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Receptors for insulin-like growth factor I were characterized on intestinal membranes of jejunum from newborn, 
suckling, and weaned pigs. ‘251-labelled insulin-like growth factor I (IGF-I) binding was time-dependent, satu- 
rable, linearly related to membrane protein, and reversible. Analysis of saturation curve data from membrane 
homogenates revealed a single class of receptors, with receptor number declining during development. In vitro 
autoradiography localized receptors to the small intestinal submucosa and mucosa and further immunohisto- 
chemical localization identijied receptors on the apical (microvillar membrane) and basolateral surfaces of 
enterocytes. After afinity cross-linking of ‘251-labelled IGF-I to microvillar membranes, 135 and 260 kilodalton 
bands were visualized on polyactylamide gels under reducing conditions. Parallel incubations with excess 
unlabeled IGF-I, -II, or insulin demonstrated that these bands correspond to the Q subunit and an incompletely 
reduced dimeric (Y complex of the IGF-I receptor. Receptor number on microvillar membranes increased dra- 
matically during the suckling period and was negatively correlated with maltase and sucrase activities. The 
finctional activity of receptors on microvillar membranes was demonstrated using an in vitro phosphorylation 
assay. The expression of functional IGF-I receptors during development on both apical and basolateral mem- 
branes suggests a regulatory role for this receptor and its ligands. (J. Nutr. Biochem. 11339-341, 1996.) 
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Introduction 

Insulin-like growth factors (IGF-I and IGF-II) are single- 
chain polypeptides with structural homology to proinsulin 
and to a lesser extent relaxin.’ Their biological actions in- 
clude the regulation of proliferation and differentiation and 
the induction of insulin-like metabolic actions. The type I 
receptor (IGF-I receptor) mediates the majority of these 
biological actions and is present in a wide variety of tissues. 
IGF-I receptors have been localized in the gastrointestinal 
tract of a number of species2-’ and vary according to ana- 
tomical position and developmental stage. IGFs can act via 
endocrine, paracrine, or autocrine mechanisms; however, in 
the intestine there is also potential for an additional luminal 
route of action. This mechanism assumes greatest signifi- 
cance in the neonatal intestine, as IGFs are supplied in 
abundance in maternal colostrum and milk.6*7 
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The ability of growth factors to resist degradation and 
reach the intestine in a biologically active form has been 
demonstrated in a number of studies.8-‘0 In the case of 
IGF-I, 40% of orally administered 1251 IGF-I could be de- 
tected in the gastrointestinal tract of suckling rats”; the 
recovered peptide exhibited chromatographic and receptor 
binding characteristics equivalent to the native material. 
Similar observations were described by Baumrucker et al. 
who also demonstrated the transport of significant amounts 
of oral1 administered 
calves, 2 

“‘1 IGF-I into the circulation of 
and enhanced DNA synthesis in jejunal and ileal 

intestinal explants following exposure to IGF-I supple- 
mented artificial milk replacer. l3 

For IGFs to exert a biological effect they must interact 
with specific membrane bound receptors. The presence of 
an apical population of intestinal IGF-I receptors is a pre- 
requisite for the biological action of luminal peptide. Re- 
ceptors for IGF-I have been identified on apical epithelial 
membranes of the human colon but not as yet in the mucosa 
of the porcine small intestine. 

In this study the expression of specific IGF-I receptors in 
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the mucosa of jejunum during the development of neonatal 
piglets was investigated, with particular reference to the 
distribution of receptors in the intestinal epithelium. In ad- 
dition the functionality of the receptor was demonstrated 
using an in vitro phosphorylation assay. 

Methods and materials 

Materials 

All reagents were purchased from Sigma unless otherwise indi- 
cated. 

