequence and 1, 2,3,4,48 are 5'untranslated

regions that are differentially expressed. Tlanscriptional initiation can start at one of five

promoters which precede exons l, 4, 4B (Holthuizen, 1990). In contrast, the rat IGF-II gene has

6 exons. Exons L, 2, 3 are transcribed from three weak promoters and encode the 5'

untranslated regions. Exons 2 and 3 are analogous to human exons 4 and 48. The leader exons

(1, 2, 3) are linked to exons 4, 5 and exon 6 that encode the 3'untranslated region (Sussenbach,

1989).



Figure 1.3: Structure and function of the IGF-II gene and nIìNA transcripts in

both the human and rat (Sussenbach' 1988).

The exons are numbered and the promoters are indicated by the 'P'

Polyadenylation sites are indicated by asterisks'
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1.3.3 c) nRNA Expression

The initiation of transcription is tissue and developmentally specifrc (Holthuizen, 1990).

The size of mRNA (5.g-18 kb) is regulated by: the promoter initiation site; the length of the 5'

untranslated region, which may vary between 100 to 1200 bases; and two variable

polyadenylation signals at the 3' end cont¿ined within exon ? (Fig. 1.3). CleaÙ, such

mechanisms add to the transcriptional diversity, differential expression and developmental

regulation of the IGFs (reviewed, Daughaday and Rotwein, 1989; Kato et al., 1990; Johnson

and llan, 1990; Rotwein et al., 1990).

1.4 RECEPIORS for IGF

The biological responses to IGF are rnediated, in part, via cellular transmembrane

receptors. These receptors have been characterised by affrnity cross-linking and

immunoprecipitation techniques, followed by SDS-polyacrylamide analysis. This section of the

review will cover the basic frndings. For more comprehensive literature coverage, the reader is

referred to reviews of: Rechler and Nissley, (1985); Carpenter, (198?); and Czech, (1989)'

1.4.1 IGF-I RECEPTOR

The insulin and IGF-I receptors are similar in both structure and transmembrane

signalling, but display different binding characteristics. The IGF-I receptor binds IGF-I $'ith

slightly greater affrnity than IGF-II, and insulin with a much lower affrnity' The insulin

receptor binds insulin with a greater affrnity than IGF-I (Massague and Czech, 1982).

The receptor for IGF-I is referred to as the type 1 receptor. It is a glycosylated protein

composed of two identical alpha units (Mr 135,000) and two identical beta subunits (Mr

95,000) linked by disulfrde bonds into an alpharbeta, heteroietrameric complex (Massague and

Czech,1982) (Fig. 1.4). The alpha subunit residing in the extracellular domain is involved in

ligand binding and contains an N-terminus rich in cysteine amino acids. T-lhe two alpha

subunits are joined by class I disulphide bonds and anchored to the plasma membrane by class

II disulphide bonds through the extracellular component of the beta subunit. îhe intracelluìar



Figure 1.4: Schematic diagram of the ty¡le'I and t5pe'Il receptors (Morgan eú

ø1., 1990).

proteins are drawn to approximately to scale and orientated in the plasma

membrane with the carboxyl terminus inside. The tyrosine kinase domains of the IGF-I

receptor is indicated as a hatched boxed.
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portion of the beta subunit contains an ATP binding domain (Roth and Cassell, 1983; Ebina, et

al., lg87), tyrosine-specifrc autophosphorylation acceptor sites (Jacobs et ø1., 1983), protein

kinase activity (Zick et at., L984) and serine and threonine phosphorylation acceptor sites (Yu eú

ø1., 1986).

The full amino acid sequence of the receptor was deduced from a cDNA clone isolated

by Ullrich (1986). The type I receptor is synthesised as a 1400 amino acid precursor. The

precursor is glycosylated and proteolytically processed to the mature alpha and beta subunits,

and assembled to produce a mature protein (tlllrich et ø1., 1986).

The mechanism of ligand binding to a cellular receptor, the internalization of the

ligand-receptor complex and the intracellular cascade of events that ensue are not completely

understood. Some of the primary events, following internalization are: receptor

phosphorylation; inositol phosphate processing; calcium mobilisation; the synthesis of proto-

oncogenes; phosphorylation and dephosphorylation by protein kinase of protein K S6 and other

proteins; and pH fluctuations. For reviews the reader is ¡eferred to: I(rebs, 1984; Stryer, 1986.

Berridge, 198ã, 198?; Sibley et a1.,1987; and Corps, 1990.

The IGF receptors are widely distributed throughout the body and subject to

developmental and differential regulation (Alexandrides et al., 1989; Heyner et al., 1989;

Werner et a1.,1989).

1.4.2IGF-II RECEPTOR

The receptor for IGF-II termed the type 2 receptor, is a 250,000 kDa glycoprotein. The

primary structure was determined from the cloning and sequencing of the receptor cDNA

(Morgan et al., 1937) (FiS. 1.a). There are 19 Nlinked glycosylation sites in the extracellular

domain, which is composed of 15 conserved repeats of 150 amino acids that arc only 20 lo

identical, yet contain a conserved motif of 8 cysteine residues. One major hydrophobic segment

represents the transmembrane compartment. The cytoplasmic domain is hydrophillic and

contains potential serine, threonine and tyrosine phosphorylation sites. Interestingly, the

bovine cation-independent mannose-6-phosphate receptor (CIM6P) is 99.8 7o homologous to the
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human IGF-II receptor (Oshima et a1.,1988). Recent structural, biochemical and immunological

evidence has proved that these receptors are identical (Nissley et ø1.,1990).

The type 2/CIM6P receptor binds IGF-II with greater affrnity than IGF-I and does not

bind insulin (Rechler and Nissley, 1985). lhere are distinct binding sites for mannose 6-

phosphate and IGF-II on the same receptor molecule (Braulke et ø1., L988).

The structural homology and ligand interaction suggests a dual role for the type

MIM6P receptor. The receptor is involved in the targeting of lysosomal enzJrmes and may

mediate some IGF-II actions via intracellular signals such as G proteins or protein kinase C

activation (Nishimoto et a1.,1989; Braulke et a.1.,1990; Nissley et al., 1990). The expression of

the IGF-IVCIM6P receptor is developmentally regulated in a manner similar to circulating

IGF-II concentrations (Sklar et ø1.,1989).

The intracellular mechanisms and signals of the IGF receptors and the signifrcance in

the regulation of IGF activity are not completely understood.

1.5 BIOLOGICAL ACTIVITIES of IGF

The IGFs were originally investigated and characterised by the measuring sSOn

incorporation into proteoglycans of costal cartilage (Section 1.1.1), insulin-Iike effects on adipose

tissue (Section 1.1.2) and stimulation of thymidine incorporation into chick embryo frbroblasts

(Section 1.1.3). Since that time the biological activities of IGF have been extensively researched

then both in viuo and in uiúro. This dissertation will briefly discuss the functions of IGF. For

more comprehensive reviews the reader is referred to: Hall and Sara, (1983); Froesch et al.,

(1985); and Froesch and Zapf, (1985).

1.5.1 CELL ASSOCIATED ACTIVITIES

The insulin-like effects mediated by IGF include; enhanced glucose transport,

inhibition of glycogen breakdown, epinephrine-stimulated glycerol and free fatty acid release

from adipose tissue and lipogenesis (Froesch et al., 1978 Zapf et al., 1981; Baxter, 1986; and
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Walton et al., 1989c). Effects of IGF in uitro on cell replication and DNA synthesis have been

demonstrated in many cell types (Froesch et aI., 198õ; Baxter, 1986). Other cellular responses

include; stimulation of protein synthesis, Rl',[A and DNA synthesis, as well as, inhibition of

protein degradation and lipolysis in a variety of cell types (Froesch et ø1., 1986; Hall and Sara,

1g8B; Ballard et ø1., 1986). IGF-I also rnediatcs the mitogenic actions of growth hormone in

cartilage tissue (Van rvVyk et al.,lg74).In addition, IGF can cause cellular differentiation of cell

of mesodermal origin, such as osteoblasts, myoblasts, myotubules, and erythroid cell colony

formation (Froesch et a1.,1985).

L.6.2IN VTVO EFFECTS of IGF

The study of the g¡owth promoting effects of IGF in uiuo were restricted initially by the

shortage of peptide. In 1978, partially purifred somatomedins were used to demonstrate an

increase in body weight and length in dwarf rats (van Buul and van den Brande, 1978). In

1980, pure peptide was injected into frogs via the dorsal lymph sac causing DNA synthesis and

mitogenesis in the lens epithelium (Rothstein et aL, L982). However, it was the availability of

recombinant human IGF that has furthered our understanding of the metabolic effects of IGF.

Definitive evidence of IGF action as an i¿ uiuo moderator of GH action came from Shoenle eú al.

(1982). Continuous infusion of IGF-I or IGF-II into hypophysectomised rats resulted in

increased body weight, tibeal width and thymidine incorporation into cartilage (Shoenle et al.,

1982). Subsequently, IGFs have been infused into various catabolic states and changes in

growth parameters such as body weight gain, nitrogen retention, protcin turnover and carcass

composition have been examined (Tomas et aI., 1991 a,b). In addition to growth-promoting

activity, IGF has short-lasting effects on insulin target tissues. High concentrations of IGF may

induce hypoglycemic effects (Froesch et a1.,1985).
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1.5.3 REGUI"NTOR,S OF IGF CONCENTRATIONS

r.f.B a) Age

Plasma concentrations of IGF-I increase after birth, peak during mid-puberty and then

progressively decline with age. The peak of IGF-I during puberty is not obviously related to GH

concentrations. Other possible factors influencing the peak in IGF are uncertain (Clemmons

and Underwood, 1986). However, the age-associated decline in the IGF-I concentration is

related to a reduction in GH secretion (Rudman et al., 1981; Florini et øl', 1985)'

IGF-II is the dominant peptide in fetal life, declining postnatally in the rat, whereas

the IGF-II levels persist in the human and are greater than the IGF-I levels (Daughaday and

Rotwein, 1989; Gargosky eú øJ., 1990a).

1.5.3 b) Nutritional status

Nutritional status is important in the regulation of IGF-I (Clemmons and Underwood,

1986), but not IGF-II (Davenport et al., 1988). The fall in human and rat plasma IGF-I

correlates with poor nitrogen balance, suggesting a close link between IGF-I and the catabolic

condition of fasting (Clemmons et a1.,1981, Tomas et a1.,1991). Isley eú al. (198Ð showed that

calories are a critical determinant of IGF-I concentrations, but if enerry intake is not

unacceptably low, then protein content of the diet also has significant effects. Extending this

observation, Clemrnons et al. (1985) showed that essential amino acids will augment IGF-I

concentrations afïer refeeding.

1.5.3 c) Hormonal control

The blood concentration of IGF-I is influenced by a variety of hormones. Patients with

hypothyroidism have low plasma IGF-I concentrations (Burstein et al., 1979) that are elevated

fourfold with thyroxine treatment (Chernausek eú ø/', 1983).

Circulating concentrations of IGF-I but not IGF-II are GH-dependent (Zapf et al., L98l;

D'Ercole et al., 1984). Growth hormone deficiency exists with low IGF-I levels while growth

hormone (GH) excess coincides with elevated levels of IGF-I. However, there are exceptions,
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such as malnutrition, where IGF-I levels decline, but GH concentrations may be high (Froesch

and Zapf,1985). Also, Merim ee et al. (1982) showed that injecting GH into starved subjects did

not increase plasma IGF-I levels.

prolactin and placental lactogen can stimulatc IGF-I synthesis but this effect is

variable and dependent upon assay conditions (Froesch arrdZapf,198ã).

Estrogen administration will increase circulating IGF-I concentrations in patients with

Turners syndrome (Cutter et ø1., 1985) but will reduce IGF-I levels in ovarectomised,

hypophysectomised rats (Murphy and Friesen, 1988). In contrast, uterine expression of IGF-I

mRNA is elevated in response to estrogen (For review: Murphy and Friesen, 1990).

Testosterone injectôd into GH-defrcient or hypopituitary patients does not alter plasma IGF-I

concentration. However, androgens are suggested to cause the pubertal peak in IGF-I

(Daughaday and Rotwein, 1988).

There is both direct and indirect evidence for the regulation of hepatic IGF-I expression

by insulin (For review: Johnson and Ilan, 1990).

The activity of follicle-stimulating hormone on granulosa cells in culture is markedly

potentiated by IGF-I, suggesting a role for the amplifrcation of gonadal function by IGF (Adashi

et a1.,1990).

IGFBP are major modulators of IGF action (Section 1.6).

1.6 INSULIN-LIKE GROWTH FACTOR BINDING PROTEINS (IGFBP)

1.6.1 PURIFICATION of IGFBP

Early reports on NSII"A indicated two forms of NSILA activity; NSILA-S (IGF-I and

IGF-II) and NSIIA-P. NSILA-P contained proteins that chromatog¡aphed under neutral

conditions at 100-1õ0 kDa and 50-?0 kDa (Froesch et al., 1963; Burgi et al., 1966; Jakob et øl',

1968). In 1977, specifrc somatomedin binding protcins were detected following neutral

chromatography of serum incubated with radiolabelled IGF (Hintz and Liu, 1977; Kaufmann et

al., Lg77). Since this time, many IGFBP have been isolated and characterized (Table 1.3).



Table 1.3: Isolated IGFBP.

IGFBP Designated Reference

AFBP
(Amniotic fluid BP)

human IGFBP-I Drop eú ø1., L979
Povoa et ø1., t984
Busby et aI., 1988a

HepG2 BP Povoa et ø1., t985

PPL2
placental protein 12

Koistenen et al., L986

PEG
pregnancy associated
endometrial alpha
globulin

Bell et ø1., 1985 b

MSA CP rat IGFBP-2 I{nauer et al.,l98L

BRIAA IGFBP Mottola et ø1., L986

MDBK BP bovine IGFBP-2 Szabo et al., L988

human GHD*-IGFBP human IGFBP-3 Martin & Baxter, 1986

rat IGFCP rat IGFBP-3 Zapf et ø1., 1988

pig IGFBP porcine IGFBP-3 Walton et a1.,1989a

bovine IGFBP bovine IGFBP-3 Walton et a1.,1989b

bone IGFBP human IGFBP-4 Mohan et aI., L989

24lÐa IGFBP rat IGFBP-4 Shimonaka et a,1., 1989

h Bone-derived BP human IGFBP-5 Bautista et aI., L99L

CSF IGFBP human IGFBP-6 Hossenlopp et al., L986
Roghani et ø1., L989

He(39)L IGFBP Forbes et øL, L990

AG28O4 IGFBP

U-2 IGFBP

Martin et al., L99O

Andress & Birnhaum,l99l

vascular IGFBP ? Bar et ø1., 1989

* GHD = Growth homone dependant
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In 198g a systematic nomenclature Ìvas adopted to classify the IGFBP based upon

biochemical, immunological and sequence information. The acronym for the binding proteins is

IGFBP, with a letter prefix to denote the species and an arabic number suffix for classifrcation

(Ballard et ø1.,1989).

1.6.2 ISOI"NIION of cDNA CLONES for IGFBP

1.6.2 a) IGFBP-I

IGFBP-I was first cloned from human decidual and HepG2 cell libraries as a

pTeIGFBP-! of 259 amino acids containing a putative 25 amino acid signal sequence (Julkanen

et a1.,1988; Iæe et a1.,1988). Human genomic clones'found the IGFBP-I gene which spans 5.9

kb, to be located on chromosome 7 p12-p13 (Alitalo et al., 1989). Four exons produced a single

¡RNA of 1.6 kb suggesting no differential splicing (Brinkman et aI., 1988a,b; Brewer et aI.,

1988). The rat IGFBP-I cDNA displays 66% homolory with the human IGFBP-I sequence

(Murphy et ø1.,1990).

1.6.2 b) IGFBP-2

The full primary structure of human IGFBP-2 was determined from a cDNA clone. The

cDNA encoded a 328 amino acid IGFBP precursor with a 39 residue signal sequence. Southern

analysis demonstrated that IGFBP-2 was encoded by a single copy gene (Binkert et al., 1989).

Brown and coworkers isolate the rat equivalent of IGFBP-2. The cDNA hybridized to a 2 kb

mRl{A and encoded a precursor protein of 304 amino acids, comprising a 34 residue signal

sequence (Brown et ø1., 1989; Margot et al., 1989). The bovine IGFBP-2 has also been cloned.

The IGFBP precursor exists as a signal peptide of 26 amino acids and a mature protein of 284

amino acids. The predicted protein sequences shows 897¿ homology betrveen the bovine, rat and

human IGFBP-2 forms (Upton et al., 1990).
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L.6.2 c) IGFBP-3

The human IGFBP-3 cDNA was frrst isolated by Wood et al. (1988). The cDNA

predicted contained a 2? amino acid signal sequence and a mature protein of 264 residues.

Similarly, the rat IGFBP-3 cDNA clone indicated a protein with a 26 amino acid signal

sequence and a 26ã amino acid mature protein. The rat IGFBP-3 mRNA is 2.6 kb long and

derived from a single gene (Shimasaki eú al., 1989; Albiston and Herington, 1990). In addition,

the porcine IGFBP-3 cDNA clone has been isolated encoding a mature peptide of 266 amino

acids, two more than the human sequence' and has a 2'6 kb nRNA (Shimasaki et al'' t990)'

The human IGFBP-3 gene is located on chromosome 3 and spans 8.9 kb of chromosomal

DNA. The gene is divided into four exons encoding the IGFBP, whilst exon õ contains the 3'

untranslated region (Cubbage et a1.,1990).

1.6.2 d) IGFBP-4

Recently, cDNA clones of IGFBP-4 have been isolated from rat, pig and human. The

mature protein consists of 233 amino acids for the rat while the human IGFBP contains four

additional residues. The nRNA transcript detected was 2.6 kb (Shimasaki eú ø1., L990,1991).

1.6.2 e) IGFBP-5

The rat, pig and human cDNA for IGFBP-5 has been recently isolated using the

polymerase chain reaction or cross hybridization techniques (Kiefer et aI., 1991; Shimasaki eú

al., L99l). The mature protein is of 262 amino acids.

1.6.3 TISSUE SPECIFIC EXPRESSION of IGFBP

Northern analysis of human IGFBP-I showed high levels of expression in the liver, the

decidua at term and earþ pregnancy, and the secretory endometrium. No hybridizable mRNA

u¡as detect¿d in the proliferative endometrium, placenta at term, or any other organ

(Brinkmann et aI., 1988b; Julkanen et al., 1988). In addition, rat IGFBP-I mRl'[A was

expressed in the kidney and low level expression was detected in the uterus and brain (Murphy
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et aI., 1990).

Expression of IGFBP-2 was found in the human brain, as well in Jurkat cells, a helper

T cell line (Binkett et al., 1989). In the rat, expression was abundant in adult brain, testes,

ovaries and kidney. During pregnancy in the rat, IGFBP-2 nRNA is detected in the placenta

and uterus after day 12 of gestation with increases up to day 20 (one day prior to delivery).

Further, rat IGFBP-2 mRl.IA appears to be developmentally regulated as levels are high in

fetal liver but low in the adult liver (Margot et al., 1989).

The expression levels of human IGFBP-3 are undocumented. However, mRNA of rat

IGFBP-3 has been found predominantly in the liver, kidneys and stomach. Heart, adrenal

ovary, testis, spleen, lung, large and small intestine all express IGFBP-3 in low amounts

(Shimasaki et al., 1989).

The tissue expression of IGFBP-4 and IGFBP-5 nRNA in rat tissues has demonstrated

transcription was highest in the liver and kidney, but also evident in the ovary, testis, spleen,

adrenal, heart, lung, stomach and brain (IGifer et a1.,1991; Shimasaki eú ø1., 1991).

1.6.4 STRUCTURAL CHARACTERISTICS of IGFBP

1.6.4 a) IGFBP-I

IGFBP-I is a single peptide chain of approximately 25 kDa. IGFBP-I contains at least

frve potential Olinked glycosylation sites, but no Nlinked glycosylation sites. The N-terminal

sequence is cysteine rich and followed by repeated sequences of Pro, Glu, Ser and Thr residues

(PEST) that exist in proteins with short half lives (Julkanen et ø1., 1988). The protein also

contains an Arg-Gly-Asp rnotif (RGD) near the C-terminus that may provide a cellular

attachment site (Brewer et al., 1988; Julkanen et al., 1988). IGFBP-I binds IGF-I with similar

or slightly greater affrnity than IGF-II (Brewer et al,, L988; Brinkman et aI., 1988a,b;Julkanen

et a1.,1988; Iæe et ø1.,1988).
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1.6.4 b) IGFBP-2

IGFBP-2 is a single chain non-glycosylated polypeptide of 31 kDa. It contains cysteine-

rich regions at either end of the peptide, like other IGFBP and an RGD sequence near the C-

terminus. IGFBP-2 binds IGF-II with a greater affinity than IGF-I (Szabo et ø1.,1988; Binkert

et a1.,1989; Brown et al., 1989).

1.6.4 c) IGFBP-3

The molecular mass of IGFBP-3 predicted from the cDNA sequence is 28.5 kDa (Wood

et al., 1988), yet purifred protein on gel-permeation chromatography and SDS polyacrylamide

gel electrophoresis migrates as a series of bands of 40-50 kDa due to NJinked glycosylation

(Martin and Baxter, 1986). This protein is the acid-stable component of a 150 kDa complex.