Experimental animals 

Animals were obtained from a commercial pig herd reared in a 
high health/minimal disease unit at the Rowett Research Institute 
(Bucksbum, Aberdeen, Scotland, UK) and were a pure-bred cross 
of Cotswold (Large White X Landrace) sows and sires. Three 
developmental ages were studied: newborn, 1 to 1.5 kg (unsuckled 
animals); suckled, 2-week-old piglets 4-5 kg (suckled without 
access to solid feed); weaned, 4-week-old piglets 6-7 kg (weaned 
at 3 weeks). The weaned piglets were fed ad libitum (approxi- 
mately 600 g/day at week four a cereal-based weaner diet com- 
prising (gkg-i) barley (200.0), wheat (199.0), wheat flakes 
(150.0), oat flakes (100.0) white fish meal (100.0) soybean meal 
(110.0). supersoy (50.0), whey (50.0), soybean oil (21.0) vitamin, 
mineral, and trace element mix (20.0) (Norvite, Aberdeen, UK). At 
least five pigs, from different litters, were sampled for each age 
group. Animals were fasted for 3 hr before surgery undertaken 
between 11 a.m. and 1 p.m. A midline laparotomy was performed 
under anaesthesia induced by halothane and oxygen inhalation. 
The small intestine was sampled at the mid jejunum (midpoint 
between the pylorus and the ileocecal valve) and tissues were 
processed immediately for the preparation of mucosal homog- 
enates and brush border membranes. For autoradiography and im- 
munohistochemistry, 1 cm lengths of tissue were mounted in 
mounting compound (OCT; Miles Inc., Elkhart, USA) and snap 
frozen in isopentane cooled with liquid nitrogen. 

Membrane preparation 

For the preparation of mucosal homogenates, segments of jejunum 
were opened longitudinally and 300-350 mg of mucosa (wet 
weight) removed by scraping with a metal spatula. Mucosa was 
homogenized in 300 pL of 2 mM Tris-HCl, 50 mM mannitol 
buffer, pH 7.4 containing 0.1 mM phenylmethylsulfonylfluoride 
(PMSF), 25 pg/mL soybean trypsin inhibitor and 1 pg/mL leu- 
peptin at 4°C with an Ultraturrax homogeniser for 20 set at me- 
dium speed. Samples were centrifuged at 800 g for 5 min at 4°C 
the supematant was removed and stored at -20°C. Microvillar 
membranes were purified from mucosal membranes using a Mg” 
precipitation protocol as described by Kessler et al.15 The correct 
orientation of microvillar membranes was confiied by scanning 
electron microscopy and the 13-fold enrichment of the microvillar 
enzyme lactase relative to homogenates was consistent with the 
purification reported by Kessler et al.” For binding assays, the 
protein content was determined using the bicinchoninic acid 
method,i6 and the mucosal homogenates and microvillar mem- 
branes were diluted with binding assay buffer (see below) to the 
appropriate protein concentration and homogenized in a glass/ 
teflon homogenizer. 

Enzyme assays 

Enzyme determinations were carried out on both mucosal homog- 
enate and microvillar membrane preparations. The substrate con- 

centrations and incubation conditions for determination of sucrase 
(EC 3.2.1.48) and maltase (EC 3.2.1.20) were as described by 
Kidder and Manners” and Kelly et al.‘* The glucose liberated by 
the action of mucosal enzymes was determined using the glucose- 
&phosphate dehydrogenase (EC 1.1.1.49)-hexokinase (EC 
2.7.1.1) assay (Boehringer Mannheim, Lewes, UK). 

Iodination of IGF-1 

Human recombinant IGF-I (Bachem UK Ltd, Saffron Walden, 
Essex, UK) was iodinated using bovine lactoperoxidase as the 
oxidizing agent. This protocol is a modification of the method 
described by Roth (1975).19 To an aliquot of IGF-I (2.5 )*g in 0.1 
M acetic acid) 20 CL of 0.05 M sodium phosphate, pH 7.4, was 
added. The following reagents were then added as listed; 10 p,L 
0.4 M sodium acetate, pH 5.6, 5 p,L Na12’I (ICN, Paisley, Scot- 
land), 1 pL bovine lactoperoxidase dissolved in 0.1 M sodium 
acetate, pH 5.6. The reaction was timed for 30 set from the addi- 
tion of 1 p,L hydrogen peroxide (diluted 1: 15,000) until the final 
addition of 100 p,L 1% potassium iodide solution. The reaction 
mixture was then transferred to a Cl8 column (Bond Elm; Varian 
SPP, Cambridge, UK) and eluted with a series of 2 mL aliquots of 
0.1% trifluoroacetic acid (TFA)/acetonitrile (ACN) increasing 
from 0 to 70% ACN in 10% steps. Following this initial separation 
of iodinated IGF-I from free iodine, the fractions eluted with 30 to 
40% ACN were concentrated in a Speedvac concentrator (Savant 
Instruments, Life Sciences, Basingstoke, UK) and then separated 
by reverse-phase high performance liquid chromatography 
(HPLC) employing a wide-pore C8 column (Aquapore; Bownlee 
Labs, Applied Biosystems, Santa Clara, USA). The sample was 
eluted at a flow rate of 1 mL/min, the aqueous phase being 0.1% 
TFA (sequencing grade, Rathbum Chemicals, Peebles) in double 
distilled water and ACN (Far UV grade, Fisons, Norlab, Aberdeen, 
UK) the organic solvent. The chromatograph was developed in a 
linear gradient of 25 to 75% ACN over 30 min, IGF-I was eluted 
after 10 min as a discrete absorbance peak at 214 nm, which was 
collected in BSA-coated tubes and quantified by measuring the 
area under the peak and by reference to standards. The specific 
activity of labelled IGF-I was calculated from the number of 
counts associated with the mass of ‘*? IGF-I eluted from the 
column. For binding assays the ‘25I IGF-I was diluted from a 
specific activity of approximately 2,000 cpmlfmol to 400 to 500 
cpm/fmol with unlabeled IGF-I. 

Dissociation of endogenous ligand 

Endogenously bound IGF-I was dissociated from its receptor using 
the high salt wash procedure described by Kelly et al.20 for the 
prolactin receptor. 

Assessment of proteolytic stability of IGF-I 

The stability of IGF-I was determined using a modification of the 
protocol described by Britton et al.” Intestinal homogenates were 
incubated in the presence of 1251 IGF-I for 1 hr at 37°C. The 
incubation mixture consisted of 150 p.g of tissue protein and 100 
ng of IGF-I (associated with 50,000 cpm) in a final volume of 150 
ILL of 0.01 M Tris buffer containing 6.67 mM CaCl,. To terminate 
the incubation, 150 p,L of 0.1 M sodium acetate containing 0.1% 
soybean trypsin inhibitor was added and the reaction tube placed 
on ice. For the determination of immunoreactive IGF-I, 20 pL of 
the quenched incubation solution was added to the 0.5 mL sus- 
pension of anti-IGF-I antiserum conjugated to protein A- 
Sepharose, and the suspension was then incubated at 4°C for 18 hr. 
Unbound non-immunoreactive IGF-I was eluted with a series of 10 
x 0.5 mL aliquots of 0.01 M Tris-HCl pH 7.4 containing 0.5% 
BSA, 0.05% bacitracin, 1 mM PMSF, 0.001% aprotinin and 
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0.005% soybean trypsin inhibitor. The eluates were then collected 
and counted on a gamma counter. The percentage of degraded 
peptide was determined as (eluted cprn/total cpm) x 100. 

Autoradiographical localization 

Transverse cryostat sections of 20 p,m thickness were cut from 
frozen jejunal samples and thaw-mounted onto gelatin-coated 
slides. Sections were dried at 4°C for 2 hr before being incubated 
in either 50 pM ‘*‘I IGF-I or 50 pM 1251 IGF-I in the presence of 
excess IGF-I (50 nM) to determine total and non-specific binding 
respectively. All solutions were made up in binding assay buffer, 
(Buffer 1). For incubations, sections were circled with a water- 
resistant marker to form a well, into which 200 p,L of solution was 
pipetted. Slides were incubated in humidified chambers at 4°C for 
20 hr. To terminate the reaction, the incubation medium was re- 
moved and slides washed at 4°C with 5 x 3 min washes of wash 
buffer 2 (buffer 2 = buffer 1 minus aprotinin and soybean trypsin 
inhibitor). Sections were air-dried for 2 hr and then fixed in para- 
formaldehyde vapour at 80°C under reduced pressure. Localiza- 
tion was determined by exposure of the fixed sections to Kodak 
X-Omat AR film. 