The 1õ0 kDa complex consists of: an alpha, acid labile subunit (ALS) that is glycosylated (86

kDa); a beta subunit, IGFBP-3 (40-50 kDa); and a gamma subunit, IGF (7.5 kDa). Formation of

the 150 kDa complex requires IGFBP-3 to form a binary complex with IGF before ALS can bind

to produce the ternary form. Thus ALS alone cannot bind IGF, and AIS and IGFBP-3 will not

complex without IGF. IGFBP-3 binds IGF-I and IGF-II approximately equally (Baxter, 1988;

Baxter et al., 1989; Baxter and Martin, 1989a). The kinetics of the ternary complex formation

are decreased by salt since the formation of the binary complex is slowed. Glycosaminoglycans

can also inhibit ternary complex formation (Baxter, 1990).

1.6.4 d) IGFBP-4

In addition to the 18 cysteine residues conserved in IGFBP-I, IGFBP-2, IGFBP-3 and

IGFBP-5, IGFBP-4 contains two extra cysteines and binds IGF-II with greater affrnity than

IGF-I (Mohan et a1.,1989; Shimasaki et ol., 1989). This IGFBP contains 233 amino acids and

demonstrates a molecular mass around 25 kDa on SDS PAGE (Mohan et a1.,1989).
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1.6.4 e) IGFBP-5

Both rat and human IGFBP-5 consist of 262 amino acids and has a molecular mass of

28677 (Bautista et al., 1991; Keifer et al., 1991). The amino acid sequence indicates no N-

linked glycosylation sites and the 18 cysteine residues are conserved (Shimasaki eú ø1., 1991).

Similar to IGFBP-4, this binding protein binds IGF-II with a greater affinity than IGF-I

(Bautista et a1.,1991; Keifer et a1.,1991).

L.6.4Ð IGFBP-6

The recent classifrcation for rat and human IGFBP-6 by Shimasaki et oJ' (1991) has

shown this protein to share amino acid sequence with IGFBP isolated from human CSF

(Hossenlopp et ø1., 1986; Roghani et ø1., 1989) and medium from two human fibroblast cell

cultures, He(39)L (Forbes et a1.,1990) and 4G2804 (Martin et ø1., 1990). This IGFBP also binds

IGF-II preferentially, but unlike IGFBP-5, it is glycosylated.

1.6.5 BIOLOGICAL ROLES of IGFBP

The IGFBP may play a passive role, physically transporting IGFs and extending their

biological half life in the circulation (Cohen and Nissley, 19?õ). However, recent studies have

provided evidence that IGFBP can both inhibit and enhance the bioactivity and bioavailability

of IGF (reviewed: Ooi, 1990).

1.6.5 a) Stimulatory effects

It is important to note that in all reported studies, the acute addition of any IGFBP in

ulúro, inhibits the binding of labelled IGF to receptors. However, some research groups have

published evidence for stimulatory effects of complexed IGF. Cornell and coworkers showed

that IGF-IGFBP complexes were metabolically active in a fat cell bioassay (Cornell et al., 1987).

In hamster kidney frbroblasts, the mitogenic activity of IGF-I was enhanced when combined

with IGFBP-B (Blum et al., 1989). However, DeMellow and Baxter found that depending on

whether IGFBP-3 was pre-incubated or co-incubated with IGF, IGFBP-3 could stimulate or



18

inhibit IGF-induced DNA synthesis in human fibroblasts (DeMellow and Baxter, 1988).

A possible potentiating role for IGFBP-I has also been investigated. In human

frbroblasts, IGFBP-I has been suggested to bind to the cell surface and aid delivery of IGF to

the cellular receptor (DeVroede et aI., 1986; Clemmons eú al., L987). The potentiation of IGF

action by IGFBP-I has been shown with hutnan, mouse and chick embryo frbroblasts and

porcine smooth muscle cells (Elgin et al., 198?). Busby et ø1. (L989) have suggested a possible

mechanism for the delivery of IGF. They have reported multimeric forms of IGFBP-I that are

fully active, and suggest that the binding of this stable complex to the cellular matrix surfaces

may promote the presentation of IGF to the cell.

Recently, a role for IGFBP-5 purified from human bone and IGFBP-6 purified from

human osteogenic sarcoma culture medium has been shown to potentiate the mitogenic action

of IGF-II and IGF-i, respectively. This effect occurred without pre-incubation or the addition of

platelet poor plasma to the cell culture medium (Andress and Birnhaum, 1991; Bautista et a.1.,

1991).

1.6.õ b) Inhibitory effects

The inhibitory activities of the IGFBPs have long been recognised. Zapf et aI. (1978b,

19?9) found that the activity of NSILA was inhibited in fat cell assays when complexed to

serum carriers (ie. all IGFBP). Human IGFBP-3 has been shown to inhibit IGF action on

human fibroblasts (DeMellow and Baxter, 1988). The ability of MSA (rIGF-II) on BRL3A cells

to stimulate glucose uptake and DNA synthesis was inhibited in the presence of MSA carrier

protein (IGFBP-2) (Knauer and Smith, 1980). More recently, it has been shown that the

addition of purifred bIGFBP-2 or hIGFBP-1 into chick embryo frbroblasts will inhibit protein

accumulation and DNA synthesis (Ross et al., 1989). IGFBP-I has also been found to inhibit

IGF actions in adipose tissue and chondrocytes (Drop et al., 1979; Ritvos et ø1., 1988). In

addition, IGFBP-4 was reported to inhibit IGF-stimulated bone cell proliferation (Mohan et a.1.,

1989).

The literature available in this area is immense, so for more detail refer to: Baxter and
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Martin, (1989b); Ooi and Herington, (1987); Ooi, (1990). The ability of IGFBP to inhibit or

potentiate the biological effects in uitro now needs to be extended to in uiuo studies.

1.6.6 REGUL¡t'IION of IGFBP

1.6.6 a) Age and Diurnal regulation

In humans, IGFBP-3 concentrations, measured by RId increase from early childhood to

puberty and then gradually decline with age (Baxter and Martin, 1986). Donahue and co-

workers have reported that although neither the number nor the size of the IGFBP changes,

the band intensities of all IGFBP were reduced with increasing age as detected by Western-

tigand blotting (Donahue et al., 1990). In the pig, the intensities of all IGFBP bands increase

with increasing gestational age (McCusker et ø1., L986).

On a shorter time scale, IGFBP-I is diurnally regulated, with concentrations in humans

peaking between 2400 and 0600 hours and declining by 1200 hours (Baxter and Cowell, 1987).

Interestingly, in patients with Cushing's syndrome, IGFBP-I concentrations are low and no

diurnal regulation is observed (Degerblad et al., 1989). IGFBP-3 is not diurnally regulated,

although Jorgensen and coworkers infer that IGFBP-3 displays a circadian pattern (Jorgensen

et ø1., 1990).

1.6.6 b) Nutrition

Nutrition is a major regulator of the IGF. Thus, the close correlation of IGF and IGFBP

in the circulation would infer nutrition to be a determinant of IGFBP levels also. In pigs

subjected to dietary deprivation, the 43 and 39 kDa IGFBP (IGFBP-3), 34 kDa IGFBP (IGFBP-

2) and 24 kDa IGFBP (probably IGFBP-4) bands declined whilst t};.e 29 kDa (probably IGFBP-

1) band increased in intensity as measured by Western-ligand blot analysis (McCusker et al.,

1989). In agreement, Busby and coworkers have shown that in fasted humans, IGFBP-I

concentrations increase with the length of fasting and decline upon refeeding to control levels

(Busby et al., 1988b).

Rats maintained on low protein diets (47o) have low levels of a 40-õ0 kDa triplet
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(IGFBP-3), a 30 kDa and 28 kDa IGFBP, whilst a 24 kDa IGFBP appears unchanged in the

serum (Tomas et a1.,1991a). In contrast, Straus and Takemoto (1990) have reported increased

hepatic expression of rat IGFBP-2 in the liver of rats subjected to 47o protnin diets and suggest

that IGFBP-2 expression is nutritionally regulated. Fasting rats for 48 hours did not alter

IGFBP-3, but reduced the levels a 30 kDa IGFBP and 24 kDa IGFBP, slightly increased

IGFBP-2 and increased the expression of IGFBP-2 in the liver (Orlowski eú ol., 1990). These

results indicate a distinct difference in IGFBP levels between protein deprivation and fasting.

1.6.6 c) Growth Hormone (GH)

In 1976, the growth hormone-dependence of the somatomedin carrier protein was

reported in hypophysectomised (hypox.) rats treated with GH. The IGF binding patterns were

unchanged by the addition of GH, and although the IGF binding affrnities were unaltered, the

carrying capacity was reduced in hypox. animals (Cohen and Nissley, 1976; Moses et a1.,1976,

1979). These frndings were extended when growth hormone-defrcient patients, injected with GH

showed an increase in the 150 kDa IGFBP which declined between 48 and 72 hours after

administration (Grant et ø1., 1986). However it was the RIA for the human growth hormone-

dependent bindirig protein (now called IGFBP-3) that allowed the measurement of IGFBP-3 in

various metabolic conditions (Baxter and Martin, 1986). In GH-defrcient patients, IGFBP-3

concentrations rvere õO-807o lower than normal, whilst patients with active acromegaly showed

a 2-fold increase in IGFBP-3 concentrations. WesternJigand blotting showed an increase in the

IGFBP-3 in conditions such as acromegaly and diminished levels in conditions of genetic or

idiopathic GH deficiency (Hardouin eú ol., 1989). In pig serum, IGFBP-3 concentrations were

significantly elevated in chronically GH-infused pigs and reduced in hypox. animals, as

measured by RIA (Walton et al., 1989a). A similar increase in IGFBP-3 has been shown in

hypox. or protein-deprived rats treated with GH (Clemmons et a1.,1989).

Unlike IGFBP-3, IGFBP-I is inversely regulated by GH. In acromegalic patients the

concentration of IGFBP-I was low and in patients suffering GH deficiency, IGFBP-I was

elevated as measured by RIA (Busby et al., 1988b). Healthy individuals infused with GH
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showed a decline in IGFBP-I concentrations, similar to meal-induced falls in IGFBP-I (Conover

et al., 1990). In uitro,IGFBP-I synthesised and secreted by human fibroblasts was unaffected

by the addition of GH to the medium (Conover et a'1., 1989).

In h¡pox. rats, IGFBP-2 mRl.[A levels in the liver were elevated 2O-fold and the

administration of GH did not restore the mRNA levels to control values. Interestingly,

hypophysectomy did not affect nRNA levels of IGFBP-2 in the testes, brain, kidney, skeletal

muscle or spleen (Margot et al., L989).

1.6.6 d) Insulin and Glucose

i) in viuo

The earþ observations relating to streptozotocin (stz) -induced diabetes in rats reported

a decline in the 150 kDa IGFBP and an increase in the 40-50 kDa IGFBP. Treatment with

insulin, but not GH, induced the 1õ0 kDa peak and reduced the 40-õ0 kDa form (Zapf et al.,

1981). Unterman and coworkers further characterised the changes in IGFBP by Westernligand

blot analysis and found that IGFBP-3 was undetectable while IGFBP-I was signifrcantly

elevated in diabetes. However, treatment with insulin restored the binding profrle to control

levels (Unterman et ø1., t989; Zapf et aI., L989).

In the human, the overall IGFBP binding activity was reduced in patients with insulin-

dependent diabetes mellitus (IDDM) and restored by insulin-replacement therapy (Rieu and

Binoux, 1985). Subsequently, IGFBP-I was reportæd to be regulated by insulin. Concentrations

of IGFBP-I were increased with type 1 and type 2 diabetes and restored with insulin therapy.

In addition, patients with either an insulinoma, or euglycemic hyperinsulinemia showed a

decline of IGFBP-L of 4O-7O7o (Suikkari et al., 1988, 1989; Unterman et al., 1990).

Administration of oral glucose consistently lowered IGFBP-I levels in diabetic and non-diabetic

pregnant women, men and non-pregnant women. Insulin elicited a 4-fold increase in IGFBP-I

after the nadir of oral glucose. These data suggest a role for IGFBP-I in the maintenance of

glucose homeostasis (Yeoh and Baxter, 1988).
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ii) in uitro

Additional studies have utilised cell culture systems. Insulin treatment of rat

hepatocytes ftom diabetic and insulin-treated diabetic rats cultured, in uitro increased IGFBP-I

levels tn 7O7o of normal (Scott and Baxter, 1986). Further, Iæwitt and Baxter (1989, 1990)

utilised human fetal liver explant cultures to examine the regulation of IGFBP-I. They found

that the glucose concentration in the medium was inversely related to the IGFBP-I production

and that production could be inhibited by insulin. Cytochalasin B, a glucose transport inhibitor,

as well as two agents that activate the cyclic nucleotide pathway, blocked 2-deoxyglucose

uptake and increased IGFBP-I production.

Other groups have used hepatoma cells and shown an inverse relationship of IGFBP-I

to insulin that are independent of glucose levels. They suggest that the suppressive effects of

insulin on IGFBP-I synthesis is mediated via the insulin receptor (Cotterill et aI'' L989;

Conover and Lee, 1990; Singh et a1.,1990).

Interestingly, insulin addition to bovine fibroblasts causes the induction of IGFBP-3

and an increase in the smaller molecular mass IGFBP (Conover, 1990).

1.6.6 e) Renal failure

In 1986, Baxter and Martin reported an increase in IGFBP-3 in patients with chronic

renal failure ICRFI (Baxter and Martin, 1986). In contrast, Li:u et ol. (1990) have reported

decreased levels of IGFBP-3 as assessed by Westernligand blotting. In addition, both Liu et aI.

(1990) and Goldberg et al. (1982) found an increase in the smaller molecular mass IGFBP-2

and IGFBP-I, in patients with CRF. The IGF carrying capacity of the IGFBP-3 as part of the

150 kDa complex was also ieduced in serum from CRF patients (Liu et aL, Lgg}).

In addition to these factors regulating IGFBP, other hormones and different metabolic

conditions (cancer, wound healing) are being examined to determine the physiological

significance and role(s) of IGFBP (Clemmons, 1990).
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1.7 PREGNANCY

A major portion of my research has been to examine the IGF and IGFBP during

pregnancy in the rat and human. In the past two years, interest in this area has grown rapidly.

Consequently, to put my research into perspective, this section of the dissertation will be

referenced prior to November 1988, the time at which I began my PhD studies on IGFBP.

Decreases in rat IGF during late pregnancy have been reported when IGF was

measured as activity on costal cartilage (Bala et al., Lg78) and in unextracted sera (Sara et al.,

1980). Others have reported no change in circulating rat IGF-I (Daughaday et al., 1982).

Sheppard and Bala (1986) measuring rat IGF-I by RIA showed an increase in serum IGF

concentrations during early pregnancy and a progressive decline during late pregnancy. In

contrast, human IGF-I levels were shown to be elevated during pregnancy (Furlanetto et al.,

1978; Bala et al., 1981) as were the IGF-II levels (Wilson, et al., 1982). However, these assays

measured serum IGF without the defrnite removal of interfering IGFBP so that comparison

between the studies is diffïcult.

Meanwhile, Rutanen et ø1. (L982, 1984) and Drop et al. (L984) were measured serum

concentration$ of PP12 and amniotic fluid BP (IGFBP-l), respectively, during human

pregnancy and reported a peak of IGFBP-I at 22-23 weeks which then declined at weeks 32-33.

An RIA for human IGFBP-3 was used to show that IGFBP-3 was elevated during the third

trimester of pregnancy (Baxter and Martin, 1986).

In summary, IGF are anabolic peptides that are widely distributed throughout the

body. They exert their metabolic actions by binding to cellular receptors or circulating binding

proteins. Their interaction with a specific receptor, initiates a cascade of intracellular events

leading eventually to cellular growth. The other interaction is via the IGFBP, which act as

endocrine stores of IGF, as well as modulators of IGF activity, possibly in an autocrine or

paracrine way. Additional complexity in the regulation of IGF and IGFBP are due to endocrine

and metabolic effecto¡s.
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1.8 OBJECTIVES of the STUDY

The insulin-like growth factors (IGF) are growth-promoting peptides whose

bioavailability and bioactivity is regulated by IGF binding proteins (IGFBP). îhe main thrust

of my research was to examine the levels and regulation IGF and IGFBP during pregnancy,

primarily in the rat, with some extension to pregnant lvomen.

The maternal IGF concentrations were assessed in the absence of potentially interfering

IGFBP, IGFBP were measured and characterised immunologically and on the basis of size. The

IGF carrying capacity of the circulating IGFBP in sera fractionated on a size-exclusion column

was measured. Finally, in rats only, I attempted to alter the maternal nutrient repartitioning

by regulating endogenous IGF levels.

The specifrc aims of this project were:

[1] to characterize the IGFBP in the rat in different biological fluids and in media conditioned

by cells;

[2] to measure changes in serum IGF and IGFBP profrles during pregnancy and lactation in

the rat;

t3l to modulate the endogenous concentrations of IGF and IGFBP by infusing pregnant rats

with IGF-I or GH and examining the effects of treatment on growth; and

[4J to compare the serum IGF and IGFBP profiles during pregnancy in the human with those

in the rat.
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2.1 INTRODUCTION

The insulin-like growth factors (IGF) in the circulation and in media

conditioned by cells are complexed to IGF binding proteins (IGFBP). these IGFBP

enhance the hatflife of IGF in the circulation and may promote or inhibit the biological

activity of IGF (Elgin et ø1., 198?; Szabo et al., 1988; Ballard et al', 1991). The rat

IGFBP have been isolated and the sequences of frve classes of these are documented

(Brown et ø1., 1989; Murphy et al., t989; Shimasaki et al., 1989, 1990, 1991). The

molecular masses for the rat IGFBP on SDS-polyacrylamide gels are: IGFBP-I, 28 kDa;

IGFBP-2, 30 kDa; IGFBP-3, 45-50 kDa; and IGFBP-4.

In rat serum, IGFBP have been characterized using gel permeation

chromatography (Mose s et aI., 1979), affinity cross-linking (D'Ercole and Wilkins, 1984)

and lyesternligand blot analysis (Hossenlopp eú aI., Lg87). In media conditioned by

bone- muscle- and liver-derived cells, IGFBP have been characterized using Western-

ligand blot analysis (Hossenlopp et al., 1987 McCusker et aI., 1989; Schmidt et al.,

1989).

The aim of this study was to characte¡ize the IGFBP in adult and fetal rat

serum, abdominal lymph, amniotic fluid, cerebrospinal fluid (CSF) and in conditioned

media from rat bone-, liver- and muscle-derived cells. This study extends previous

fïndings by better defrning the IGFBP. In the analysis of IGFBP I have compared the

IGFBP in biological fluids with purifred IGFBP standards and performed Western-

immunoblots with antisera that recognises rat IGFBP-2'
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2.2 MATERIALS and METHODOLOGY

2.2.1 Fluid samples

Blood was collected from female Sprague Dawley rats (approximately 200 g;

Central animal house, University of Adelaide) by cardiac puncture, and from rat fetuses

(1? days gestation) following decapitation. The blood was clotted for 18 hrs at 4"C and

the serum was harvested following centrifugation at 1000 g for 30 min. Amniotic fluid

was collected from exanguinated pregnant Sprague Dawley rats (approximately 20O g;

day 17 of pregnancy). Abdominal lymph was collected from the thoracic duct of

anaesthetised female rats by Drs. L. Read and À Martin. CSF was collected by Mr. P.

Rogers from the intracisternal space of eight anaesthetised male rats (approximately

350 g), divided into two pools and centrifuged at 10,000 g for 5 min. All samples were

stored at -200C before analysis.

2.2.2 Cell-conditioned media collection

The following cells were cultured for media collection; their sources are

indicated: L6 myoblasts, Dr. M. Gunn, Texas A and M University, College Station, TX,

U.S.A.; SDSATA vascular smooth muscle cells, Dr. J. Funder, Prince Henry's Hospital,

Melbourne, Australia; Hepl0C, Mr. C. Chandler, CSIRO Division of Human Nutrition,

South Australia, Australia; MHrCr hepatoma, American Tlpe Culture Collection,

Rockville, M.D., U.S.A; HTC hepatoma, Dr. W.D. Wicks, Department of Pharmacology,

University of Colorado, CO, U.S.A.; H35 hepatoma, Dr. Joyce Becker, University of

Wisconsin, Madison, WI, U.S.A; osteogenic sarcoma (OS104) and calvarial osteoblasts,

Drs. T.J.Martin and N.C. Partridge, Repatriation General Hospital, West Heidelberg,

VIC; BRLBA buffalo rat liver cells, Commonwealth Serum Laboratory, Parkville,

Victoria, Australia.

The cells were cultured into 75 cmz culture flasks in Dulbecco Modifred Minimal

Essential Medium (DMEM; Flow Laboratories, Stanmore, New South Wales, Australia)

containing 5 Vo (v/v) fetal calf serum, Fungizone (1 Fglml; E.R. Squibb and Sons, Inc.,
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Princeton, N.J., U.S.A.), penicillin G (60 pglml; Glaxo, Boronia, Victoria, Australia) and

streptomycin (100 pdml; Glaxo), incubated in 6 7o (v/v) COr: 95 7o (v/v) air, and a

humidified atmosphere at 3?0C. Confluent monolayers, obtained after 5 to 7 days in

culture, were washed twice for 1.õ hrs in serum-free DMEM (15 ml), after which serum-

free DMEM (10 ml) was added to each flask. Following a 48 hr incubation, medium was

collected and centrifuged at 1000 g for 15 min. to remove cell debris and stored at -

200C. Prior to analysis, medium samples were concentrated 5- to 2O-fold in Centricon

PD10 microconcentrators (Amicon, Danvers, MA, U.S.A).

2.2.3 Peptidee and Proteins

Recombinant human (rh) IGF-I was kindly provided by Drs. H.H. Peters and I(

Scheibli (CIBA-Geigy, Basel, Switzerland) and rhIGF-II by Lilly Research Laboratories

(Indianapolis, IN, U.S.A.). Both peptides were iodinatæd by Dr. P.C. Owens with carrier-

free Nal%I (Amersham International plc, Amersham, Bucks, U.K) to a specific activity

between 40 and 70 ¡rCil¡rg using the chloramine T method (Van Obberghen-Schilling

and Pouyssegur, 1983).