Immunohistochemical localization 

Transverse 5 +rn thick cryostat sections were thaw-mounted onto 
gelatin-coated slides and air-dried for 1 hr at room temperature. 
The sections were fixed for 15 min at 4°C in acetone and washed 
in 0.05 M Tris buffered saline (TBS) pH 7.2. The sections were 
incubated for 30 min at 37°C with 20 pg/mL BSA-c (Aurion, 
Wageningen, The Netherlands) in TBS. The sections were incu- 
bated for 1.5 hr at 37°C in l/25 dilution of ascites fluid from clone 
17/69, which produces antibodies recognizing the IGF-I recep- 
tor.*’ The ascites fluid was diluted in BSA-c TBS. Control sections 
were incubated in similarly diluted control ascites fluid. All sec- 
tions were washed in six changes of TBS over a 30 min period 
prior to incubation for 1 hr at 37°C with a l/75 dilution of an 
FITC-conjugated goat anti-mouse IgG (Fc-specific) (Sigma, UK). 
Sections were then washed in several changes of TBS, mounted in 
“Vectorshield” antifading mountant (Vector, UK), and examined 
by incident light fluorescence microscopy on Zeiss Axioscope mi- 
croscope. Results were recorded on Kodak TMax black and white 
film. 

Receptor binding assays 

Assays of receptor binding were carried out on homogenates and 
purified microvillar membranes from jejunal mucosa. Samples 
were assayed in triplicate and all procedures were carried out on 
ice. Each tube contained a final volume of 150 p,L, additions being 
made in the following order; 25 p,L binding assay buffer (Buffer 
l), 50 FL of either displacing ligand (1 p,M) IGF-I or binding 
assay buffer, 50 pL “‘1 IGF-I (varying concentration) and 25 pL 
tissue preparation containing 100 pg protein. Tubes were incu- 
bated at 37°C for 1 hr and the reaction terminated by the addition 
of 1 mL of ice cold Buffer 2. Samples were then centrifuged at 
35,000 g for 10 min at 4°C to separate bound and free radioactiv- 
ity. The supematant was decanted and tubes drained to remove any 
excess fluid before being counted in a gamma counter (83% effi- 
ciency). Specific binding was calculated as the difference between 
total and non-specific binding (i.e., binding in the presence 
of excess cold ligand). Data analysis was carried out using the 
ENZFI’ITER computer program.22 

Competition studies 

To determine the specificity of the receptor competition studies 
were carried out on jejunal mucosa homogenate and microvillar 

membrane (100 p,g protein) in a final volume of 150 FL. Samples 
were incubated with 0.2 nM ‘*‘I IGF-I (50,000 cpm) and increas- 
ing concentrations of IGF-I, IGF-II (Bachem UK Ltd, Saffron 
Walden, Essex, UK), insulin, and EGF (Bachem UK Ltd, Saffron 
Walden, Essex, UK) ie., Log -5.0 to -11.0 M. The assay was 
carried out on tissue from three animals and performed on three 
different occasions. 

AfSinity labeling of IGF receptors 

125I IGF-I was cross-linked to mucosal IGF receptors following 
previously described methods5.23 using microvillar membranes 
(500 pg protein) incubated at 4°C for 24 hr with 0.5 nM ‘*? IGF-I 
alone or with -7 and -9 log M concentrations of IGF-I, IGF-II, and 
insulin. Disuccinimidyl suberate (Pierce Warriner, Chester, UK) 
was added to give a final concentration of 0.1 mM. Samples were 
incubated for 20 min at 4°C and the reaction terminated by the 
addition of 1 mL 10 mh4 Tris, 1 mM EDTA, pH 7.5. Electropho- 
resis of membrane proteins was carried out in 7.5% SDS poly- 
acrylamide slab gels, using the molecular weight standards car- 
bonic anhydrase (29,000), egg albumin (45,000), bovine albumin 
(66,000), phosphorylase B (97,400), p galactosidase (116,000), 
myosin (205,000). Dried gels were placed against Kodak X-Omat 
AR film for 2 weeks at -70°C. 