Human IGFBP-I (hIGFBP-1) was a grft from Dr. R.C. Baxter (Department of

Endocrinolory, Royal Prince Alfred Hospital, Camperdown, New South Wales,

Australia). Bovine IGFBP-2 was purifred by Ms J. Moss as previously described (Szabo

et aI., 1988), and porcine as well as bovine IGFBP-3 were purified by Dr. P.E. Walton

(Waløn et al., L989a,b).

Antisera for '\ilestern-immunoblot analysis were: rabbit anti-bovine (MDBK)

IGFBP-2 (Upton et aI., 1990); and rabbit anti-human IGFBP-I kindly provided by Dr.

P.D.K Iæe (Texas Childrens Hospital, Houston, T)ç U.S.A).
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2.2.4Prcparation of iodinated IGF for tz utúro labelling of fluids

To ensure the iodinated IGF contained neither aggregates nor breakdown

products, the radiolabelled IGFs were separated on a column of TSK fractogel 5õ(S)HW

(Merck, Darmstadt, F.R.G.) at room temperature. Radiolabetled IGF (1 ml) was loaded

onto the column (ã5 cm x 0.õ cm) and elutæd at 0.3 mVmin in a mobile phase of sodium

phosphate (õ0 mmol/I, pH 6.ã) containing O.26 Vo (dv) bovine serum albumin (BSA;

radioimmunoassay grade, Sigma Chemical Co., St. Iauis, MO, U.S.A.) that had been

filtered and degassed through a 0.22 ¡r filter prior to chromatography. Fractions (0.6

ml) were collected and the radioactivity measured in a gamma counter. These fractions

$¡ere assayed for trichloroacetic acid (TCA) precipitability (2.2.4 i) and biological activity

(2.2.4 ä).

2.2.4 i\ TCA precipitability

A subsample of each fraction (10 pl) was diluted in 1 ml of TSK mobile phase

and TCA (LO} 7o w/v) was added to a final concentration of L0 7o (v/v). Following an

incubation for 30 min on ice, the sample was centrifuged at 2800 rpm at 4"C for 30 min.

The supernatant was removed and the radioactivity in both the pellet and supernatant

measured in a gamma counter. Fractions eluting in the correct molecular size-region

and with 85-100 Vo precipitability were retained.

2.2A ä) Biological activity

Receptor binding of labelled IGFs was assessed by competitive binding studies

on L6 myoblasts. Confluent monolayers of L6 myoblasts in 24-place multiwells were

washed twice in 1 ml of Hepes buffer (N-2 hydroryethylpiperazine-N'-2' ethane

sulphonic acid (100 mmol/l) containing sodium chloride (150 mmol/l), magnesium

sulphate (1.2 mmoVl) and glucose (8 mmol/l) pH 7.a) and BSA (RlA-grade:.0.6 7o w/v).

Each wash was incubated for t hr at 4"C. Subsequently, 400 ¡rl of the Hepes buffer

containing BSA (0.ã7o w/v) with radiolabelled IGF (10,000 c.p.m.) was added to each
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well, together with 100 ¡rl of either insulin (20 pglwell; Actrapid, Novo Lab. Pty. Ltd.,

Copenhagen, Denmark) or rhIGF (100 nglwell), or diluent. After an 18 hr incubation at

4'C, the multiwells were washed twice at 0"C with increasing volumes of Hanks

balanced salt solution (Gibco Lab., Grand Island, NY, U.S.A) containing O.6 7o (wlv)

BSA at pIJ7.4. Monolayers were dissolved by trituration in 1ml of sodium hydroxide

(0.5 M) containing Triton X-100 (l Vo vlv) and the radioactivity was measured in a

gamma counter.

Fractions of radiolabelted IGFs with high TCA precipitability and biological

activity were pooled, aliquotted and stored at -20pC until needed.

2.2.5 Fractionation of fluids incubated with radiolabelled IGF by fast

phase liquid chromatography (FPLC)

Rat fluids were defatted by vortexing with an equal volume of freon (1,1,2

trichloro-1,2,2-trrflwoto-ethane), vortexing and then centrifuging at 10,000 g for õ min.

before collecting the aqueous phase. Radiotabelled IGF-I (20 pl; 100,000 c.p.m.) plus 50

pl buffer, or IGF-II (?0 pl; 100,000 c.p.m.) was added to each sample (200 pl) in the

absence or presence of excess rhIGF-I or rhIGF-II. The peptide amounts are indicated

in Table 2.1. The samples (275 pl) were incubated for 18 hrs at 4'C before 200 ¡rl was

applied to a Superose 12 FPLC column (10/30;Pharmacia, Piscataway, NJ, U.S.A.). The

sample was chromatographed at room tcmperature by elution at 0.5 mVmin in a buffer

containing sodium phosphate (õ0 mmol/l), sodium chloride (150 mmol/l) and sodium

azide (0.2Vo w/v) at pH 7.2 that had been frltered and degassed through a 0.22¡r filter

prior to each chromatography. Fractions (0.2õ ml) were collected and the radioactivity

leas measured using a gamma counter.

The Superose 12 column was calibrated using gel permeation chromatography

molecular mass standards (Sigma Chemical Co., St. Louis, MO, U.S.A): thyroglobulin

(600 kDa); gamma globulin (150 kDa); bovine serum albumin (69 kDa); ovalbumin (46

kDa); and carbonic anhydrase (30 kDa); as well as iodinated IGF-I or IGF-II (7.5 kDa).
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To ensure the chromatographic þroperties of the column remained unchanged, it was

calibrated in this way routinely.

2.2.6 \üestem'ligand blot analysis

Rats fluids were extracted with Freon as described in Section 2'2.õ and

incubated with a (4x concentration) SDS-loading buffer in a ratio of at least 2 loading

buffer:l sample. The sample was heated at 6õ0C for 15 min. before loading onto a 1'5

mm thick, discontinuous SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a

4 Vo stacking gel and a L0 7o separating gel (Laemmli, 1970). The volumes of fluids

applied are indicated in the figure legends. Following electrophoresis at a current of

40 mA for 8 hrs, proteins were transferred onto nitrocellulose sheets (0.45 ¡r; Schleicher

and Schuell, Dassel, F.R.G.) at a current of 300 mA for 3 hrs using a Hoeffer Transphor

TF,42 apparatus (Hoeffer Scientifrc, San Francisco, CA, U.S.A.). The nitrocellulose was

dried and treated in õ0 ml of saline buffer (150 mmol/l NaCl and 10 mmol/l Tris at pH

2.4) containing Triton X-100 (l Vo v/v) for 30 min, BSA (I Vo, wlv) for 120 min, and

Tween 20 (0.1 lo,v/v) for 1õ min. The treated nitrocellulose was incubated in 20 ml of

saline buffer containing BSA (1 Vo, w/v) and Tween 20 (0.1 Vo, v/v) and I%I-IGF-II

(500,000 c.p.m.) for 18 hrs. Subsequently, the sheets of nitrocellulose were washed in

saline buffer (50 ml) containing Tbeen 20 (0.1 7o, vlv)i twice for 30 min and once for 90

min. All steps were carried out in a shaking water-bath at 40C. The sheets were dried

and exposed to X-ray frlm (48323; Konica, Tokyo, Japan) with two intensifring screens

(Cronex Hi-plus; Du Pont, Wilmington, MA, U.S.A.). The time of exposure to X-ray film

was dependent on sample loading and the specifrc activity of iodinated IGF. Exposure

times are indicated in figure legends.

2.2.6 Western-irnrnunoblots

Samples were subjected to SDS-PAGE and transferred to nitrocellulose as

described in Section 2.2.6. The nitrocellulose was blocked with BSA (L 7o, wlv) for 18
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hrs and washed for three times for 1õ min in saline buffer (Section 2.2.6) containing

Tween 20 (0.1 7o,v/v) before being incubated for 18 hrs in 20 ml of the first antisera at

a Uõ00 dilution in saline containing BSA (1 /o, w/v), Tween (O.l Vo, v/v) and sodium

azide (0.02 Vo, w/v) . The nitrocellulose frlters were washed again, three times for 15

min in saline buffer containing Tween 20 (0.1 7o vlv) before the addition of the second

antisera, goat anti-rabbit IgG alkaline phosphatase conjugate (Sigma Chemical Co.) at

a 1/1000 dilution in 20 ml of saline containing BSA (1 7o,w/v), Tween (0.Lo/o, v/v) and

sodium azide (0.02 7o, wlv). After a 4 hr incubation, the nitrocellulose was incubated in

õ0 ml of buffer comprising Tris (100 mmoì/l; pH 9.0), NaCl (100 mmol/l) and MgCl, (õ

mmol/l) to which the substrates, nitro blue tetrazolium (200 pl of 76 mgl ml in 70 7o

diethyl formamide) and õ-bromo-4-chloro-3-indoyl phosphate (200 pl of 50 mgl ml in

LO} 7o diethyl formamide) were sequentially added. The antibody binding was detected

by a color reaction that developed within õ-10 min and could be stopped with the

addition of EDTA at a final concentration of 100 mmoL/I.

2.3 RESULTS

Four regions containing l%I-labeiled IGF were observed in the fluids following

Superose 12 chromatography; of approximately 200, 150, 40 and 7.5 kDa (Table 2.1 and

Figs 2.1-2.3). The regions pooled for different binding areas of serum and lymph were

between: 8.?5 and 11.25 ml for the 200 kDa region; 11.õ and 14.0 ml for the 1õ0 kDa

area; and 14.26 and 16.2õ ml for the 40 kDa region. The free radioligand eluted

between 16.õ and 20 ml. Fetal serum, CSF and amniotic fluid were pooled between:

8.?5 and 11.2õ ml for the 200 kDa region; 12.õ and 16 ml for the 40 kDa region; and

16.2õ and 19 ml for the free radioligand. These regions were selected to suit best the

isolation of regions in each fluid (Figs. 2.L-2.Ð.

The chromatographic profrles of adult rat serum incubated with r5l-labelled

IGF-I and l%I-labelled IGF-II are shown in Fig. 2.1, and the percent radioactivity

calculated from each region is listed in Table 2.1. Three t5l-labelled IGF-I regions of



Table 2.1: The percent of l2õI-labelled IGF-I and l2ol-labelled IGF'II
radioactivity in fractions of different rat fluids eluted from

SuPerose 12.

" Adult serum was incubated with unlabelled IGF-I (1 pg) and r2r1-

labelled IGF-I

b Adult serum was incubated with unlabelled IGF-I (1.6 pg) and 126I-

labelled IGF-II

" Adult serum was incubated with unlabelled IGF-II (0.S Fg¡ and 12õI-

labelled IGF-I

d Adult serum was incubated with unlabelled IGF-II (0.3 pg¡ and t2ul-

labelled IGF-II

" Fetal serum or lymph or amniotic fluid or cerebrospinal fluid (CSF)

were incubated \Mith unlabelled IGF-I at 1 ¡rg and 126l-labelled IGF-I and

"ul-labelled IGF-II

r Fetal serum or lymph or amniotic fluid or cerebrospinal fluid (CSF)

were incubated with unlabelled IGF-II at 0.5 ¡rg and either l25l-labelled

IGF-r and l2õI-labelled IGF-II.

Each fluid was chromatographed separately; one sample per day

with the column being recalibrated between samples'



Table 2.1

RAT
FLUID

t26 l-labelled rGF-r

(Vo of |æ¡t'¿1 recovered radioactivity)

1'o r-labelted rGF-rr

(7o of tntal recovered radioactivity)

200
kDa

150
kDa

40
kDa

7.6
kDa

200
kDa

150
kI)a

40
kDa

7.6
kDa

Adult serum 24 16 46 4 60 28 7

+ IGF-I "b 18 16 54 11 53 24 11

+ IGF-II "d 8 7 72 4 39 25 29

Fetal serum 55 37 I 66 18

+ IGF-I " 2l 68 15 53 23

+ IGF-II r t2 81 4 35 53

Lymph 16 24 54 3 52 43 1

+ IGF-I' 7 24 54 3 52 43 1

+ IGF-II r 3 4 86 1 13 t2 7L

Amniotic
fluid

23 70 t7 60 20

+ IGF-I' 2l 68 20 49 28

+ IGF-II r 13 77 3 22 73

CSF 19 53 42 32

+ IGF-I " 5 83 34 55

+ IGF-II r 3 87 L4 76



Figure 2.1: Superose 12 fast-phase liquid chromatogram of adult rat serum

labelled ún vítro.

Adult rat serum was incubated for 18 hrs at 40C with (a)1ãI-labelled IGF-I or

(b)r5l-tabelled IGF-II in the presence or absence of unlabelled IGF-I (1 pg) or IGF-II

(0.5 ¡rg¡.

To determine the elution volume (Ve) of IGF-binding peaks, fractions (0'25 ml)

were collected and the radioactivity recorded' The column was calibrated with

molecular mass standards, indicated at the top of the panel: Vo = void volume, G =

gamma globulin (150 kDa), B= bovine serum albumin (69 kDa), O= ovalbumin (46 kDa)'

C = carbonic anhydrase (30 kDa) and I = iodinated IGF-I or IGF-II (7.5 kDa). The

radioactivity measured with serum and iodinated IGF is shown as (O). Specificity of the

protein peaks was assessed by the addition of unlabelled IGF-I (1 pg (a), 0.3 pg ft); O)

or IGF-II (0.5 ¡rg (a), 0.3 pg ft); E). the regions pooled for Table 2.I arc marked.
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FigUre 2.2: Supenose 12 fast-phase liquid chromatogram of rat fetal serum

labelled tn vítro.

Fetal serum at 1T days gestation was incubated for 18 hrs at 40C with (a)tøI-

labelled IGF-I or (b)rãI-labelled IGF-II in the presence or absence of unlabelled IGF-I (1

Fg) or IGF-II (0.5 ¡rg). To determine the elution volume (ve) of IGF-binding peaks,

fractions (0.25 ml) were collected and the radioactivity recorded. The column lÃ¡as

calibrated with molecular mass standards, indicated at the top of the panel: Vo = void

volume, Ç = gamma globulin (150 kDa), B= bovine serum albumin (69 kDa), o=

ovalbumin (46 kDa), c = carbonic anhydrase (30 kDa) and I = iodinated IGF-I or IGF-II

(?.õ kDa). The radioactivity measured with serum and iodinated IGF is shown o'

Specifrcity of the protein peaks \¡vas assessed by the addition of unlabelled IGF-I (1 pg;

O) or IGF-II (0.õ pg ; EI). Tlre regions pooled for Table 2.! ate marked. This pooling

regime was also applied to amniotic fluid and cerebrospinal fluid chromatographs.
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Figure 2.3: Superose 12 fast-phase liquid chnomatogram of rat abdominal

lymph labelled ún aitro.

Lymph was incubated for 18 hrs at 40C with (a)rsllabelled IGF-I or (b)15I-

labelled IGF-II in the presence or absence of unlabelled IGF-I (1 Fe) or IGF-II (0'5 ¡rg)'

To determine the elution volume (Ve) of IGF-binding peaks, fractions (0.25 ml) were

collected and the radioactivity recorded. The column was calibrated with molecular

mass standards, indicated at the top of the panel: Vo = void volume, Q = $amma

globulin (150 kDa), B = bovine serum albumin (69 kDa), O = ovalbumin (46 kDa), C =

carbonic anhydrase (30 kDa) and I = iodinated IGF-I or IGF-II (7.5 kDa). The

radioactivity measured with serum and iodinated IGF is shown as (O). Specifrcity of the

protein peaks was assessed by the addition of unlabelled IGF-I (1 pg (a); O) or IGF-II

(0.5 ¡rg (a); EI). The regions pooled for Table 2.1ate marked'
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150 kDa, 40 kDa and 7.õ kDa were detected in adult rat serum. Both IGF-I and IGF-II

added in excess reduced the radioactivity in the 150 and 40 kDa regions with a

corresponding increase in the 7.õ kDa region; IGF-II appeared more potent than IGF-I

in displacing the radioligand (Table 1). Four IGF-II regions of 200 kDa, 150 kDa, 40

kDa and 7.õ kDa were detect¿d in adult serum. Excess IGF-II competed radioligand

from all regions except that of free IGF, whereas excess IGF-I decreased radioactivity in

the 150 kDa and 40 kDa regions and increased radioactivity in the 200 kDa and free

regions (Fïg.2.2, Table 2.1).

Fetal serum exhibited a different pattern of IGF binding from adult serum.

Labelled IGF-I chromatographed as the 40 kDa and 7.5 kDa regions (Fig. 2.2 a).

Unlabelled IGF-I and IGF-II competed for rãI-labelled IGF-I binding to the 40 kDa

region with IGF-II being more potent in this competition (Fig. 2.2, Table 2.1).

Radiolabelled IGF-II chromatographed as 200 kDa, 40 kDa and 7.5 kDa regions in fetal

rat serum. Unlabelled IGF-II reduced the radioactivity in the 200 kDa and 40 kDa

regions, whereas unlabelled IGF-I decreased the radioactivity in the 40 kDa region, but

increased the radioactivity in the 200 kDa and 7.5 kDa regions (Fig.2.2, Table 2.1).

Amniotic fluid displayed a similar ch¡ornatographic profrle to fetal rat serum

when radiolabelled with either ligand (Iable 2.1, profiles not shown).

CSF produced a 40 kDa region when incubated with either radioligand, but

lacked the 200 kDa region (Table 2.1, profiles not shown).

The IGFBP in serum, lymph, amniotic fluid and CSF were further characterised

using Western-ligand blot analysis (Fie. 2.Ð. Treatment of the nitrocellulose with either

t5l-labeiled IGF-I (data not shown) or l5l-labelled IGF-II (Fig. 2.4) gave identical

results, with the exception that fetal and adult serum, as well as l¡rmph, produced a

band of approximately 200 kDa with radiolabelled IGF-II only. Adult rat serum

contained: a 200 kDa band; a 40-50 kDa triplet that aligned with purifred bovine

IGFBP-3; a 30 kDa band; a 28 kDa band that aligned with human IGFBP-I standard;

and a 24kDa band (Fig. 2.4 upper,lane 1). The polyclonal antiserum to bovine IGFBP-



Figure 2.4: lYestem'ligand blot and Western'irn'nunoblot analysis of rat fluids'

Upper panel: Ligand blot analysis of rat fluids. Samples of biological fluids and

pure IGFBP standards tr¡ere incubated with SDS loading buffer, electrophoresed,

transferred to nitrocellulose and probed with l5l-labelled IGF-IL The nitrocellulose was

exposed to X-ray frlm for ? days. The radiolabelled molecular weight markers are

shown. The fluids are: lane 1, adult rat serum (5 pl); lane 2, abdominal tymph (5 pl);

lane 3, fetal rat serum at 17 days of gestation (10 pl); lane 4, amniotic fluid at 17 days

of gestation (10 pl); and lane 5, cerebrospinal fluid (10 pl). Lanes 6-8 contain 10 ng of

purifred porcine IGFBP-3, bovine IGFBP-2 and human IGFBP-I, respectively.

Lower panel: Detection of IGFBP in rat fluids that react with bovine IGFBP-2

antiserum. Samples were electrophoresed, transferred and incubated with bovine

IGFBP-2 (MDBK-IGFBP) antiserum. The binding ïvas detected by colorimetric reaction

as described in 2.2.6. Lane 1 contains 20 ng of purified bovine IGFBP-2 (MDBK-BP)

which acts as a positive control. Lane 2 is the negative control containing cell-

conditioned media from the H35B hepatoma (25 ¡rl of a four-fold concentration). Lanes

3 and g contain 25 ¡rl and 50 pl loading of a 4 times concentrated cell-conditioned

media from BRLBA cells (rat IGFBP-2), respectively. Lanes 4-9 contain rat fluids: lane

4, adult serum (10 pl); lane õ, abdominal lymph (10 pl); lane 6, fetal serum at 17 days

gestation (20 pl); lane 7, amniotic fluid at 17 days gestation (20 pl); and lane 8,

cerebrospinal fluid (20 pl). Lane 9 contains 2õ ¡rl of BRl3A-conditioned media which

has been concentrated 4 fold (200 pl equivalent); and lane 10, 50 ng of purified bovine

IGFBP-2 (MDBK IGFBP).
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2 revealed a band at 30 kDa implying that rat adult serum contains IGFBP-2 (FiS.2.a

lower, lane 4).

To determine whether the IGFBP observed in the ligand blots of adult serum

were components of the larger complexes detected with neutral size-exclusion

chromatogtaphy, serum was fractionated on FPIÆ and fractions were subjected to

Western-ligand blot analysis (Fig. 2.ã). îhe 200 kDa region blotted with a faint band at

200 kDa. The 40-50 kDa triplet that aligned with porcine IGFBP-3 was detected in

Superose 12 fractions corresponding to the 150 kDa region. This indicates that most of

the IGFBP-3 in rat serum exists as the 150 kDa complex (Fig. 2.5). The 28-30 kDa

band, which resolved as a doublet, and tlr.e 24 kDa band were detected in fractions

corresponding to the 40 kDa region observed in Fig. 2.1.

The WesternJigand blot of fetal serum contained two IGFBP of 24 kDa and 30

kDa (Fig. 2.4 upper,lane 3): consistent with the chromatogram in Fig. 2.2. The smaller

IGFBP were present in the 40 kDa region, the 1õ0 kDa region was absent. Although

the 200 kDa IGFBP detected in Fig. 2.2, it could not be clearly demonstrated by

Western-Iigand blotting. The 30 kDa band in fetal serum reacted with bovine IGFBP-2

antiserum, as did the smaller molecular mass IGFBP in both fetal serum and purifred

standard (FiS. 2.a lower, lane 6). Ttre 28 kDa band observed in adult rat serum was

absent in fetal rat serum.

The ligand blot of abdominal lymph (Fie. 2.4 upper, lane 2) indicatcd the same

IGFBP as observed for adult rat serum (Fig. 2.4 upper, lane 1)' Further

characterization of IGFBP in lymph was assessed following Superose 12 size-exclusion

chromatography of adult lymph and subjecting fractions to WesternJigand blot

analysis. Fractions corresponding to the 150 kDa region blotted as a 40-50 kDa triplet

that aligned with IGFBP-3 standard (Fig. 2.6). Fractions corresponding to the 40 kDa

region blotted as a 24 kDa band, a 28 kDa band that aligned with IGFBP-I and a 30

kDa band that reacted with bIGFBP-2 antisera (Fig. 2.4lower, lane 5).

The Western-ligand blot of amniotic fluid produced a band of 28-30 kDa (Fig.



Figur.e 2.62 llreshr:n-ligand blot analysis of IGIIBP in adult rat serum

fractionated on a superose 12 colurnn under neutral conditions.

serum was chromatographed and two consecutive fractions (0'25 ml) were

pooled (0.5 ml). 50 ¡rl aliquots of these pools and 20 ng of purified IGFBP standards

(bovine IGFBp-g, bovine IGFBP-2, human IGFBP-I, respectively) were electrophoresed,

transferred to nitrocellulose and incubated \Mith 126l-hbelled IGF-II. The X-ray film was

exposed for ? days. The position of the SDS-PAGE molecular mass markers are shown'

The indicated Ve (ml) represents the elution volume of the frrst fraction of the pool. T'he

superose 12 molecular mass markers corresponding to the fractions subjected to

western-ligand blotting are represented at the top of the panel: gamma globulin, 150

kDa; bovine serum albumin, 69 kDa; ovalbumin, 46 kDa; carbonic anhydrase, 30 kDa;

and iodinated IGF-II, 7.5 kDa.
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Figure 2.82 \Yester-n-ligand blot analysis of IGtrBP in abd'ominal lymph

fractionated. on a superose 12 colurnn under neutral conditions.

Lymph was chromatographed and three consecutive fractions (0'25 ml) were

pooled (0.75 ml). An aliquot of 50 ¡rl of these pools and 10 ng of purifred IGFBP

standards (bovine IGFBP.3, bovine IGFBP-2, human IGFBP-I, respectively) were

electrophoresed, transferred to nitrocellulose and incubated with r26l-labelled IGF-II'

The X-ray frlm was exposed for 7 days. The indicated ve (ml) represents the rniddle

fraction of the pool. The position of the SDS-PAGE molecular mass markers are shown'

The Superose 12 molecular mass markers corresponding to the fractions subjected to

western-ligand blotting are represented at the top of the panel: gamma globulin, 150

kDa; bovine serum albumin, 69 kDa; ovalbumin, 46 kDa; carbonic anhydrase, 30 kDa'



Molecular markers kDa 150 69 46 30

Superose 12 Ve (ml) 10 11 12 13 14 15

kDa

bovine
IGFBP-3

bovine
IGFBP-2

human
IGFBP.l

92

69

46

30

21.5



34

2.4 upper, lane 4). This band reacted with bovine IGFBP-2 antisera and aligned with

rat IGFBP-2 standard (BRL3A BP) (Fig. 2.4 lower, lane 7). In addition, smaller cross-

reactive bands were detæcted in amniotic fluid (Fig. 2.4lower, lane 7)' CSF contained a

single 30 kDa band (Fig. 2.4 upper, lane 5) that did not cross-react with bovine IGFBP-

2 antisera @ig.2.a lower, lane 8).

To characterize the IGFBP produced by the cells of different tissues, cell-

conditioned media were subjected to WesternJigand blot $ig.2.7 upper) and Western-

immunoblot analysis (Fie. 2.7 lower).

The liver-derived cell line (BRL3A), the hepatocyte cells (Hepl0C) and the

hepatomas (MHrCl and H35B) each produced a similar IGFBP pattern: a 30 kDa

IGFBP; a 28 kDa IGFBP that aligned with human IGFBP-I standard; and a 24 kDa

IGFBP. Only the pattern for HeplOC is presented (Fig. 2.7 upper, lane 4). Another

hepatoma, HTC, produce a 26 kDa IGFBP (Fig. 2.7 upper, lane 5). The two muscle-

derived cell-conditioned media contained different combinations of IGFBP. The L6

myoblasts produced a 28 kDa band that aligned with human IGFBP-I standard, a 26

kDa IGFBP and a 24kDa IGFBP (Fie.2.7 upper, lane 6), whereas the vascular smooth

muscle cell line (SDSArA) produced only a 26 kDa IGFBP (Fie. 2.7 upper' lane 7).

Calvarial osteoblasts secreted a 30 kDa IGFBP, whilst the osteogenic sarcoma produced

an additional 24 kDa IGFBP (Fie. 2.7 upper, lanes 8 & 9). The cross-reactivity of cell-

derived IGFBP with bovine IGFBP-2 was examined (Fig. 2.? lower). The liver-derived

cell lines, Hep 10C (not shown) and BRLSA (Fig. 2.7 lower, lanes 3 & 9) produced a

band of approximately 30 kDa and faint smaller molecular mass bands. The hepatoma,

H358, did not give a band that cross-reacted with the antisera (Fig. 2.7 lower, lane 2),

while the HTC hepatoma produced a cross-reacting triptet of 30-34 kDa (Fig. 2.7 lower,

lane ?). Both bone-derived cell lines (calvarial osteoblasts and osteogenic sarcoma)

produced a faint band aligning with rat IGFBP-2 standard (Fig.2.7 lower, lane 4 & õ).

The calvarial osteoblasts also showed some cross-reactivity with smaller bands. the

muscle-derived cell lines, L6 (FiS. 2.7 lower, lane 8) and SDSATA (not shown), did not



Figur.e 2.7: Westem-ligand blot and lvestem-imnunoblot analysis of media

conditioned by bone-, muscle- and liver-derived cell lines.

Upper panel: Western-ligand blot analysis of rat cell conditioned media' Media

were concentrated by diafrltration and then diluted in SDS loading buffer,

electrophoresed, transferred to nitrocellulose and incubated with radioligand IGF-II'

The position of the SDS-PAGE molecular mass markers are shown' Lanes 1-3 contain

10 ng of purifred porcine IGFBP-3, bovine IGFBP-2 and human IGFBP-I, respectively'

Lanes 4-9 contain conditioned media from liver-, muscle- and bone-derived cell lines

that were concentrated by diafrltration, thus the volumes loaded differ but the protein

content of each is equivalent to 200 ¡rl of unconcentrated conditioned media: lane 4,

HeplQc liver-derived cell line; lane 5, hepatoma HTC; lane 6, L6 myoblasts; lane 7,

vascular smooth muscle; lane 8, calvarial osteoblasts; and lane 9, osteogenic sarcoma'

Lower panel: Immunoblot detection of IGFBP in cell-conditioned media that

react with bovinè IGFBP-2 antisera. Media were concentrated by diafiltration,

electrophoresed, transferred to nitrocellulose and incubated with antiserum. Binding

was detected by a colorimetric reaction. Lane 1 contained 50 ng purified bovine IGFBP-

2 (MDBK-IGFBp) and lanes 2-8 cont¿ined media concentrated by diafrltration but the

protein content of each loaded equals 100 ¡rl of unconcentrated conditioned media' Lane

2, hepatoma HBSB is a negative control; lane 3, liver-derived BRLSA (rat IGFBP-2) is a

positive control; lane 4, calvarial osteoblasts; lane 5, osteogenic sarcoma; lane 6'

hepatoma HeplQc; lane 7, hepatoma HTC; lane 8, L6 myoblasts; lane 9, an equivalent

to 200 ¡rl of unconcentrated BRL3A conditioned media; and lane 10, 50 ng purifred

bovine IGFBP-2 (MDBK-IGFBP).
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exhibit any cross-reactivity with the IGFBP-2 antisemm. None of the cell types

examined produced detectable levels of IGFBP-3.

In neither the rat fluids nor the cell conditioned media did the human IGFBP-I

antisera cross react with any IGFBP, although the human IGFBP-I standard did work

as a positive control. Thus, a binding protein immunologically similar to human IGFBP-

1 was not evident in the samples tæsted'

2.õ DISCUSSION

The frve IGFBP identifred in the current study include: a 200 kDa IGFBP;

IGFBp-B detected as a 40-50 kDa triplet aligning with IGFBP-3 standard on Western-

ligand blot analysis and predominantly arising from the 150 kDa lGF-binding complex;

a B0 kDa band which cross-reacted in most fluids with antisera to bovine IGFBP-2; a 28

kDa band aligning with human IGFBP-I, but not cross-reacting with human IGFBP-I

antiserum; and a 24kDa IGFBP.

The 200 kDa IGFBP was observed in serum, lymph and amniotic fluid during

chromatography on a Superose 12 gel-permeation column. The high specifrcity of this

IGFBp for IGF-II, as demonstrated by competition for radiolabeìled IGF-II in the

presence of IGF-I and IGF-II, suggests this protein is the circulating type-Il receptor

(Rosenfeld et al., 1g8Z). Keiss and colleagues (1937) had previously detected this

circulating receptor in adult rat serum, and Hodgkinson eú ol., (1989) have recently

detected a similar IGFBP in the plasma from fetal and adult sheep. The 200 kDa

IGFBP in amniotic fluid may also be the circulating type-Il receptor.

Serum and abdominal lymph contained the smaller IGFBP of 30 kDa that cross

reacted with bovine IGFBP-2 antiserum, a 28 kDa IGFBP that aligned Ìvith human

IGFBp-1, and a 24 kDa IGFBP. Similarly, Hossenlopp et ø1. (1937) detected the

presence of 24 kDa and 30 kDa bands in adult and fetal rat serum using the Western-

ligand blot technique with radiolabelled IGF-I.

Amniotic fluid contained a 30 kDa IGFBP-2. In agreement, Busby et al. (1988a)



36

have also reported a 30 kDa amniotic fluid IGFBP. The presence of IGFBP-I has been

established in a number of species (Ooi and Herington, 1988), but we could not

establish the identity of any band as IGFBP-I. CSF contained an IGFBP of 30 kDa.

However, this IGFBP was not IGFBP-2 due to its lack of cross reactivity with the

bovine IGFBP-2 antisera. An IGF-II preferring IGFBP of a similar molecular mass in

CSF was recently reported in sheep (Hodgkinson et aJ., 1989) and human CSF

(Hossenlopp et a1.,198?). Romanus et ot. (L989) detected IGFBP of 34 kDa and 28-30

kDa in human CSF using Western-ligand blotting. These authors determined that the

84 kDa IGFBP cross-reacted with anti-BRIJA IGFBP sera and classifred it as IGFBP-2.

Lamson et al. (LgBg) also specifrcally immunoprecipitated the IGFBP from BRLSA cell

conditioned media, as well as rat CSF, indicating that the major class of IGFBP in rat

CSF is IGFBP-2. Possibly the CSF IGFBP detected in my study is the rat homologue of

the 34 kDa IGFBP isolated from human CSF by Roghani et ø1. (L989) which appears to

be distinct from other IGFBP.

Only IGFBP of small molecular mass \¡/ere secretæd by the rat cells tested'

Liver-derived cells secretæd a 30 kDa IGFBP which immunoreacted with bovine IGFBP-

2, as well as a 28 kDa and a24kDa IGFBP. îhis result agrees with an earlier report

by Hossenlopp eú al. Í987). These authors found that the major IGFBP secreted by

adult rat liver cells, using Western-ligand blot analysis, were a 32 kDa and a 24 kDa

IGFBP, but when cell-conditioned media was applied at greater volumes, faint bands of

Bg kDa, 41 kDa and 43 kDa IGFBP were detected. However, I was unable to detect the

Bg kDa, 41 kDa and 43 kDa IGFBP, even at high concentrations. In addition, the

hepatoma, HTC, secreted a 26 kDa IGFBP, but produced a triplet of IGFBP with bovine

IGFBP-2 antisera. This result indicates that bovine IGFBP-2 antiserum may recognize

more than one species of protein that can not be detected using the ÏVesternligand blot

technique. The muscle-derived L6 cell line produced three IGFBP of 28 kDa, 26 kDa

and,24 kDa, consistent with a report by McCusket et al. (1989). The vascular smooth

muscle cell line secreted only a 26 kDa IGFBP. Calvarial osteoblasts and osteogenic
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sarcomas cells each produce a 30 kDa IGFBP that cross-reacted with bovine IGFBP-2

antisera. fire sarcoma cell line also produced a 24 kDa IGFBP, suggesting that

tumourigenesis can affect IGFBP secretion from cells. Schmidt et al. (1989) detected

IGFBP characteristic of IGFBP-2, IGFBP-3 and the 24 kDa IGFBP in rat ost¿oblast

conditioned media. However, I did not detect IGFBP-3 production in the osteoblast-

derived cells.

Both serum and abdominal lymph contained IGFBP-3 which existed as a 1õ0

kDa complex under neutral, non-dissociating conditions. Binoux and Hossenlopp (1988)

detected IGFBP-3 in human ly-ph by Westernligand blotting but failed to detect any

binding of radiolabelled IGF-II to human tymph IGFBP in the 150 kDa region, and only

5 7o of the IGF activity was detected in this range. In addition, Cohen and Nissley

(1g?õ) found that lymph from the cysterna chyli of rats contained one-half the

somatomedin activity found in serum. Binoux and Hossenlopp (1988) therefore

concluded that the 150 kDa complex does not cross the capillary barrier in lymph. I

detected IGFBP-3 in fractions of rat abdominal lymph that eluted from a Superose 12

column at 1õ0 kDa. The difference between these results and those of Binoux and

Hossenlopp (1988) may be due to relatively high concentrations of endogenous IGF, or

the composition of rat and human lymph may be truly different. In supporü of this later

contention, I found that signifrcantly lower volumes of rat lymph were required for

detection of IGFBP (10 ¡rl versus 30 ¡rl for the previous human studies).

In conclusion, rat adult serum and abdominal lymph contained a 200 kDa

IGFBP (putative type-Il receptor extracellular domain) and a 150 kDa IGFBP that

contained subunits of 40-50 kDa aligning with IGFBP-3 on Westernligand blots. Both

fluids also contained a 30 kDa IGFBP that was immunoreactive with bovine IGFBP-2, a

28 kDa IGFBP aligning with IGFBP-I but not cross reacting with human IGFBP-I

antiserum and a 24 kDa IGFBP, possibly IGFBP-4. Fetal serum and amniotic fluid

lacked the 150 kDa and 28 kDa IGFBP, but contained IGFBP-2. CSF contained only a

30 kDa IGFBP that was not IGFBP-2. Several smaller molecular mass IGFBP were
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detected in media conditioned by liver-, bone- and muscle-derived cells, but none of the

cells secret€d IGFBP-3. These results allow me to partiaþ classiff and to compare the

IGFBP in rat fluids with those produced by cultured cells - a wide distribution of

IGFBP can be found secreted by different tissues and circulating in various biological

fluids. Whether the types of IGFBP secret¿d by several cultured cell lines are

representative of those secretnd. in aiuo by the corresponding tissues (from which the

cells were derived) remains to be established.
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3.1 INTRODUCTION

At least frve IGFBP types exist in the circulation of rats: a 200 kDa IGFBP,

putatively the truncated type-Il receptor; a 1õ0 kDa complex containing IGFBP-3 of 40-

50 kDa; a 30 kDa IGFBP-2; a 28 kDa IGFBP, possibly IGFBP-I; and a 24kDa IGFBP

that may be IGFBP-4 (Refer to Chapter 2; Gargosky et ø1., 1990c; Baxter and Martin,

1989a).

The placenta contains IGF receptors (Marshall et ø1., L974). Both IGF-I and

IGF-II are growth-promoting peptides that are developmentaþ regulated, suggesting

IGF may play a regulatory role during pregnancy and lactation in the ¡at. Few studies

had reported IGF-I concentrations in pregnant animals when this study was

commenced. In the rat and mouse, maternal serum IGF-I levels \rvere reported to be

depressed in late pregnancy (D'Ercole and Underwood, 1980; Sheppard and Bala, 1986;

Chiang et a.1.,1990). In contrast, Daughaday et al. (L982) found little variation in serum

IGF-I concentrations but a rise in serum IGF-II with pregnancy in rats. Tbo

longitudinal studies in humans reported a rise in maternal serum IGF-I compared with

non-pregnant females (Wilson et aI., 1982; Halt et al., 1984). The source of these

apparent inconsistencies is not clear, but IGF-binding proteins had been shown to

produce artifacts in IGF assays (Mesiano et a1.,1988). Thus, it was plausible that some

of the precautions to exclude IGFBP interference had not been effective. The IGFBP

had not been characterized during the different stages of pregnancy, in any species,

although total IGFBP was correlated u'ith IGF-I and IGF-II concentrations in serum

(Baxter and Martin, 1986). In addition, the proportions of free and bound IGF had not

been estabtished in pregnant rats. Thus, the aim of the present study was to measure

serum IGF-I and IGF-II concentrations in the absence of potentially interfering IGFBP,

to determine the distribution of IGF amongst the higher molecular mass forms, and to

characterize serum IGFBP during pregnancy in the rat.
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3.2 MATERIALfi and METHODOLOGY

3.2.1 Blood samPles

Adult female Sprague-Dawley rats (approximately 2õ0 g), bred in the University

of Adelaide animal house, were given free access to standard rat chow and maintained

under controlled conditions (26"C, 12 h light: 12 h dark)' Females were placed in

individual cages with a male rat and copulation was confirrned by visualisation of a

vaginal plug. This day was taken'as day 1 of pregnancy. Mated rats were subsequently

kept in individual cages. Blood samples (350 ¡rl) were collected from the tail vein at 3 to

4 day intervals during pregnancy and throughout lactation, until day 11 postpartum,

after which the pups \ilere removed and killed by cervical dislocation. Blood samples

were clotted at 40C for 18 hrs and sera harvested after centrifugation at 10,000 g for 5

min. Sera were stored at -200C.

3.2.2IGF and IGFBP measurements

Many of these measurements were carried out by Ms. I( Moyse and Ms. M.

Pearce under the supervision of Dr. P.C. Owens. Acknowledgments are cited in the

frgure legends.

Equal volumes of serum from four to six different rats at similar stages of

pregnancy or lactation were pooled and diluted to 75 yll ml in water plus concentrated

mobile phase to dissociate IGF from IGFBP, afìber which 0.2 ml (containing 1õ ¡rl

serum) r\¡as fractionated through a WaterV Millipore Protein Pak Column

(Waters/Millipore, Lane Cove, New South Wales, Australia) at 1 mV min in acetic acid

(0.2 mot/l) and triethylamine (0.05 mol/l) at pH 2.8 containing Tween 20 (0.5 7o v/v),

(mobile phase) as previously described (Owens et ø1., 1990). Pools of rat sera were

chromatographed and 0.25 ml fractions collected to determine the elution position of

IGF and IGFBP, as detected by IGF-I radioimmunoassay (RIA) and IGF-II

radioreceptor assay (RRA). In subsequent analysis of individual serum samples, four

fractions were collected. The first eluted between 6 and 8.5 ml and contained the
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IGFBP, the second was an intermediate fraction, the third eluted between 9 and 11.5

ml and contained the IGF, and the fourth was a trailing 1 ml fraction. Four to frve

samples were collected on different occasions from six rats, and the IGF pools (9.0-11.5

ml) and IGFBP pools (6.0-8.5 ml) were assayed by RIA for IGF-I and RRA for IGF-II.

The chromatographic properties of the Protein pak column were checked routinely by

following the distribution of radiolabelled IGF after chromatography. The limits of

detection in the IGF assays were calculated using the standard curve method described

by Baxter (1980); these were 32 pgfor IGF-I and 35 pg for IGF-II. For 0.05 ml, assayed

from the 2.õ ml pools derived from 0.01õ ml serum, the assay sensitivities were 107

¡rgill and 1-L? 1ug,ll for IGF-II.

3.2.8 Molecular size of t5l-labeued IGF-IGFtsP complexes determined by

size-exclusion chronatography at pH 7.4.

The i¿ udrro labelling of ¡at sera has been previously described (Section 2.2.5).

Briefly, serum samples (200 pl) were lipid-extracted and incubated with iodinated IGF-

I or IGF-II (5 ¡rl, 100,000 c.p.m.) in the absence or presence of 500 ng IGF-V 5 ¡rl or 200

ng IGF-IV õ ¡rl. After an 18 hr incubation at 40C, samples (200 pl) were applied to a

Superose 12 FPIÆ column and chromatographed at 0.5 mV min in saline buffer, pH 7.4.

Fractions (0.2ã ml) were collected and the radioactivity measured in a gamma counter.

8.2.4 lYestern'tigand' blot analysis

Samples were treated in SDSloading buffer, applied to discontinuous SDS-

PAGE (10 7o separating gel,4 Vo stacl<tng gel), after which the electrophoresed proteins

were transferred to nitrocellulose. The sheets of nitrocellulose were treated, probed with

iodinated IGF and exposed to X-ray film at -800C. For details see Section 2.2.6.
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3.2.5 The distribution of IGF anongst the higher molecular rnass foms.