Receptor autophosphorylation 

The phosphorylation assay was based on the methods of Carpenter 
et a1.24 and Hayes and Lockwood25 with modifications. Receptor 
preparations (100 pg protein) were incubated with 400 nM IGF-I 
in a final volume of 50 FL of buffer containing 20 n-&l Hepes, 5 
mM MnCl,, 4 mM NaF, 100 PM Na,VO,, 10 mM P-glycero- 
phosphate 1 kg/mL leupeptin, 25 pg/mL trypsin inhibitor, 25 
KIU/mL Aprotinin, 0.1 M PMSF, 0.05% bacitracin for 10 min at 
room temperature and then 15 min on ice. Phosphorylation was 
initiated by the addition of 20 p,M [Y-~*P]ATP (20 pa). The 
reaction was terminated after 15 min at 4°C using 3X Laemmli 
buffer. Phosphorylated microvillar membrane proteins were ana- 
lyzed on 7.5% SDS polyacrylamide gels under reducing condi- 
tions. Autoradiograms of dried gels were obtained with X-Omat 
AR film after exposure for 48 hr at -70°C. 

Statistical analysis 

The results are presented as arithmetic means with standard errors 
of the mean (SEM) and were evaluated using a Kruskal-Wallis 
one-way analysis of variance (ANOVA) followed by Dunn’s test 
for multiple comparisons. P values < 0.05 were considered to be 
statistically significant. 

Results 
Autoradiographical and 
immunohistochemical localization 

Transverse sections of jejunum were incubated in a solution 
containing “‘1 IGF-I with or without an excess of unlabeled 
IGF-I to determine total and non-specific binding, respec- 
tively. Specific binding of ‘25I IGF-I was evident in the 
jejunum at all three developmental stages, with a decline in 
binding between birth and weaning (Figure 1). The strong- 
est binding was seen in the muscle and submucosal layers of 
the intestine and specific binding was also localized to the 
mucosa. As shown immunohistochemically (Figure 2~2) 
IGF-I receptors were present on the epithelium of both the 
crypt and villus regions. Specific labeling was identified 
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Figure 1 Dry-film autoradiographic images of 1251-labelled insulin- 
like growth factor ( ‘251 IGF-I) binding to transverse jejunal sections 
from (A) newborn, (C) sucking, and (E) weaned pigs. Non-specific 
binding (determined in the presence of 50 nM IGF-I) to (B) newborn, 
(D) sucking, and (F) weaned pigs. 

over the apical microvillar membranes, the cytoplasm and 
basolateral membranes of enterocytes (Figure 2b, c). Low 
levels of non-specific labeling were present on sections in- 
cubated with control ascites fluid (anti-glucose oxidase an- 
tibody) (Figure 24. 

Proteolytic stability of IGF-I 

Measurement of immunoreactive IGF-I after incubation 
with intestinal homogenates from animals at different de- 
velopmental ages demonstrated minimal degradation of 
IGF-I. A maximum of 10% of “‘1 IGF-I was degraded after 
an incubation period of 60 min at 37°C. 

Receptor characterization 

Saturable binding of IGF-I to the receptor was reversible, 
time and temperature-dependent, and increased in a linear 
fashion with increasing tissue protein concentration. Opti- 
mum binding conditions were determined using mucosal 
homogenates of jejunum from newborn animals. For analy- 
sis of time- and temperature-dependence, 100 kg of tissue 
protein was incubated with 0.5 nM 1251 IGF-I at 4°C and 
37°C. Saturation binding was achieved at a temperature of 
4°C after 18 hr and at 37°C after 45 min (Figure 3). The 

Figure 2 (a) Light micrograph at low magnification showing im- 
munofluorescent labeling of IGF-I receptors on the intestinal villus 
epithelium (E) of suckled pig jejunum. (b) Higher magnification mi- 
crograph illustrating IGF-I receptor localisation to apical (am) and 
basolateral membranes (blm) and the cytoplasm of enterocytes. (c) 
Higher magnification micrograph illustrating IGF-I receptor localiza- 
tion to apical and basolateral membranes of crypt epithelial cells(d) 
labeling of a consecutive section of jejunum incubated with control 
ascites. (a) and (d) scale bar = 50 urn. (b) and (c) scale bar = 25 
urn. (L) indicates the lumen of the gut. Small arrows depict non- 
specific fluorescence associated with some lamina propria cells. 

highest specific binding was obtained at 4°C after 24 hr 
incubation; however there were no significant differences 
between the maximum specific binding obtained for the two 
different temperatures. On the basis of these findings and 
because 37°C is the most physiologically relevant tempera- 
ture, all further incubations were carried out for 1 hr at 
37°C. 