The molecular sizes of IGFBP-IGF complexes in serum were determined by

FpLC size-exclusion chromatography (Section 2.2.5). Briefly, pooled sera (35 ¡rl) was

defatted and incubated with 10,000 c.p.m. of radiolabelled IGF-I or IGF-II for 18 hrs at

4oC. Labelled serum (50 pl) was then fractionated though a Superose 12 FPLC column

in mobile phase, pH 7.4 at 0.5 ml /min. Fractions (0.25 ml) were collected and the

radioactivity in each fraction was determined in a gamma counter' These labelled

serum samples were chromatog¡aphed before and after chrornatography of unlabelled

serum at pH 7.4 tþ ensure the properties of the column were consistent. Fractions (0.5

ml) derived from unlabelled sera were collected in tubes containing Tween 20 (20 pl'

0.6 7o v/v) and acidified with 167 ¡rl of a 4-times concentrated mobile phase (acetic acid

(800 mmol,/l) and triethylamine (200 mmol/l) at pH 2.8 containing Tween 20 @.5 lo

v/v)). These fractions were chromatographed on a Protein Pak 12ã molecular sieve

column at 0.5 mV min in l-times mobile phase using an autoinjector calibrated to apply

600 ¡rl. Upon confirmation that IGF-II could not be measured in sera from rats (data

not shown), fractions of 0.25 ml were collected and assayed for IGF-I content. The IGF

extracted from fractions across the FPLC profile eluted in the same position as IGF-I

and IGF-II standard.

3.2.6 Antisera for IGF assaYs

Rabbit anti-IGF-I antiserum and goat anti-rabbit serum was provided by Dr.

p.C. Owens, CSIRO Division of Human Nutrition, South Australia, Australia- Ovine

placental membranes were isolated by Mr. F. Carbone following the method of Baxter

and DeMellow (1986). The standards used were rh IGF-I kindly provided by Drs. H.H.

peters and I( Scheibi, Ciba-Geiry, Basle, Switzerland, and recombinant bovine IGF-II

by Dr. R Collier, Monsanto Co., St Louis, MO, U.S.A.
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3.2.7 IGF'I and IGF'II measurements.

(i) Radioimmunoassay (RIA) for IGF'I

Measurement of IGF-I by RIA involved the addition of 50 ¡rl of the Protein Pak

eluate fractions, mobile phase alone or standards in mobile phase to 30 pl Tris (400

mmol/l). This was followed by: 200 ¡rl of RIA assay buffer comprising NaHrPOn (30

rnmol/l), protamine sulphate (O.2 7o w/v), disodium EDTA (10 mmol/l), NaNs (0.2 7o w/v)

and T$een 20 (0.05 Vo v/v) at pH ?.5 that had been filtered and degassed through a

0.22 y frlter; 50 ¡rl of radiolabelled IGF-I (20,000 c.p.m.); and 50 pl of antiIGF-I

antiserum in RIA assay buffer at a frnal dilution of U40,000 such that 30-40 7o of the

added radioactivity would be bound in the absence of competing tigand. The samples

(gS0 pl) were incubated at 4"C for 18 hrs, after which excess goat anti-rabbit serum (50

¡rl of U20 dilution) and rabbit serum (õ0 ¡rl of 11250 dilution) were added. Following a

further incubation for t hr at tC, 1 ml of cold polyethylene glycol 6000 (6 Vo w/v;

Sigma) in sodium chloride (150 mmoLil) was added and the tubes were centrifuged in a

cold centrifuge at 4000 g for 30 min at 4 'C. After removal of the supernatant by

aspiration, the radioactivity in the pellet was measured in a gamma counter' All

samples and standards were measured in triplicate. The limits of detection in the IGF-I

RIA were calculated using the standard curve method described by Baxter (1980). The

assay limit of detection for IGF-I ranged from 20-50 pg.

(ii) Radioreceptor assay (RRA) for IGF'II

Measurement of IGF-II in column fractions involved the addition of 50 ¡rl of

column fraction, mobile phase alone, or standard in mobile phase to 30 pl Tris (400

mmol/l) plus 200 ¡rl of RRA buffer 1 comprising Tris (10 mmol/l), BSA (0.5 7o w/v) and

cac! (10 mmol/l) at pH 7.4,50 ¡rl radiolabelled IGF-II (20,000 c.p.m.) and 100 ¡rl of

ovine placental membranes (final concentration 0.2 mg protein/ml) in RRA buffer 1.

This amount of membrane was sufficient to bind 30-40 7o of the radiolabelled IGF-II in

the absence of competing ligand. The samples were incubated at 4"C for 18 hrs after
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which 1 ml of cold RRA buffer 2 containing Tris (10 mmol/l), BSA (0.6 7o w/v) and CaCl

at pH 7.4 was added. The tubes were centrifuged at 4000 rpm for 30 min at 4'C' The

supernatants were aspirated and the radioactivity in the pellet was measured in a

gamma counter.

The limits of detection in the IGF-II RRA were calculated using the standard

curve method described by Baxter (1980). The assay limit of detection for IGF-II ranged

from 2õ-90 pg.

8.2.8 Statistical analYsis

Serum IGF-I results were analysed by one-way analysis of variance, and the

means compared using the Newman-Keuls test (Montgoffi€V, 1983). Data analysis was

performed using Microstat II statistical package (Ecosoft Inc., Indianapolis, IN, U.S.A).

3.3 RESULTS

IGF-I, IGF-II and IGFBP in serum pooled from non-pregnant, pregnant and

lactating rats were measured after separating IGF from IGFBP by high performance

size-exclusion chromatography under acidic conditions (Fig. 3'1). Two well resolved

peaks of activity were detected in sera from non-pregnant rats. The first peak eluting

between ? and g ml represented the IGFBP and was detected in identical fractions with

both IGF assays. A second peak eluting between 10 and 12 ml was detected in the IGF-

I RIA in pooled sera. Human IGF-I standard eluted in the same position as this second

peak, as did radiolabelled IGF-I. In sera from rats in late pregnancy, the IGFBP peak

was diminished as was the IGF-I peak (Fig. 3.1). In the IGF-II RRA almost all fractions

between 10 and 12 ml were below the limit of detection (35 pg¡. The clear separation of

IGF from IGFBP provided quantitation of IGF in the absence of possible IGFBP

interference, and a measufe of lGFBP-interference in the IGF assay.

To assess the change in the IGF and IGFBP profrle during pregnancy, serum

samples were pooled from rats at a similar stage of pregnancy' subjected to size-



Figule3.1:Acid'size.exclusionchrorngtogiraphyofpooledserafromnon-

pregnant and pregnant rats 1¡ - 6) followed by IGF'I RIA.

Sera(200¡rl)fromnon-pregnant¡ats(O)andserafromratsinlate

pregnancy (O) was diluted to 1ã 7o (v/v) in acid and subjected to size-exclusion

chromatography at pH 2.8. îhe fractions (0.25 ml) were assayed in an IGF-I RIA (as

described in the methods). the limit of detection ranged ftom 20-42 pg'
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exclusion chrornatography at pH 2.8 and the fractions assayed by RIA for IGF-I (Fig'

8.2). For this study a different Protein Pak column l\¡as used that displayed slightly

altered chromatogtaphic properties; the IGFBP peak eluted between 6 and 8'5 ml and

the IGF-I peak between 9.0 and 11.5 ml. Summation of activities in fractions between

g.0 and 11.õ ml showed that sera from days 9-10 and 12-13 of pregnancy contained

peaks of IGF-I which \ilere approximately L607o greater than those of serum pooled

from rats in late pregnancy (days 16-1? and 19-21). By one day postpartum the serum

IGF-I concentration had increased (Fig. 3.1). Summation of IGF-I immunoreactivity

between 6 and 8.5 ml showed that IGFBP levels followed a quantitatively similar, but

more pronounced pattern in pregnanry and lactation than seen $'ith IGF-I (Fig. 3.2).

Thus serum pools from late pregnancy (days 16-1? and days 19-21) had only l01o of lhe

IGFBP activity in the IGF-I RIA cornpared with those from early pregnancy' During the

frrst three postpartum days the IGFBP levels had recovered to 707o of those seen in

earþ pregnanry.

IGF-I and IGFBP concentrations were also examined in each of six rats

individually sampled on three to four occasions in a longitudinal study to determine

more precisely the timing of the changes in maternal serum. For this experiment each

serum sample which was subjected to size-exclusion chromatog¡aphed at pH 2.8,

resolved to produce an IGF region (9-11.5 ml) and an IGFBP region (6-8.5 ml) pool.

IGF-I concentrations in all sera collected bQtween days 9-13 of pregnancy were greater

than 500 ngl rrrl. By day 16 IGF-I had fallen to an average of 46 Vo (p < 0.05) of the

earþ pregnancy means and did not signifrcantly recover by 1-3 days postpartum (Fig.

e.B). The amounts of IGFBP detected followed a similar trend to IGF-I (data not

shown). However, IGFBP activity was undetectable (< 10? ngl ml serum) in all I rat

samples collected between days 16 and 21 of pregnancy, whereas significant activity

was detected in 10 of the 12 samples collected at other occasions.

Measurement of the IGFBP by IGF-I RIA or IGF-II RRA gave an indirect

measure of total IGFBP based on the ability of IGFBP to inhibit the binding of



Figure S.2: Acid size-exclusion chro-totog¡aphy of pooled sera fron rats at

diffenent stages of pregnancy followed by IGF-I RIA.

200 ¡rl of serum was diluted to t5 7o (v/v) and subjected to size-exclusion

chromatography at pH 2.8. The fractions (0.25 ml) were assayed in an IGF-I RIA. Each

panel represents a pool of serum from 4-6 rats at similar stages of preguancy. The limit

of the assay sensitivity was 0.16 ng/ O.26 ml fraction.

I wish to acknowledge Kirsty Moyse's technical assistance in these assays.
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Figure 3.3: Trnrnunoreactive IGF-I in acid-chromatogfaphed sera fron rats

throughout pnegnancy.

Serum from individual animals was subjected to acid-chromatography, the IGF-

I pool collected (2.5 ml fraction) and all samples measured in one assay. Values are

means t S.E.M. for between 4 and 6 animals at each stage. The lowest detectable

concentrations were 107 ng per ml of serum. To determine whether the IGF-I levels

differed during pregnancy, data were analyzed using ANOVA and the Newman-Keuls

test. Histogram labelled with different letters are significantly different (P < 0.05).

I wish to acknowledge Kirsty Moyse's technical assistance in these assays.
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Figure 3.4: Westem-ligand blot analysis of serum samples collected throughout

pregnancy and postpartum.

Serum from an individual rat throughout pregnancy was subjected to Western-

ligand blot analysis. The autoradiograph shown is from a Western-ligand blot probed

with 15 I-labelled IGF-II. Lanes 1 shows the positions of labelled molecular mass

markers. Lanes 2-9 contain 10 pl of serum from the same animal. Lane 2, day 3

pregnancy; lane 3, day ã; lane 4, day 9; lane 5, day 16; lane 6, day 19; lane 7, day 1

postpartum; lane 8, day 3 postpartum and lane 9, day 11 postpartum. Ttre

nitrocellulose was exposed to X-ray frlm for 7 days at -200C.
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kDa and 40-50 kDa regions (Fig. 3.6, upper panel). Unlabelled IGF-II reduced the

radioactivity measured in all IGFBP regions and increased the radioactivity in the free

IGF region. The profrles were similar with lãI-labelled IGF-I, although no radioactivity

in the 200 kDa region was detected (data not shown).

The lGFJabelled binding protein complexes were further characterized by

subjecting the neutral Superose 12 fractions to Western-ligand blot analysis and

probing them with iodinated IGF-II (Fig. 3.õ and 3.6, lower panel). Sera from non-

pregnant rats, shown in figure 3.5 (lower panel), demonstrated a faint 200 kDa band

aligning with the 200 kDa region from neutral chromatography. A 40-50 kDa triplet on

the WesternJigand blot that aligned with the porcine IGFBP-3 standard was found in

the 1õ0 kDa peak column fractions. In addition, the smaller 40-õ0 kDa peak blotted as

30 kDa, 28 kDa and 24 kDa bands. In sera from rats in late pregnancy, the 200 kDa

IGFBP region Western-ligand blotted as a faint 200 kDa band and the 30 kDa, 28 kDa

a¡rd. 24 kDa bands were detected in the 40-50 kDa region of the Superose L2

chromatograph. In contrast, the 40-õ0 kDa triplet aligning with IGFBP-3 was

undetectable in sera from late pregnancy (days 17-19) (Fig. 3.6, lower panel).

These results showed a decline in detectable IGFBP-3 during late pregnancy.

They also suggest a decline in IGF-I concentrations and accordingly less of the 1õ0 kDa

complex. To assess the distribution of IGF-I amongst the IGFBP, sera from non-

pregnant and pregnant rats were fractionated on a size-exclusion column at pH 7.41û

resolve the different IGFBP complexes from unbound IGF. Each fraction was further

chromatographed on a size-exclusion column under acid conditions to dissociate IGF-

IGFBP complexes of IGF and IGFBP. The separation of IGF was essential to measure

the IGF concentration because IGFBP causes artifacts in IGF radioligand assays. The

IGF-containing fractions from the acid column l\¡ere assayed by RIA for IGF-I.

Labelled sera incorporated radioactivity into three distinct size-classes as

assessed by Superose 12 chromatography, similar to Fig 3.5; a 150 kDa region eluting

between 10-13 mls, a 40-50 kDa region eluting between 13-1õ mls, and free IGF eluting



Figure S.õ: ll¡estem-ligand blot of lGF-bind.ing proteins in sen¡m f¡om non-

pregnant rat after fractionation on a Superose 12 size-exclusion colurnn at

neutral pII.

Upper panel : serum was pooled from 20 non-pregnant rats, incubated in vitro

with l5l-labelted IGF-II in the presence or absence of IGF-I (500 ng) or IGF-II (200 ns)

and applied to a Superose 12 column at pH 7.4. llte profile of I5I-IGF-II binding is

plotted (O). The chromatograph of t5 I-IGF-II + IGF-I are represented (O) and of 1% I-

IGF-II + IGF-II (El). The column standards represented at the top of the figure are: 150

kDa, gamma globulin; 69 kDa, bovine serum albumin; 46 kDa, ovalbumin; 30 kDa,

carbonic anhydrase; and 7.5 kDa, 1% I-IGF-II.

Lower panel: 50 ¡rl of column fractions (each two fractions pooled), undiluted

serum (5 frl) and 10 ng of purified IGFBP standards were diluted in SDSloading

buffer, electrophoresed, transferred to nitrocellulose sheets and probed with IGF-II

radioligand. The positions of molecular mass standards and the IGFBP standards are

shown. The nitrocellulose was autoradiographed for 7 days.
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Figurc 8.6: \tester:n-ligand blot analysis of IGF-binding proteins in sera fron

rats in late pregnancy (day 19) after fractionation on a Superose 12 sfze'

exclusion column at neutral PII.

Upper panel : Sera from 2 pregnant rats were pooled, incubated in uitro witlr.

læI-labelled IGF-II with and without unlabelled IGF-I or IGF-II (as described in Figure

8.5) and applied to a Superose 12 column at pH 7.4. Tltte profiles of r5I-IGF-II binding

(a), ,ot I-IGF_II + IGF-I (O) and t5 I-IGF-II + IGF-II (El) are plotted. The column

standards represented at the top of the frgure are: 1õ0 kDa, gamma globulin; 69 kDa,

bovine serum albumin; 46 kDa, ovalbumin; 30 kDa, carbonic anhydrase; and 7.5 kDa,

r5I-IGF-II.

Lower panel: 50 ¡rl of column fractions (each two fractions pooled), serum (õ Fl)

and 10 ng of purifred IGFBP were diluted in SDS-loading buffer, electrophoresed,

transferred on to nitrocellulose sheets and probed Ìvith IGF-II radioligand. The

positions of molecular mass standards are indicated. The nitrocellulose vvas

autoradiographed for 7 days.



=E
to
c!
o
c
.9
.F(,
(ú
LÞ

E
ÉLo

8000

6000

4000

2000

0

150 69 46 30 7 k}a

Ve (ml) from Superose 12

11 12 13 14 15 16

9 10 11 12 13 14 15 16 17 18 19

kDa
200

92

69

46

30

21.5

bovlne
IGFBP.3

bovlne
IGFBP.2

human
IGFBP.l

serum
(5ul)

,
,
t
t
t
t

q

t
t
t
t
t

F

I
I
I
I
I

tr
I
t
I
I
I
I

T
a

Oo .D;
(D



48

between 15-1? mls (Fig. 3.7, upper panel). Fractions collected when unlabelled sera

from the same regions lvere chromatographed on Superose 12 atpIJ 7.4 were assessed

for their IGF-I content. In sera from non-pregnant rats, IGF-I (Fig. 3.7, lower panel)

was predorninantly canied by the 1õ0 kDa complex and the remainder was carried by

the 40-50 kDa region of the Superose 12 fractions. Negligible quantities of unbound IGF

were detected (Fig. 3.7, lower panel). In contrast, serum pooled from rats during late

pregnancy had little IGF-I in the 150 kDa complex. Most of the IGF-I was carried by

the smaller 40-50 kDa region (Fig. 3.6, lower panel). To determine the recovery of IGF

and the vatidity of our measurements, the IGF-I content in same serum pools calculated

after a single chromatographic step (Fig. 3.1) was compared against the sum of IGF-I

recovered following dual chromatography (Fig. 3.7). The recoveries ranged ftom 701o-

85Vo.

3.4 DISCUSSION

In the current study we have measured maternal IGF and IGFBP

concentrations and characterized the changes in the IGFBP profrle during pregnancy

and lactation in rats. Maternal serum IGF-I levels were highest in earþ to mid-

pregnancy and lowest in late pregnancy. This result is consistent with previous and

more-recently reported IGF-I concentrations measured in the pregnant rat and mouse

(D'Ercole and Underwood, 1980; Sheppard and Bala, 1986; Chiang et al., 1990;

Davenport et al., 1990). I could not detect IGF-II in the sera from non pregnant or

pregnant rats thus, confrrming the results of Moses and colleagues (1980). In contrast,

Donovan et aI., (1991) have reported that serum IGF-II concentrations measured by

RIA are very low but unaltered during pregnancy in the rat.

IGFBP levels measured by interference in the RIA or by WesternJigand blotting

mimicked IGF-I concentrations during pregnancy in that levels declined afber day 13.

Baxter and Martin (1986) have reported a parallelism between IGF-I and IGFBP

concentration in serum. Further, Hardouin et aI. (1989) suggested that IGFBP synthesis



Figur,e 3.7: The distribution of IGF amongst higher molecularnass IGtrlBP in

sera from non-pnegnant and pnegnant rats.

Upper panel: Sera (35 ¡rl) pooled from 20 non-pregnant rats (O) and 2 rats in

late pregnancy (O) were labelled ¿n uitro with either iodinated IGF-I or IGF-II,

fractionated by Superose 12 chromatography and the radioactivity incorporated was

measured and plotted. The column standards represented at the top of the figure are:

150 kDa, gamma globulin; 69 kDa, bovine serum albumin; 46 kDa, ovalbumin; 30 kDa,

carbonic anhydrase; and 7.5 kDa, 1ã I-IGF-II.

Lower panel: Unlabelled sera (200 pl) was fractionated by Superose L2

chromatoglaphy and then individual ftactions were acidified, applied to size-exclusion

chromatography at pH 2.8 and the IGF-containing fractions analysed by RIA The same

serum pools described above were used: non-pregnant sera (O) and pregnant sera (O).
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was coordinated with IGF-I synthesis. The results of our examination of IGF binding

proteins and IGF-I concentrations during pregnancy supported this concept because

IGF-I and IGFBP changed in a concerted manner.

Serial sampling of serum from individual animals during pregnancy and

immediately postpartum enabled further assessment of the changes in IGFBP classes.

The decline in IGFBP-3 and in the 28-30 kDa IGFBP was observed in late pregnancy.

Low levels of both continued until delivery, after which they increased and remained

unchanged throughout early lactation (postpartum days 3-11). The 24 kDa IGFBP was

only slightly elevated during late pregnancy. The decline in IGFBP-3 has been very

recently confirmed by other researchers in both the rat and human (Davenport et aI.,

1990; Gargosky eú øt., 1990b; Guidice et a1.,1990). My studies on human sera will be

discussed in Chapter õ ofthis dissertation.

Using size-exclusion chromatogtaphy, I showed that serum from pregnant rats

contained a 200 kDa peak, a diminished 1õ0 kDa peak and an elevated 40-õ0 kDa peak

compared with serum from non-pregnant rats. Ronge and Blum (1989) reported

comparable results in cattle. Using a similar technique, they found that serum from

dairy cows towards the end of pregnancy contained a reduced 150 kDa IGFBP, whereas

the 45-65 kDa peak was unaltered. I extended my characterization of the binding

proteins by employing Westernligand blot analysis. The 200 kDa region blotted as a

200 kDa band that was observed only rvith IGF-II radioligand. The molecular mass of

this protein and the relative affrnity for IGF-II rather than IGF-I suggests this IGFBP

is the putative soluble type II receptor (Keiss et al., 1987). The 150 kDa peak appeared

as a 40-50 kDa triplet that aligned with the porcine IGFBP-3 standard, in agreement

with the charactcrization of human IGFBP-3 by Baxter and Martin (1989b). In

addition, the 24 kDa, 28 kDa and 30 kDa IGFBP observed with Westernligand blot

analysis may represent IGFBP-4, IGFBP-I and IGFBP-2, respectively, on the basis of

the molecular masses of these rat proteins (Brown et al. L989; Murphy et ø1. L989;

Shimasaki et al., 1990). These results agree with my observations with unfractionated
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serum and with those of Yang et al. L989.

The IGF-I content of the IGFBP complexes was also measured in both non-

pregnant and pregnant rats. In gera from non-pregnant rats, IGF-I was predominantly

carried by the 150 kDa IGFBP-IGF complex and the remainder was detected in the 40-

60 kDa IGFBP-IGF complex. This study confirmed that in sera from non-pregnant rats,

IGFBP-3 was present as a 1õ0 kDa complex that carried the majority of IGF in the

circulation. The converse was obsen'ed in sera from rats in late pregnancy; most of the

IGF-I was carried in the 40-õ0 kDa IGFBP-IGF complex. I believe this is the first time

that IGF had been measured in rat sera fractionated by size-exclusion chromatography

in the absence of IGFBP that would otherwise interfere in the IGF assay. The 1õ0 kDa

complex has been reported to be composed of three parts: an acid-labile subunit (90

kDa); IGFBP-3 (50 kDa); and IGF (7.5 kDa). The formation of the ternary 150 kDa

complex requires IGFBP-3 to bind IGF and form a binary complex to which the acid-

labile component can bind (Baxter, 1988). Thus I speculate that either the decline of

detectable IGFBP-$ or of IGF-I in sera from rats in late pregnancy is associated with a

decline in the 150 kDa complex formation.

The decline of both IGF-I and IGFBP-3 in late pregnancy may result from

changes in growth hormone (GH) status since IGF-I and IGFBP-3 are GH dependent

(Baxter and Martin, 1989a; Daughaday and Rotwein, 1989). However Carlsson et al.

(1990) recently reported that basal levels of circulating GH and GH pulse amplitude

increased during pregnancy. This increase in GH levels occurred at the same stage of

pregnancy that IGF-I and IGFBP declined, perhaps indicating a state of GH resistance.

Chiang et al. (1990) have also suggested that GH resistance occurs during late

pregnancy in the rat. these authors observed a decrease in circulating IGF-I levels,

reduced growth-promoting properties of the internal milieu (as judged by growth and

development of fetal transplants placed under the kidney capsule) and decreased

maternal skeletal growth during late pregnancy. Furthermore, very high doses of GH

(10 mgl kg/ day) were required to restore g¡owth promotion of the internal milieu to
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non-pregnant levels (Chiang et al., 1990). Altcrnatively, it was recently reported that

the decline of IGFBP-3, detected by Westernligand blotting, was due actually an

artifact due to a pregnancy-associated protcase that degraded the IGFBP during the

procedure (Davenport et aJ., 1990; Guidice et aI., 1990; Hossenlopp et al., 1990). The

protease activity was observed when serum from pregnant rats was mixed with serum

from non-pregnant rats or purifred IGFBP-3 standard, incubated and subjected to

Western-ligand blotted. The IGFBP profrle of non-pregnant rat serum was destroyed by

sera from pregnant rats (Davenport et ø1.,1990; Guidice et a1.,1990; Hossenlopp et ø1.,

1990).

Since unbound IGF-I is rapidly cleared from the circulation (Ballard et al.,

1991), the lower levels of IGFBP-3, the major serum carrier, would result in reduced

serum concentrations of circulating IGF-I, consistent with our observed results. In

agreement, Davenport et al., (1990) have reported an increased rate of clearance of IGF-

I from the maternal circulation during late pregnancy. These authors have also

indicated a reduced rate of transcription of IGF-I mRNA in the maternal liver, which

would compound the decline in circulating IGF-I levels.

I suggest that the fall in IGF-I during late pregnancy may benefit the rapidly

growing fetus. At this stage the fetus requires a greater nutrient supply in order to

sustain rapid growth (Metcalfe et al., 1988). If the pregnant rat could not meet these

demands through dietary intake, catabolism of maternal proteins could supplement the

substrate requirements of the fetus. Increased rates of muscle protein degradation in

the mother have been reported in late pregnancy, perhaps as a means to increase the

supply of amino acids and other substrates to the fetus (Morton and Goldspink, 1986;

Linget al., L987; Metcalfe et al., 1988). This state of catabolism is consistent with our

observation of low IGF-I levels, because IGF-I has been shown to suppress net muscle

protein catabolism both via a stimulation of the synthetic pathway and an inhibition of

the degradative pathway (Ballard et al., 1986). Moreover, infusion of IGF-I into rats has

been shown to lower circulating amino acid by reducing protein degradation
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(Jacob et a.1.,1989).

In conclusion, during pregnancy in the rat, IGF-I is the major IGF present in

serum, IGF-I concentrations are diminished after day 13 and remain low for the

duration of pregnancy. IGFBP-3 levels appear to be lower during late pregnancy

compared against non-pregnancy levels when measured by WestcrnJigand blot analysis

and indirectly by IGF-I carrying capacity. The levels of IGFBP-3 or IGF-I may be low

due to: a state of GH resistance; or a pregnancy-associated IGFBP protease that

degrades IGFBP-3. However, whether the protease results are artifacts of the in uitro

system or actual physiological changes can not be directly assessed without appropriate

techniques to measure the IGFBP in rat sera. Nonetheless, I suggest that low IGF-I

may promote muscle protein catabolism in the mother, to provide supplementary

nutrients to the fetus.



CHAPTER FOI'R : ADMINISTRATION OF INSI]LIN.LIKE GROTWTH

FACTOR-I, BUT NOT GROTWTH HORMONE, INCREASES I\'ÍATERNAL

IWEIGHT GAIN IN I"ATE PREGNANCY

TWITHOUT AFFECTING FETAL OR PI,ACENTAL GRO\ryTH.



õ3

4.1 INTRODUCTION

The anabolic effects of both growth hormone (GH) and insulin-like growth

factor-I (IGF-I) have been demonstrated in non-pregnant rats (Evans and Simpson,

1931; Hizukaet al., 1986; Phillips eú aI., 1988; Sillence and Etherton, 1989). GH may

prornote growth both directly and also indirectly via its stimulation of IGF-I synthesis.

The IGFs, rnitogenic for many different tissues (Froesch et al., 1985) are modulated by

at least four IGF binding proteins (IGFBP) recently categorized as IGFBP-I, IGFBP-2,

IGFBP-3 and IGFBP-4 (Ballard et al., L99O: Shimasaki et ø1., t990).

The pregnancy-associated changes in rat IGFBP and IGF have been discussed

in Chapter 3 of this dissertation. During earþ pregnancy, rat serum IGF-I levels are

elevated (Sheppard and Bala, 1986; Davenport et ø1.,1990; Gargosky eú ø1., 1990b),

consistent with the anabolic phase of earþ pregnancy (Metcalfe et al., 1988). Tlre

decline in circulating IGF-I coincided with the late-pregnancy catabolic state where

maternal blood glucose is decreased and maternal protein reserves are catabolized to

supplement dietary amino acids (Metcalfe et ø1., 1988). This catabolism is selective as

hepatic protein accumulation continued throughout pregnancy (Harris and Kretchmer,

1e88).

R^at IGFBP-3 levels also decline in late pregnancy and recover postpartum

(Davenport et ø1.,1990; Gargosky eú ol., 1990b; Guidice et al., 1990) perhaps due to a

pregnancy-specifrc protease (Davenport et a1.,1990; Guidice et ø1.,1990; Hossenlopp eú

ø1., 1990).

This study aims to reverse the depressed serum IGF-I and IGFBP

concentrations during late pregnancy and to determine the impact of these changes on

maternal, fetal and placental growth. I chose to infuse recombinant human GH (rhGH)

that has been shown to regulate the synthesis of IGF-I and IGFBP-3 (Baxter and

Martin, 1986; Daughaday and Rotwein, 1989), and recombinant human (rh) IGF-I that

will increase circulating IGF-I concentrations and initiate IGFBP synthesis in certain

states of low serum IGF and IGFBP (Tomas et al., 1991).
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4.2 MATERIALS and METHODOLOGY

4.2.1 Peptides

Recombinant human IGF-I and GH were provided by Genentech Inc., South San

Francisco, CA" U.S.A. Purifred IGFBP standards used for Western-ligand blot analysis

are described in Section 2.2.6.

4.2.2 E4t erimental De sign

The study was a composite of three trials, each conducted with three to frve

animals per treatment group. The responses between the trials were not statistically

significant (P > 0.05) as determined from one-way analysis of variance. Thus, the three

studies were combined to provide a suitable number of animals for each treatment

group.

Virgin Sprague Dawley rats (approximately 250 g) were fed ad libitum standard

rat chow and maintained under controlled conditions (26"C, 12 hrs light and dark).

Females were placed in individual cages with a male rat. Every six hours, animals were

checked for vaginal plugs. The day of plug detection was termed day 1 of pregnancy and

the male was removed. Dams were weighed daily and blood samples (350 pl) were

taken from the tail at days 0, 3, 6, 9, 14, L7 and 20 of pregnancy. Serum was harvested

following an 18 hr, 4oC incubation and centrifugation at 10,000 g for õ min. The serum

was stored at -2O'C. On day 11 of pregnancy, the rats were lightly anaesthetized and an

Alzet model 2O0L Osmotic pump (Nza, Palo Alto, CA, U.S.A.) was implanted

subcutaneously in the back. Pumps were filled with 0.1 mol acetic acid/ I as excipient

for vehicle-treated animals, or rhGH diluted in sterile water to deliver 2.4 mglkg per

day, or rhIGF-I diluted in 0.1 mol acetic acid/l to deliver L.4 mgntg per day. The peptide

doses werebased on results of previous studies (Tomas et a1.,1991). On day 21, one day

prior to the expected delivery date, the rats were killed using CO, asphyxiation. Litter

number and individual fetal and placental weights were recorded.
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4.23 Analysis of serum IGF and IGFBP

Maternal serum samples (20 pl) were analysed for their IGF content by Ms. M.

Pearce under the supervision of Dr. P. Owens. Acid-ethanol extraction and

radioimmunoassay for IGF-I was used for individual rat serum samples as previously

described (Owens et al., 1990). Serum IGFBP were analysed by WesternJigand blot

analysis (Section 2.2.Ð.

4.2.4 Statistical Analysis

Treatment effects on single parameters in each group were analysed by one-way

analysis of variance (ANOVA) and the means compared using a Newman-Keuls test

(Montgomery, 1983). Data analysis were performed using the Microstat II Software

Package (Ecosoft Inc., Indianapolis, IN, U.S.A). Where parameters and co-variates were

measured repeatedly over time, the effects of treatment (grouping factor), time

(repeated measures factor), their interaction and the influence of co-variates were

analysed by repeated measures ANOVA (program õV, BMDP Statistical Software,

University of California Press). îhis program was designed for analysis of unbalanced

models due to incomplete data sets and hence, was the most appropriate for examining

the effect of treatment on fetal and placental weights. The magnitude and significance

of a specific treatment on parametærs was determined from the estimated regression

coeffrcients, their standard errors and co-variance matrix (BMDP Manual, Vol 2, pp.

1102-1103).

I wish to thank Dr. Julie Owens for her assistance with these statistical

calculations.
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4.3 RESULTS

Serum from each rat, at each collection time, was subjected to acid-ethanol

extraction after which the IGF-I concentration $ras determined by radioimmunoassay

Gig. a.1). During the frrst nine days of pregnancy, serum IGF-I concentrations

increased from 340 ngl ml to 500 ngl ml. Mini osmotic pump6 were implanted on day 11

of pregnancy. In the vehicle-treated group, IGF-I levels declined. R^ats infused with GH

showed an apparent increase in IGF-I early in the treatment period, although the

increase was not statistically significant. Otherwise, the IGF-I pattern for GH-treated

rats was similar to the vehicle-treated rats. Administration of IGF-I caused a 1.9 fold

increase in IGF-I three days after pump implantation, with the concentrations

significantly elevated (P < 0.01) throughout the treatment period when compared with

either vehicle- or GH-treated groups.

To examine circulating IGFBP, sera from each treatment gtoup were pooled and

subjected to WesternJigand blot analysis. Sera from non-pregnant rats (Fig. 4.2,lane 2)

blotted as a 40-õ0 kDa triplet that aligned with purifred bovine IGFBP-3, a 32 kDa

band, a 28 kDa band that aligned with human IGFBP-I and a 24kDa band. Note that

this pattern was obtained with 1 ¡rl serum while 5 ¡rl was electrophoresed from the

pregnant rats (Fig. 4.2, lanes 3-8). This pattern was maintained until day 14 of

pregnancy, after which the 40-õ0 kDa triplet became undetectable and the 28 and 32

kDa bands diminished in intensity (data not shown). To examine the period of change

in the IGFBP profile, serum pools were compared at days 17 and 20 of pregnancy (Fig.

4.2). Vehicle-treated animals essentially lacked the 40-50 kDa triplet at days 17 and 20

of pregnancy (Fig. 4.2, lanes 3 & 4). The intensities of L}:^e 24,28 and 32 kDa bands

were reduced, but detectable at both days. Infusion of GH produced a small increase in

the 40-50 kDa IGFBP triplet at day 17 only (Fig. 4.2,lane 5). IGF-I treatment induced

a small increase in 40-50 kDa IGFBP, principally at day 17 (Fig. 4.2,lane 7), although

these bands were also detectable at day 20 (Fig. 4.2,lane 8). The intensity of the 32

kDa band was increased with IGF-I treatment for both days 17 and 20 of pregnancy.



Figure 4.1: Trnrnunoneactive insulin-like glowth factor'I measured in acid'

ethanol extracted serum fnon individual rats in each treatnent group.

The groups represented are those treated with vehicle (O), growth hormone (O)

and IGF-I (l). Values are the means + S.E.M. for nine to ten animals at each time

point. The lowest detectable concentration was 64 ng /ml. The asterisk indicates a

significant difference (P<0.01) between the IGF-I treated rats compared with both

vehicle- and growth hormone- treated rats (ANOVA and the Newman Keuls test).

I would like to acknowledge Madeline Pearce for her technical support with the

IGF-I RIAs.
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Figu¡e 4.2: Wester:n-ligand blot analysis of pooled serum at days 17 and 2O of

pregnancy.

Serum pooled from rats (n= 9-10) at days 1? and 20 were incubated in SDS-

loading buffer, electrophoresed, transferred to nitrocellulose and probed with iodinated

IGF. The autoradiograph shown is the result of probing the nitrocellulose lvith 126I-

labelled insulin-like growth factor-Il (IGF-II). Lane 1, radiolabelled molecular mass

markers; larre 2, pool of non-pregnant rat sera (1 ¡rl); lanes 3 & 4, sera (5 pl) from

vehicle-infused pregnant rats at days 17 and 20, respectively; lanes 5 & 6, sera (õ pl)

from growth hormone-infused pregnant rats at days 17 and 20, respectively; lanes 7 &

8, sera (5 pl) from lGF-I-infused pregnant rats; and lane 9, 15 ng each of bovine

IGFBP-3, bovine IGFBP-2 and human IGFBP-I. The autoradiograph was exposed for 38

days.
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Clearly, neither GH nor IGF-I administration restored the IGFBP pattern to non-

pregnant levels.

Administration of IGF-I accelerated the rate of increase in maternal weight

during pregnancy (treatment x time, P=0.015) (Fig a.3. upper panel). The cumulative

change in maternal weight from the day of pump implantation was similar for the

vehicle-infused (?2 g) a¡¿ GH-infused rats (?7 C) (Fig. 4.3, lower panel). IGF-I treated

rats increased their weight by 99 g, a 27 7o increase above the control (P = 0.0003) (FiS.

4.3, lower panel). "Empty maternal weights", calculated ftom the total weight at day 2l

less fetal and placental weights, were increased signifrcantly (P = 0.048) by day 21 as a

result of IGF-I treatment (Table 4.1).

Average fetal weights and average placental weights, as well as the fetal :

placental ratio were not signifrcantly different between treatment gtoups as assessed by

one way analysis of variance (Table 4.1). Summation of fetal weights and placental

weights for each dam to compensate for differing litter number also showed no

significant effect of treatment (Table 4.1). However, this statistical analysis had

limitations because it was based on averaged fetal weights and did not account for any

differences in litter number or maternal weight. Pups from larger litters tend to be

smaller than those from smaller litters (Dempster et al., 1984) and preterm maternal

size is highly correlated with infant birth weight and placental weight (Metcalfe et al.,

1988). Accordingly, analysis of the effects of treatment was extended using an

unbalanced repeated measures model with litter number measured postpartum and

maternal weight measured throughout gestation as co-variates. Fetal weights were not

significantly effected by treatment (P=0.41) while litter number (P=0.33) and maternal

weights (P=0.50) as co-variates were not signifrcant with this analysis. Placental

weights were not signifrcantly changed by treatment (P=0.13), and litter number was

not a signifrcant influence (P=0.25), but maternal weight did influence placental weight

gain (P=0.006). The ratio of fetal to placental weight was not significantly different

between treatment groups (P=0.31) or affected by litter number (P=0.53) or maternal



Figur'e 4.8: Matemal weight gain following growth horaone or insulin'like

gr.owth factor-I a.lministration during late pregnancy.

Upper panel: Maternal weight values (g) represent the means of nine to ten rats

+ S.E.M. The groups are, pregnant rats infused with vehicle (O), growth hormone (O)

and insulin-like growth factor-I (I).

Lower panel: Cumulative maternal weight change during the treatment period.

The groups are depicted as above. The values represent the means of nine to ten

animals * S.E.M.
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size (P=0.?6). Thus, neither fetal weight, placental weight nor the fetal : placental ratio

showed statistical signifrcance using co-variate analysis.

4.4 DISCUSSION

During latc pregnancy there is a net degradation of maternal muscle protein,

accompanied by a reduction in glucose uptake in non-uterine tissues (Metcalfe et ø1.,

1988). IGF-I suppresses net protein catabolism (Ballard et ø1., 1986) and enhances

glucose uptake (Jacob et a1.,1989). Thus, the coordinate decline of serum IGF-I during

late pregnancy in the rat was consistent with a maternal catabolic state. The aims of

my experiment were to replenish the diminished serum IGF-I concentration observed

during late pregnancy in the rat, to assess the changes in serum IGFBP and to examine

the effects on maternal, fetal and placental weights.

I examined the possible role of GH in regulating senrm IGF-I and IGFBP-3

concentrations in late pregnancy because both IGF-I and IGFBP-3 are GH dependent

(Baxter and Martin, 1986). In addition, GH administration to hypophysectomised or

protein-deprived rats restores depressed IGFBP-3 concentrations (Clemmons et al.,

1939). During pregnancy in the human, pituitary-derived GH concentrations decline

and concentrations of the placental GH variant are increased (Eriksson, 1989).

However, reported changes in GH concentrations during late pregnancy in the rat are

less clear. There are reports of inhibited pituitary GH gene expression (Kumar and

Biswar, 1988), unaltered immunoreactive GH concentrations (Madorr et aJ., 1989),

increased GH levels (Carlsson et ø1.,1990) and GH resistance in late pregnancy (Chiang

et a1.,1990).

I found that infusion of GH at 2.4 mel kg per day did not signifrcantly elevate

IGF-I levels during late pregnancy. Maternal, fetal and placental weights were not

significantly different from the control animals, and GH infusion did not significantly

alter the IGFBP profile. Similar to these results, Chiang et al. (1990) found that

injections of porcine GH at 2.6 mgl kg per day into pregnant rats over a similar time



Table 4.1: Maternal, fetal and placental weigbts of rats on day 2l
of pregnancy following 10 days of gtowth hormone (GH) or
insulin-like growth factor'I (IGF'I) infusion

Values are means t S.E.M. for ten rats in the vehicle and IGF-I groups
and for nine rats in the GH grouP.

¡ Ttre litter number, fetal and placental weights were averaged for each
dam, and then the mean calculated for each treatment group.

* ,(*' P< 0.05, 
' ' 

P< 0.0005 compared urith control (ANOVA and Newman-
Keuls)

TREATMENT GROI,'PS

Parameter
Vehicle GH IGF.I

Measurement

Empty Maternal
Weight

322 x, 4.6 335.6 t 8.5 348 t 7.8
*

Maternal Weight
Change (days 11-21)

71.7 x,4.40 76.8 x,4.27 98.9 t 4.10
¡l¡l

lMean Litter Number 12 t 0.51 11 t 0.48 12 x 0.79

lMean Fetal Weight 2.52 x,0.L8 2.72 x,0.25 2S2 ¡ O.28

lMean Placental Weight 0.50 t 0.01 0.47 t 0.02 0.50 t 0.02

Total Fetal Weight 30.2 t 3.5 29.9 x.2.50 34.8 t 2.61

Total Placental Weight 5.85 t 0.32 5.23 =.0.2L 6.13 t 0.40

Fetal: Placental Ratio 5.05 t 0.28 5.72 x,0.40 5.75 t 0.36
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period had no affect on the reduced growth-promoting properties of the "internal

milieu", as determined by transplantation of fetal paws under kidney capsules of

pregnant rats. they found that concentrations of 10 mg/ kg per day were required to

initiate growth. This result led to a concept of GH resistance in late pregnancy. Such a

state of GH resistance during late pregnancy may explain my results. Alternatively, the

lack of IGF-I or IGFBP induction by rhGH may be because due to the prolactin-like

effect of human GH in the rat.,However, this was not quantitated. Alternatively, the

GH binding protein (GHBP) rnay have sequestered the exogenous GH, but the

literature on GHBP during pregnancy is scant. In the human, low affrnity GHBP levels

are increased during pregnancy whilst levels of the high affrnity GHBP, the major GH

carrier, are unchanged (Baumann et ø1., 1989). The physiological relevance in the

human is unknown and extension to the rat is not possible. Nonetheless, Chiang et al.,

(1990) did not observe any anabolic effect of GH even though the porcine GH used

displays only somatogenic properties in the rat, strengthening the concept of GH

resistance in late pregnancy in this species.

Infusion of IGF-I into pregnant rats during late pregnancy when IGF-I

concentrations u¡ere otherwise depressed, signifrcantly increased circulating IGF-I

levels. The most notable result of IGF-I infusion was an increase in the maternal

weight gain during the treatrnent period. Neither fetal nor placental weights were

influenced by IGF-I treatment, possibly consistent with a diversion of nutrients to

maternal tissues. The average litter numbers for each treatment group were virtually

identical, suggesting that treatment did not result in fetal death'

The fetus is a major site of amino acid utilization in late pregnancy (Metcalfe ¿ú

ol., 1988). Infusion of IGF-I into normally growing rats lowers circulating amino acids

by reducing protein degradation (Jacob et al., 1989). Thus, the presence of increased

IGF-I concentrations in the maternal circulation may reduce the availability of amino

acids to the fetus. However, Domenech et ø1. (1986) have shown that despitc a marked

decrease in maternal total amino acid concentrations when the mother was subjectcd to
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dietary deprivation, fetal plasma total amino acid concentrations were unaffected. They

suggested that the preservation of fetal amino acid concentrations was due to enhanced

placental transport of amino acids. This may explain our observation of increased

maternal weight without altering the outcome for fetal or placental development.

Following the administration of IGF-I, the 40-õ0 kDa IGFBP (IGFBP-3) became

detectable, and the 32 kDa IGFBP was significantly increased in late pregnancy. The

IGF-I-induced increase of IGFBP in the sera of preg¡ant rats was less pronounced than

that observed in nutritionally-deprived rats (Tomas et al., 1991). One reason for the

limited IGFBP induction could be proteolytic degradation of IGFBP. Recent reports

have demonstrated the presence of a pregnancy-specifrc protease in the sera of rats and

humans that degrades IGFBP-3 to smaller fragments of 30-14 kDa (Davenport et ø1.,

1990; Guidice et al., L990; Hossenlopp et ø1., 1990). This protease may degrade the

IGFBP-3 synthesised following IGF-I administration. The increase in the smaller

molecular mass IGFBP supports the notion that the protease is specifrc for IGFBP-3

(Davenport et a1.,1990; Guidice et ø1.,1990; Hossenlopp eú al.,lgg0).

The rate of IGF-I clearance is reported to be increased five-fold in pregnant rats

(Davenport et a1.,1990). However, the decline of IGF-I levels in IGF-I administered rats

paralleled the vehicle group, suggesting that the dynamics of IGF-I clearance was

unaltered. It seems plausible that the elevation of the 32 kDa IGFBP by IGF-I may

have increased the serum carrying capacity for IGF-I, a situation that could increase

the half life and bioactivity of IGF.

The increased maternal weight gain following IGF administration, without

affecting fetal and placental weights, suggests a modification in the mode of maternal

nutrient repartitioning during late pregnancy.



CHAI{TER FIVE: CIRCUIATING IGF.I, IGF-II AND IGFBP-3
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õ.1 INTRODUCTION

During pregnancy the maternal metabolism adapts to the demands of a rapidly

growing conceptus. The rat maternal carcass muscle is catabolized to supply amino

acids to the fetus and glucose uptake by non-uterine tissues is reduced during the

second half of pregnancy (Metcalfe et al., 1988). These metabolic changes coincide with

a decline in circulating IGF-I concentrations (Davenport et ø1., L990; Gargosky et ø1.,

1990b; Guidice et al., 1990). IGF-I enhances net protein anabolism and stimulates

glucose uptake (Froesch et al., 1985; Ballard et al. 1986), suggesting that IGF may

regulate, in part, the metabolism of pregnant rats. The rat is commonly used as an

experimental model for the human yet the two species are distinct in enerry

metabolism and hormonal adaptation during pregnancy. In contrast to humans, during

pregnancy in the rat the fetal growth rate is rapid over a short gestation period and

food intake for the rat is increased (Metcalfe et al., 1988). Furthermore, in the rat

skeletal g¡owth is reduced during pregnancy, possibly due to the demand of many

rapidly growing conceptuses (Chiang et ø1., 1990). This situation is not observed in the

human. As a result of the species differences, I was interested in the circulating IGF

and IGFBP levels during pregnancy in the human.

In an earþ study, somatomedin (IGF) bioactivity was found to be low during

early and late pregnancy in humans but similar to non-pregnant controls near week 28

and at term (Bala et a1.,1978). Furlanetto et al. (L978) reported a progtessive rise in

serum immunoreactive somatomedin-C during gestation, which declined after delivery.

In agreement, Bala et al., (1981) reported higher levels of immunoreactive somatomedin

in serum of women near term were reported and two longitudinal studies reported a

rise in maternal serum IGF-I compared with non-pregnant females (Wilson et al., L982;

lJall et al., 1984). Wilson et al. (7982) also reported high levels of IGF-II in late

pregnancy. In these earlier measurements of IGF in the blood of pregnant woman,

samples were not rigorously treated to remove the IGFBP which have been shown to

interfere in the IGF assays (Mesiano et al., 1988). In addition, the individual IGFBP
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forms had not been examined. The aims of this study were to measure IGF-I and IGF-II

and to characterise the IGFBP in the circulation of pregnant u¡omen.

5.2 MATERIAI^S and METHODOLOGY

5.2.1 Sample collection

Following ethical approval and the consent of the donors, Ms. Ross Green at the

Queen Victoria Hospital collected 10 ml blood samples by venipuncture from healthy

l\romen aged 18-3õ years. The blood clotted after 18 hrs at 40C and serum \ñtas

harvested following centrifugation at 10,000 g for 5 min. Serum was pooled from non-

pregnant \ilomen (n=?) and from women with uncomplicated pregnancies (n = 10) for

analysis. Samples were stored at -200C until needed.

õ.2.2 Measurenent of IGF-I and IGF'II

The IGF-I and IGF-II measurements were done by Ms. K Moyse under the

supervision of Dr. P. Owens. Acknowledgments are cited in the figure legends.

Differences between the documented protocol in Section 3.2.2 are that a 40 ¡rl

equivalent of pooled serum, rather than 15 ¡rl of pooled rat serum, was fractionated

through the Waters/ Millipore Protein Pak Column at 0.5 mV min and 0.25 ml fractions

were collected. The pooled serum was chromatographed three times to give 0.7õ ml

fractions. IGF-I was detected by RIA and IGF-II by RRA as described in Section 3.2.7

and IGFBP characterized using Western-ligand blot analysis (Section 2.2.6).

Ms. K. Moyse also measured IGF-I in individual serum samples by acid-ethanol

extraction and RIA as described previously (Owens et ø1., L990).
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5.23 Analysis of IGF binding proteins

IGFBP were analysed by Western-ligand blot analysis (Section 2.2.6), Western-

immunoblot analysis (Section 2.2.7) and size-exclusion chromatography of serum

labelled in vitro with radiolabelled IGF (Section 2.2.5).

6.2.4 T*rc distribution of fGF amongst the higher molecular rness foms.

The molecular sizes of IGFBP-IGF complexes in serum were determined by

FPLC size-exclusion chromatography (Section 3.2.õ) and the IGF content of these

IGFBP fractions measured by RIA for IGF-I and RRA for IGF-II (Sections 3.2.6 and

3.2.7).

Analysis of human serum required 0.4 ml acid column fractions rather than

0.2õ ml to permit measurement of the IGF-I and IGF-II content in triplicate.

6.25 Statistical analysis

Serum IGF-I results were analysed by one-way analysis of variance, and the

means compared using the Newman-Keuls test (Montgomêty, 1983). Data analysis was

performed using Microstat II statistical packages (Ecosoft Inc., Indianapolis, IN,

u.s.A.).

õ.3 RESULTS

To characterize the different classes of circulating IGFBP, sera from women at a

similar stage of pregnancy were pooled and subjected to WesternJigand blot analysis.

An autoradiographic profile of sequential samples is shown (FiS. 5.1). Sera from non-

pregnant women produced a 40-50 kDa triplet that aligned with bovine IGFBP-3

standard, a 36 kDa IGFBP, a 28 kDa IGFBP aligning with human IGFBP-I standard

and a 24kDa IGFBP (Fig. õ.1, lane 6). Serum collected during early pregnancy and 3-4

days postpartum contained similar bands, but at lower labelling intensities (Fig. 5.1,

lanes 1 & 5, respectively). After weeks 7-8 of pregnancy, the 40-50 kDa triplet and the



Figure 5.1: Western-ligand blot of serum samples from non'pregnant, pregnant

and lactating women.

Serum were pooled from ?-10 women at similar stages of pregnancy and

subjected to WesternJigand blot analysis. The nitrocellulose !\¡as probed $'ith 1?5I-

labelled IGF-II and exposed to X-ray film for ? days. the l1C molecular mass markers

a¡e shown. Lanes 1-6 contain 5 ¡rl of serum at different stages of pregnancy. Lane 1,

weeks Z-8; lane 2,t}re frrst trimester, weeks t6-2L; lane 3, the second trimester, weeks

27-3O; lane 4, the third trimester, weeks 33-38; lane 5, postpartum, 3-4 days; and lane

6, non-pregnant. Lane 7-9 contain 10 ng of purifred bovine IGFBP-3, bovine IGFBP-2

and human IGFBP-I, respectively.
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36 kDa IGFBP became undetectable. Only the 28 kDa IGFBP was evident and the

intensity of labelling of this band increased until delivery (Fig. 5.2, lanes 2-4). Analysis

of these bands by Western-immunoblotting with either human IGFBP-3 or IGFBP-I

was unsuccessful due to high non-specific binding of the antisera and lack of sensitivity

even though different incubation conditions and several different second antibody

detection systems were used (data not shown).

To determine the molecular mass of binding proteins under neutral, non-

dissociating conditions, the same serum pools were labelled in uitto with either 1ãI-

labelled IGF-I or tsl-labelled IGF-II and subjected to size-exclusion chromatography at

pH 7.4 (Fig 5.2 & õ.3, upper panel). Sera from non-pregnant women chromatographed

as three t%I-IGF-containing regions: a 150 kDa IGFBP complex eluting between 11 and

12.76 ml; a 40-50 kDa IGFBP complex eluting between 13 and 14.75 ml; and a free IGF

region eluting between 15 and 1?.õ ml (Fig. 5.2, upper panel). Sera from women in the

third trimester chromatographed predominantly as a 150 kDa IGFBP complex and a

reduced 40-õ0 kDa IGFBP complex (Fig. 5.3, upper panel). The specifrcity of binding in

uitro was demonstrated by the addition of unlabelled IGF-I or IGF-II. In preliminary

experiments, excess unlabelled IGF-I and IGF-II displaced the radioactivity from both

the 150 kDa and 40-õ0 kDa IGFBP complexes and increased the radioactivity in the

free IGF region (data not shown).

The IGFlabelled IGFBP complexes were further characterized by subjecting the

neutral Superose 12 fractions to Westernligand blot analysis (Fig. 6.2 &' 5.3, lower

panel). In sera from non-pregnant women, the 150 kDa IGFBP complex Western-ligand

blotted as a 40-50 kDa doublet that aligned with bovine IGFBP-3 standard. The 40-50

kDa IGFBP complex of the Superose 12, WesternJigand blotted as fainter IGFBP bands

of 36 kDa, 28 kDa and 24 kDa (Fig. ã.2, lower panel). In contrast, sera from women in

late pregnancy lacked the 40-50 kDa IGFBP-3 doublet arising from the 150 kDa IGFBP

complex and lacked the 36 kDa and 24kDa IGFBP bands shown to be derived from the

40-õ0 kDa IGFBP complex in serum of non-pregnant women. Only the 28 kDa band



Figure 5.2: \1¡ester:n-ligand blot analysis of IGF-binding proteins in sera fion

non-pregnant women after fractionation on a Supenose 12 size'exclusion

column at neutral PII.

Upper panel : Sera from 7 non-pregnant women were pooled, incubated in uitro

with løI-labelled IGF-I or IGF-II and applied to a Superose 12 column at pH 7.4. The

distribution of radioactivity for t5l-labelled IGF-I (O) or IGF-II (O) in serum from non-

pregnant women. The Superose 12 standards represented at the top of the figure are:

150 kDa, gamma globulin; 69 kDa, bovine serum albumin; 46 kDa, ovalbumin; 30 kDa,

carbonic anhydrase; and ?.5 kDa, 1ã I-IGF-II.

Lower panel: Sera Ìvere pooled from seven non-pregnant women and

chromatographed through a size-exclusion column at pH 7.4. Aliquots (25 pl) of 0.5 ml

fractions from the Superose 12 column were subjected to Western-ligand blot analysis.

Lane 1 contains the radiolabelled (laC) molecular mass markers; lane 2, a subsample of

the fractionated sera (2 pl); lanes 3-14, a 26 yl aliqout of fractions from the Superose

12 size-exclusion column eluting between 11.5 ml-16 ml; and lane 1õ, 10 ng of purifred

bovine IGFBP-3, bovine IGFBP-2 and human IGFBP-I. The autoradiograph was

exposed to X-ray film for 7 daYs'
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Figure õ.3: tVesterrr-ligand blot analyeis of lGF-binding proteins in sera from

women in late pfegnancy after fractionation on a Superose 12 size'exclusion

column at neutral pH.

Upper panel : Sera from 10 women between weeks 33-38 of pregnancy were

pooled, incubated in uitro with lãI-labelled IGF-I or IGF-II and applied to a Superose

12 column at pH 7.4.Tlne distribution of radioactivity for l5l-labelled IGF-I serum (O)

or IGF-II (O) is shown. The size-exclusion column standards represented at the top of

the frgure are: Vo, void volume; L50 kDa, gamma globulin; 69 kDa, bovine serum

albumin; 46 kDa, ovalbumin; 30 kDa, carbonic anhydrase; and ?.5 kDa, r% I-IGF-II.

Lower panel: serum from women in late pregnancy were pooled and

chromatographed through a size-exclusion column at pH ?.4. Aliquots (25 Fl) of 0-5 ml

fractions from the Superose 12 column were subjected to Western-ligand blot anaþsis.

Lane 1 contains the radiolabelled (raC) molecular mass markers; lane 2, a subsample of

the fractionated sera (2 pl); lanes 3-14, a 25 ¡rl aliqout of fractions from the Superose

12 size-exclusion column eluting between 11.5 ml-16 ml; and lane 15, 10 ng of purifred

bovine IGFBP-3, bovine IGFBP-2 and human IGFBP-1. The autoradiograph was

exposed to X-ray film for 7 days.
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derived from the 40-50 kDa IGFBP complex was evident (Fig. 5.3, lower panel).

IGFBP and IGF are closely associated in the circulation, yet most of the IGFBP

could not be detected by Westernligand blot analysis during late pregnanry. To address

this point, IGF concentrations were measured in serum fractionated by size-exclusion

chromatography at pH 2.8 (Fig. 5.a). In sera from non-pregnant women' a high

molecular mass activity eluted frorn the column between 7 and 8.25 ml, which

represented the IGFBP. The IGFBP are detected because their association with IGF

radioligands reduces the radioactivity bound to antibodies or receptors in the IGF

assays. In pregnant and lactating women, the serum IGFBP activity was low or

undetectable in either assay. To further characterise the IGFBP, fractions

corresponding to the ?-8.õ ml region were subjected to Western-ligand blot analysis (Fig

5.5). In sera of non-pregnant women this IGFBP region contained: a 40-50 kDa IGFBP-

3 doublet; a 36 kDa IGFBP; a 28 kDa IGFBP; and a 24 kDa IGFBP (Fig. 5.õ, upper

panel). In contrast, the 40-50 kDa IGFBP was undetectable and the 36 kDa IGFBP very

faint in the same fractions from women in late pregnancy (Fig. 5.5, lower panel).

A third peak, intermediate peak eluting between 8-9 ml was detected only in

sera from pregnant and lactating \ñ¡omen by IGF-II RRA (Fig. ¡.1). In sera from women

in late pregnancy, fractions corresponding to the intermediate peak WesternJigand

blotted as extremety faint bands of 30 kDa, 24 kDa and 21 kDa. These smaller IGFBP

were not seen in sera from non-pregnant women (Fig. õ.õ, lower panel).

The IGF-I and IGF-II activity eluted between 9.26 tþ 11 ml, the same position

as IGF standards. Sumrnation of the activity in this region showed that the

concentration of IGF-II was consistently higher than IGF-I (Table 5.1). Ttre IGF-II

levels increased in earþ pregnancy and peaked in the second trimester, after which

they declined to non-pregnant levels at 3-4 days postpartum. The sum of IGF-I activity

also showed a progressive increase that peaked in the third trimester and declined 3-4

days postpartum (Table 5.1). Measurement of IGF-I concentrations by acid column

chromatography versus acid-ethanol extraction were compared. IGF-I concentrations



Figune õ.4: Size-exclusion chromatography at pII 2A of sera pooled from non'

pregnanf pregnant and lactating women followed by IGF-I RIA and IGF II

Rn.A.

200 ¡rl of serum was diluted to 40 7o (v/v) in mobile phase pH 2.8 and

chromatogtaphed. Fractions (0.4 ml) Ìvere assessed for IGF-I (O) and IGF-II (O) levels'

The assay limit of detection for IGF-I ranged from 20-42 ngl fraction and for IGF-II

ranged from 0.1-0.2 ngl fraction.

I wish to acknowledge Ms. Ii Moyse's technical assistance in these assays.
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Figurle õ5: Westem-ligand blot analysis of sera fractionatæd by size-exclusion

chronatography at PH 2.8.

Upper panel: Serum pooled from non-pregnant women (n = 7)'

Serum (200 pl) was diluted to 40 Vo (vlv) and chromatographed. 0.25 ml

fractions of three consecutive chromatographs were collected and pooled. 50 ¡rl of each

0.?5 ml fraction was neutralised with 10 ¡rl Tris (1.2 M) and incubated with 15 ¡rl SDS

loading buffer. 30 ¡rl (6 ¡rl serum equivalent) was subjected to Western-ligand blot

analysis. Lanes marked "a" arìd. "c" contain la C molecular mass markers, lane "b"

contains serum (3 pt) and lane "d" contains bovine IGFBP-3, bovine IGFBP-2 and

human IGFBP-I (10 ng each). The remaining lanes contain fractions between 6.5-10 ml.

The autoradiograph was probed with radiolabelled IGF-II and exposed to X-ray frlm for

30 days.

10).

Lower panel: Serum pooled from women in the third trimester of pregnancy (n =

Serum was treated as described above.
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determined by acid column analysis were consistently higher than those found by acid-

ethanol extraction of individual sera, but a similar pattern of change with pregnancy

and lactation were observed with both techniques (Table 5'1).

\üestern-ligand blot analysis and chromatography at pH 2.8 showed very low or

undetectable levels of the IGFBP, especially IGFBP-3. If IGFBP levels are really low

while the IGF-I and IGF-II concentrations are increased, then less IGF-I and IGF-II

would circulate as part of the IGFBP complexes and more would circulate free.

Consequently, the amounts of IGF-I and IGF-II in the two major IGFBP size-classes

and in the free pool were measured in the same serum pools of non-pregnant and

pregnant women. Serum was labelled in uiúro with I5I-IGF-I or IãI-IGF-II and

subjected to Superose L2 size-exclusion chrornatography at pH 7.4 (Fig. 5.6 a). The

distribution of radiolabelled IGF was consistent with previous results. Unlabelled

serum was subjected to size-exclusion chromatography at pH 7.4. The fractions were

collected, acidified and applied to a size-exclusion column at pH 2.8. The IGF-I and

IGF-II content of each fraction was then measured. In sera from non-pregnant women,

both IGF-I (Fig. õ.6 b) and IGF-II (Fig. 5.6 c) were present predominantþ in the 150

kDa complex. Most of the remaining IGF-I and IGF-II were found in the 40-50 kDa

region of the Superose 12 fractions and relatively little IGF was "free" (Fig. 5.6).

Similarly, in sera from women in the third trimester of pregnancy, both IGF-I (Fig. 5.6

b) and IGF-II (Fig. 5.6 c) were also carried predominantly by the 150 kDa region, whilst

the ¡emaining IGF was carried by the 40-50 kDa region. Some "free" IGF-I and IGF-II

were also detected (Fig. 5.6). Overall there was art increase during pregnancy in the

quantity of IGF-I and IGF-II present in the 150 kDa complex. The sum of IGF-I and

IGF-II concentrations in the 150 kDa IGFBP complex in sera from women in late

pregnancy was greater than in sera from non-pregnant women (Fig. 5.6 d).



Figure 5.6: IGF-I, IGF-II and IGFBP in sera pooled from non'pregnant 1¡=10)

and pregnant (n=7, 33'38 weeks gestation) women.

panel A: Size distribution of radioactivity in serum incubated overnight with

iodinated IGF-II and then fractionated on a Superose 12 size-exclusion at pH 7.4.

panel B: Unlabelled sera were subjected to size-exclusion chromatography at pH

?.4 and then individual fractions were further chromatographed at pH 2.8. The

resulting lGF-containing fractions from the acid chromatograph were assayed for IGF-I.

Panel C: IGF-II assay of the same fractions shown in panel B

Panel D: Sera that had been fractionated by Superose 12 (panel A) was

subjected to Western-ligand blot analysis and the intensity of the 46 kDa doublet on the

autoradiograph was measured by densitometric scanning. Both gels were prepared and

treated identically, and the IGFBP-3 standard loaded on each gel gave similar intensity

values.
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Table õ.1: Semm IGF-I and IGF-II concentrations during
pregnancy and lactation in women.

ngl ml

Group
(number of subjects)

Acid-ethanol
extraction

(means t SEM)

Acid column
chromatography of

serum pools

IGF.I IGF.I IGF-II

Non-pregnant (n=7) I22 x,23 160 1637

Early pregnancy
weeks 7-3 (n=10)

201 t 30 zto 74L

First Trimester
weeks 16-21(n=9)

183 + 21 204 2205

Second Trimester
weeks 27-80 (n=10)

222 + 4l 253 23t6

Third Trimester
weeks 33-38 (n=10)

349 + 56 458 2t34

Non-pregnant,
lactating (n=10)
3-4 days postpartum

2OB + 34 274 L496

Serum IGF-I measured by acid-ethanol extraction of single serum
samples from each of 56 women \ilere analysed by one-way analysis of
varience. IGF-I was higher in pregnant than non-pregna¡rt women (P <
0.005) and greatest in the third trimester as deterrrined by t-test after
Bonfemoni adjustment of critical values for multiple comparisons (P <
0.01).

Serum IGF-I and IGF-II were calculated by summing the area in
the low molecular mass fractions (9.25-11 ml) after size-exclusion
chromatography at pH 2.8 of serum pooled from each group (Fig. 5.1).

These analysis \trere made by Ms. K. Moyse under the supervision
of Dr. P. Owens.
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õ.4 DISCUSSION

In the present study, IGF-I, IGF-II and IGFBP were measured in the sera of

women before, during and after pregnancy. In addition, the molecular mass

distributions of immunoreactive IGF-I and receptor-active IGF-II, as well as the types

of IGFBP detected by Western-ligand blotting in different size classes of IGF-IGFBP

complexes were assessed in sera of non-pregnant and pregnant women.

Maternal serum IGF-I and IGF-II levels were measured by both acid-ethanol

extraction and the more rigorous removal of IGFBP by size-exclusion chromatography

at pH 2.8 showed a similar pattern: maternal serum IGF-I and IGF-II concentrations

were elevated during pregnancy and declined postpartum. This was consistent with

previous reports of elevated serum IGF-I and IGF-II (Bala eú al., I98L; Wilson et al.,

1982; Hall et al., 1984).

Analysis of IGFBP in sera from non-pregnant women by size-exclusion

chromatography and Western-ligand blot analysis showed that the 1ã0 kDa complex

contained IGFBP-3 (40-50 kDa doublet on SDS gel electrophoresis) and that the 40-õ0

kDa region contained IGFBP of the 34 kDa, 28 kDa and, 24 kDa classes. Identicaþ

treated rat sera showed similar results (Gargosky et ø1., 1990b). Also, Hardotttn et al.

(198?) have examined human sera by Westernligand blot and found that the 1õ0 kDa

complex contained a 40-50 kDa IGFBP-3 while the 40-50 kDa complexes contained 34,

28 and 24kDa IGFBP.

The IGF content of the IGFBP and free regions was determined in sera from

non-pregnant women. I found that both IGF-I and IGF-II were predominantly found in

the 150 kDa region while the remainder was carried by the 40-50 kDa and very little

was free. Thus, in sera from non-pregnant women, IGFBP-3 is present as a 150 kDa

complex that carries the majority of the circulating IGF.

In contrast to the situation in non-pregnancy serum, when serum from women

in late pregnancy was examined by techniques involving denaturing conditions, I

observed severely diminished levels of IGFBP-3 in the 1õ0 kDa complex as well as
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smaller IGFBP. These results agree with our previous observations in both the human

and rat (Chapter 3), as well as those of Hossenlopp et al. (1990) and Guidice ¿ú ø1.

(1990) with unfractionated serum from pregnant women. One explanation is based on

the recent discovery of a pregnancy-associated IGFBP-protease found in the sera of

pregnant rats and humans. The protease has been found to degrade IGFBP-3 into

smaller fragments of 34 kDa and 26-20 kDa (Hossenlopp et al., 1990; Guidice et al.,

1990), which display a reduced affrnity for IGF-II and will not bind IGF-I (Binoux et ø1.,

1991). I have consistently found that these IGFBP fragments of 30, 26 and 24 kDa

show a preferential binding to IGF-II, measured by interference in the RRA and

Western-ligand blots. Thus, the intermediate peak seen following size-exclusion

chromatography at pH 2.8 combined with either an IGF-II RRA or Western-ligand blot

analysis may be proteolysed fragments of IGFBP-3. However, these smaller bands were

not seen in WesternJigand blots of sera fractionated at pH 7.4 ot unfractionated. It is

possible that the volume of serum loaded and the resolution was inadequate to detect

the small bands with low afrnity for IGF-II. However, the very low levels of IGFBP-3

during late pregnancy are in conflict with measurement of free versus bound IGF in

sera that showed more IGF-I and IGF-II in the 150 kDa complex in pregnancy. The 1õ0

kDa complex is composed of three parts: an acid-labile subunit (90 kDa); IGFBP-3 (50

kDa); and IGF-I or IGF-II (?.5 kDa). îhe formation of the ternary 150 kDa complex

occurs in two steps. First, IGFBP-3 binds IGF-I or IGF-II to form a binary complex.

Only then can the acidlabile component bind and the 150 kDa complex form (Baxter,

1988). Thus, very low levels of IGFBP-3 in sera from women in late pregnancy, as

indicated by WesternJigand blot analysis and undetectable levels in the IGF assays,

should be associated with a decline in the formation of the 150 kDa complex and be

accompanied by low IGF-I and IGF-II levels. However, the present study clearly shows

that there is more IGF-I and IGF-II in the 150 kDa complex in sera from pregnant

women. If IGFBP-3 is an absolute requirement in the formation of the 1õ0 kDa complex

in pregnancy then the increase in IGF-I and IGF-II during late pregnancy must be
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accompanied by an overall increase in IGFBP-3 levels. Interestingly, this pregnancy-

associated increase in IGFBP-3 is not detectable by WesternJigand blot analysis or by

size-exclusion chromatography under acidic conditions. Baxter and Martin (1986) have

reported concentrations of immunoreactive IGFBP-3 of approximately 0.1 ¡rmol/l

IGFBP-3 in sera from non-pregnant women and 0.2 ¡rmol/l in sera from pregnant

women. From the total concentrations of IGF-I and IGF-II measured in the 1õ0 kDa

complex in repeated analysis of these pooled sera in the present study, and assuming

equimolar amounts of IGFBP-3 in this complex, I calculated there should be between

0.09-0.1 ¡rmol/l of IGFBP-3 in sera from non-pregnant women and 0.17-0.19 ¡rmol/l

IGFBP-3 in sera from pregnant women.

The apparent inconsistencies in the literature and our contradictory

observations of high levels of IGF-I and IGF-II, and high levels of IGFBP-3 as part of

the 150 kDa complex, but low levels of IGFBP as detected by WesternJigand blot

analysis, can be explained as altered affrnity or stability of IGFBP-3 during pregaancy.

A pregnancy-associated form of IGFBP-3, or a post translationally modified IGFBP-3

may be more susceptible to IGFBP-protease(s). Alternatively, normal IGFBP-3 may be

modified by proteases during human pregnancy such that its ability to renature after

treatment with acid or SDS is reduced. The present study shows clearly that the

structural integrity of IGFBP-3 as part of the 150 kDa complex is maintained even in

pregnancy.

In conclusion, IGF-I, IGF-II and IGFBP-3 (as judged by IGF content of the 1õ0

kDa complex) are elevated in the serum of women in late pregnancy. However, the

IGFBP-3 form found in the circulation during pregnancy may have reduced affinity for

IGF or reduced stability rendering it virtually undetectable by assays that are

dependent on the ability of IGFBP-3 to bind IGF.

The physiological relevance of increased concentrations of IGF-I, IGF-II, and

IGFBP-3 of reduced stability or affrnity is unclear, but these changes may combine to

increase the bioavailability of the IGF.



CHAI{TER SIX: SUMMARY AND PROSPECTS
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6.1 SUMMARY

In this chapter of my dissertation, I have summarised my PhD research on the

IGF in the freld of pregnancy and speculated on the physiological signifrcance of this

work. Suggestions for the future direction of research in this area are presented in

section 6.2.

In the past decades the insulin-like growth factors (IGF) have been of scientifrc

and monetary interest due to their anabolic potential and have been thought to play a

role in the regulation of mammalian cellular growth. The ability of IGF to promote

g¡owth has been recently confirmed by in uiuo studies with increased skeletal growth,

body weight gain and nitrogen retention (Hizuka et al., 1986; Phillips eú ø1., 1988;

Lemmy et al., 1991; Tomas et al., 1991a,b). In uitro studies have shown that IGF can

increase net protein accumulation, glucose storage and promote cellular proliferation

and differentiation.

In the past frve years, six IGF binding proteins (IGFBP) have been

characterized and shown to modulate IGF activity. They are classified as IGFBP-I to

IGFBP-6. The IGFBP can modulate the biological activity of IGF by either sequestering

the IGF and inhibiting its action, or promoting the presentation of IGF to the cell. The

IGFBP added a level of complexity to the regulation of lGF-induced growth.

Much of my PhD research involved investigations of the roles of IGF and IGFBP

during pregnancy. Requirements for energy and nutrients are increased during

pregnancy such that the maternal metabolism and nutrient distribution are modified.

In the early phase of pregnancy the demands of the conceptus are relatively small. This

period, refened to as the anabolic phase, is characterized by weight gain and deposition

of fats and protein (Metcalfe et a.1., 1988). The middle to late phase of pregnancy is a

period of increased placental hormone production (placental lactogens, chorionic

gonadotropins, hypothalamic peptides) as well as rapid fetal growth. This period is

referred to as the catabolic phase of pregnancy. Thus, in the rat the maternal carcass,

which has increased during early pregnancy is partially catabolized (Metcalfe et al.,
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1988). Hence, during pregnancy the maternal metabolism is shifted to first deposit

nutrients and enerry stores and then to transfer these stores to the fetus. This

alteration may be regulated, in part, by IGF and IGFBP which have been shown to

regulate and promote growth.

The IGF and IGFBP concentrations in the maternal circulation may play a role

in fetal growth and development (Davenport et ø1.,1990; Guidice et ø1.,1990).

The research presented in this dissertation investigated the role of IGF and

IGFBP during pregnancy in the rat and human.

1. RAT

The rat was examined initially because: mating can be easily detected and

timed; the gestation period is relatively short (21 days); handling and routine blood

sampled could be achieved; and invasive techniques could be used.

In chapter two the IGFBP found in biological fluids and in media conditioned by

cells were characterised following the establishment and modifrcation of techniques

such aq: Western-ligand blot analysis; size-exclusion chromatography; and

imrnunological analysis. The IGFBP analysed were diverse in both molecular mass as

well as affinities for IGF.

In chapter three, I reported that IGF-I, measured by RIA, was the predominant

circulating IGF in the maternal circulation. I could not detect IGF-II by RRA. Donovan

et ø1. (L991) have reported extremely low levels of IGF-II, measured by RIA, which did

not change with pregnancy. The IGF-I concentration increased during pregnancy until

day 13, after which IGF levels declined. One to three days postpartum the IGF-I

concentrations returned to non-preg¡ant levels. The decline in IGF-I concentrations

may be due to an increased rate of clearance or a reduced rate of IGF-I mRNA

transcription in the liver (Davenport et al., 1990). In parallel with the fall in IGF-I

levels, IGFBP concentrations declined at day 13 and recovered 1-3 days postpartum.

The decline of IGFBP and their carrying capacity for IGF-I involved principally IGFBP-
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3, which normally carries up to 80 7o of tlrle circulating IGF-I. Nonetheless, the hepatic

mRNA levels of IGFBP-3 in the rat are unchanged (Donovan et al., I99l).

The decline of serum IGFBP-3 has been reported to be due to a very recently-

discovered pregnancy-specifrc lGFBP-protease that degrades the IGFBP-3 into small

fragments. These fragments are diffrcult to detect by WesternJigand blotting due to

their reduced affrnity for IGF (Davenport et ø1., 1990; Binoux et ø1., 1991). Since

uncomplexed IGF is rapidly cleared from the circulation (Ballard et al., 1991), the

decline in IGFBP would potentiate the increased clearance of IGF-I.

The physiological consequence of IGFBP degradation and reduced circulating

levels of IGF-I may be to modulate the maternal metabolism: high IGF-I concentrations

coincided with the anabolic period; and low IGF-I concentrations and low IGFBP with

the catabolic phase. Thus, the interplay between IGF-I and IGFBP concentrations may

regulate the maternal metabolism and affect nutrient repartitioning to the fetus.

To examine the hypothesis that during pregnancy in the rat, maternal IGF-I

levels modulate the nutrient distribution, rats were infused during the second half of

pregnancy (day 11-21) witfr either IGF-I or growth hormone (GH). This work was

reported in chapter four.

Administration of rhGH did not elevate IGF-I or IGFBP-3 levels and did not

change maternal, fetal or placental weights. Infusion of rhIGF-I significantly increased

circulating IGF-I levels, weakly induced IGFBP-3 and a 32 kDa IGFBP, and most

notably increased the rate of maternal weight gainby 27 7o.

This was the first reportæd study of IGF-I or GH infusion into pregnant rats.

The absence of a GH effect could be due to a species effect of GH as human GH displays

lactogenic properties in the rat and may have been sequestered by mammary tissues, or

may be due to GH resistance during late pregnancy. This has been discussed in chapter

four. The g¡owth effects of IGF-I suggest that infusion of the growth factor during the

late, catabolic stage of pregnancy might redirect nutrients to the dam without altering

conceptus growth. This protection may have been conferred by one or more of the
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following parameters: an increase in food intake; an enhanced effrciency of food

conversion as seen in IGF-I-administered rats in other catabolic states (Tomas et ø1.,

1gg1 a,b); and enhanced or altpred placental function. Nonetheless, increased

circulating concentrations of IGF in the dam did not influence fetal or placental growth.

2. HUIVIAI\

In chapter 5, the circulating concentrations of IGF and IGFBP were measured

during human pregnancy.

IGF-I and IGF-II concentrations did not increase until the third or second

trimester, respectively, and then declined to reach non-pregnant levels 1-3 days

postpartum. This increase in IGF contrasts with the situation in the rat.

An additional complexity \üas the change in the circulating IGFBP

concentrations. Analysis of IGFBP by techniques that relied on the IGFBP binding IGF

and involved either acidification or denaturing conditions showed an apparent absence

of IGFBP-3 and the smaller IGFBP after week 7 of pregnanry. Techniques that

measured IGFBP by either RIA or indirectly by measuring the IGF content of IGFBP

under neutral, non-dissociating conditions showed an increase of IGFBP-3 and the

smaller IGFBP during late pregnancy.

During late pregnancy, a protease has been reported to degrade the IGFBP-3 to

smaller fragments which display a reduced affrnity for the IGFs. My results suggest

that the stability and affrnity of IGFBP-3 is altered during pregnancy possibly by the

IGFBP-protease.

The physiological significance of elevated IGF and IGFBP levels during

pregnancy in the human is uncertain. Possibly studies on the lGFBP-protease (6.2) can

provide some insight into the mechanism of IGF regulation during pregnancy.
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These studies raise questions that need to be addressed:

1. wlnt is the physinlogical signifrcance of the lGFBP-protease?

The susceptibility of the IGFBP to proteolytic degradation implies a role for

IGFBP-proteases in the regulation of the biological activity of IGF.

Recently, Campbell and Novak (1991) showed that plasmin, a serine protease,

could dissociate IGF from IGFBP and that the presence of plasmin in the media ftom

bone cells could protect IGF from the inhibitory effects of the IGFBP. Plasminogen,

which may be converted to plasmin by plasmin activators, is an example of a protease

precursor that is elevated during pregnancy (Met¡alfe et al., 1988).

Proteolysis of an IGFBP which causes reduced affinity or stability of the IGFBP

for IGF would increase the bioavailability of IGF to target tissues. This may lead to the

promotion of cellular growth and differentiation. The lGFBP-proteases may provide a

mechanism for the regulation of IGF-induced cellular growth. Thus, in catabolic

conditions such as states of muscle wasting and nitrogen loss, the interaction between

the IGFBP and the protease may act to alleviate the condition by releasing IGF.

2. Why øre the IGF and IGFBP cotrcentrations in pregrumcy different between

the rat and, human?

One possibility is that the pregnancy-associated IGFBP-protease is synthesised

by a pregnancy-derived tissue ie., the placenta, which has been shown to contain many

membrane, lysosomal and golgilinked proteases (Gossrau et ø1., 1987). If the placenta

is responsible for the concentration of lGFBP-protease in the maternal circulation then

a dam with 9 to 16 conceptus may have a greater circulating concentration of protease

activity than the human with a single conceptus. This concentration effect in the rat,

may explain the extremely low levels of IGFBP-3 in the presence of unaltered hepatic

mRNA transcription levels (Donovan et ø1., L99I).

Alternatively, the energy metabolism and hormonal adaptation during
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pregnancy may be quite different in the rat and human. In contrast to humans, the

fetal growth rate in the rat is rapid over a short gestation period and food intake is

increased in the rat by 40-60 7o (Metnalfe et ø1., 1988). The pregnant rat maintains a

relatively large fetal mass when compared to maternal weight (Battaglia & Meschia,

1986). Furthermore, in the rat skeletal growth is reduced during pregnancy, possibly

due to the demand of many rapidly growing conceptuses (Chiang et al., 1990). These

situations either do not occur or are less pronounced in the human possibly because of

the relatively low fetal: maternal weight ratio (Battaglia & Meschia, 1986). The very

low levels of IGF-I and IGFBP-3 may be required in the rat to induce a catabolic state

such that adequate nutrients and enerry can be directed to the many conceptuses.

However, the human with a smaller metabolic demand due to a generally single

conceptus may have evolved a more subtle mechanism to regulate IGF bioavailability

and bioactivity.

6.2 FUTURE ÏVORK

The IGFBP-protease may be a novel modulator of IGF action and subsequently,

growth. A project to investigate the lGFBP-protease would further our understanding of

the role and regulation of IGF and IGFBP.

1. The deueloprnent of a quantitative o,ssay to mea.sure IGFBP-proteøse actiuity.

The aim would be to develop a sensitive, quantitative assay to measure IGFBP-

proteases.

Current reports detect the lGFBP-protease by "mixing" experiments (Davenport

et a1.,1990; Guidice et al., 1990; Hossenlopp et al., 1990). The assay involves incubation

of non-pregnancy serum or a purifred IGFBP with pregnancy serum containing the

protease activity. The resulting loss of the IGFBP is detected by Westernligand blot

analysis. The studies are not quantitative but do allow an assessment of IGFBP-

protease activity. A radioligand assay to measure the IGFBP proteolytic activity in any
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sample would be very useful. Such an assay for lGFBP-protease activity could be based

on solid-phase radioimmunoassay principles: the sample of interest would be incubated

with iodinatÆd IGFBP and then treated with IGF covalently linked to an appropriate

carrier. Proteolysed IGFBP has a reduced affrnity for IGF and would not precipitate.

The difference between bound versus free levels of radioactivity would provide a

measure of proteolytic activity. This assay would require some development and

optimisation of influences such as temperature, time of incubation, substrate

concentration and buffer pH. The linearity and reproducibility of the assay would also

need to be further investigated.

The development of this assay would permit a large number of fractions or

samples to be routinely assayed. The assay could be faster and simpler than current

techniques and very beneficial for quantitative measurement of proteolytic activity.

2. Localisation of the IGFBP-proteøse in the circulation.

The lGFBP-protease activity has been detected in plasma and serum of

pregnant women and rats (Davenport et ø1., 1990; Gargosky eú al., L99O a,b; Guidice eú

ø1., !990; Hossenlopp et a.1.,1990). The location and concentration of lGFBP-protease in

the circulation is not known.

The aim of this study would be to localise the protease which has been reported

in the blood to determine:

1. whether the IGFBP-protease is constitutively expressed in blood cells of non-

pregnant and pregnant women, but may not be detectable during non-pregnanry due to

low intracellular concentrations or restricted release into the plasma;

2. if the lGFBP-protease is a pregnancy-associated phenomenon, with

concentrations being elevated by increased synthesis during pregnancy.

3. in which cells the protease is produced, ie. blood cells, placenta,liver.

To determine the occurrence of IGFBP-protease in the blood cells, mixing
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experiment and the specifrc protease assay which will be developed (Section 1) could be

utilized. Blood collected from non-pregnant and pregnant women would be assessed for

IGFBP-protease activity. Alternatively, tissues such as placentae collected at term, or

liver and kidney specimens at autopsy, could be either cultured in uitro or tissue

extracts examined for protease activity using the same techniques described above.

3. Tlw biælæmicøl characterisation of tlrc lcîBP-protease.

The lGFBP-protease activity, as detected by mixing experiments is inhibited at

pH 4 and limited in the presence of high concentrations of protease inhibitors such as

phenylmethane sulphonylfluoride (PMSF) and EDTd but not leupeptin (Hossenlopp eú

ol., 1990). However little else is known or at least not published.

Further characterization of the lGFBP-protease utilizing size-exclusion and

specifrc affrnity columns, substrate speciffcity, the pH optima and further inhibition

experiments would provide biochemical knowledge on the lGFBP-protease.

4. Cornpøratiu e stu.d,ies.

The objective of this study would be to compare the IGF and IGFBP

concentrations in the blood of pregnant animals with and without protease activity.

Sheep have been reported to not express any lGFBP-protease (Guidice & Dsupin, 1991)

unlike the human and rat.

I would examine the circulating concentrations of IGF, IGFBP and IGFBP-

protease, the occurrence of proteolytic activity, as well as other possible metabolic

factors such as different metabolic adaptations, conceptus development and fetal

number. Ttris may provide some insight into the physiological significance of the

IGFBP-protease and correlate activity to important growth parameters in pregnancy.

This study could extend our understanding of the role of IGF in fetal and maternal

g¡owth.
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I speculate that the analysis of the lGFBP-protease may help our understanding

of lGF-induced growth. IGFBP-proteases have been reported in severe illness when a

patient is cachexic (Holly et al., 1991) as well as pregnancy. Fundamental research on

the lGFBP-protease could in the long term lead to: a greater understanding of the

regulation of growth and subsequently permit treatment of a states of reduced g¡owth

(ie., intrauterine growth retardation) or states of excessive growth (ie., diabetes); the

treatment of catabolic conditions such as burns, cancer and cachexic patients to

promote convalescence; or may provide a detection system to detect the loss of cellular

anabolism.
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