The tissue linearity of specific binding was demonstrated 
by incubating increasing concentrations of homogenate pro- 

” I  

0 ,A0 1;0 A0 A0 

lncubalton time (minutes) 

Figure3 Time course of specific binding of ‘251-labeled insulin-like 
growth factor (‘? IGF-I) (6.5 nM) to newborn pig mucosal homog- 
enates (100 ua orotein) at 37°C. Data represent means r SEM of 
three determinations expressed as a percentage of maximal bind- 
ing. 
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to dissociate endogenous IGFs from the IGF-I receptor. Us- 
ing this protocol, 85% of bound ligand could be dissociated 
from receptors. Prewashed membranes were able to rebind 
ligand, the affinity of receptors was unaffected by the wash- 
ing procedure. Comparison of binding to microvillar mem- 
branes from newborn and weaned animals, with or without 
the prewash protocol, demonstrated that prewashing did not 
significantly increase the number of receptors binding IGF- 
I. Similarly for suckled pigs, where the potential for recep- 
tor occupancy is perhaps greatest, values were 60.4 + 12.6 
fmol/mg protein for unwashed membranes versus 72.8 f 
20.5 fmol/mg protein for washed membranes. 

Competition Studies 

Both IGF-I and IGF-II inhibited binding of “‘1 IGF-I to 
jejunal mucosal homogenates and microvillar membranes, 
with 50% inhibition of binding occurring at concentrations 
of 1.05 + 0.30 nM and 3.36 f 0.28 nM respectively (Figure 
6). EGF did not displace 1251 IGF-I binding and insulin was 
only effective at approximately 500 nM. These results con- 
firm the specificity of IGF-I binding. Interference by bind- 
ing proteins is unlikely since hi 
almost completely displaced I2 B 

h concentrations of insulin 
I IGF-I binding. 

AJ3y labeling of IGF receptors 

125I IGF-I was covalently cross-linked to microvillar mem- 
brane IGF-I receptors from newborn and suckled pigs and 
the receptor type identified on SDS-PAGE. Labeled protein 
complexes were detected at molecular weights of 135,000 
and 260,000 (Figure 7). The lower of these bands has a 
molecular mass compatible with the OL subunit of the type 1 
receptor and the higher to either the monomeric type II 
receptor or to an unreduced complex of IGF-I receptor sub- 
units. To clarify this, membranes were co-incubated with 
excess IGF-I, IGF-II, and insulin. Excess IGF-I at -7 log M 
concentrations resulted in complete inhibition of binding to 
both complexes. The relative ability of IGF-I, IGF-II, and 
insulin (at high concentrations) to displace ‘251GF-I in both 
newborn and suckled animals would indicate that binding is 
predominantly to the IGF-I receptor. 

Receptor phosphorylation 

IGF-I was found to stimulate the phosphorylation of a num- 
ber of microvillar membrane proteins in both newborn and 
suckled pigs (Figure 8). In particular, a 97 kD band was 
phosphorylated that would be consistent with autophos- 
phorylation of the p subunit of the IGF-I receptor. The 97 
kD band in the newborn appeared as a doublet, as g;evi- 
ously reported for the IGF-I receptor in fetal muscle. 

tein (O-200 p.g) with 0.5 nM ‘251 IGF-I. Specific binding 
increased linearly to a tissue protein content of 200 kg/150 
p.L (Figure 4). 

To determine the affinity and number of receptors pre- 
sent in jejunal mucosa at different stages of development, 
homogenates and microvillar membranes from newborn, 
suckled, and weaned animals were incubated with increas- 
ing concentrations of 1251 IGF-I (0.1 to 15 nM). The satu- 
ration curves and Scatchard plots of homogenates (Figure 
5) show a developmental decline in receptor number, with 
newborn animals having significantly higher numbers of 
receptors than weaned animals (P < O.Ol), but receptor af- 
finity remaining constant at approximately 1 nM (Table I). 

Kd values for IGF-I binding to microvillar membranes 
were similar to those for intestinal homogenates, although 
more variable (TubZe 2), whereas Bmax values for micro- 
villar membranes were greater than those for homogenates. 
The Bmax values for the suckled group were highly variable 
ranging from 25 to 191 fmol/mg protein and hence the mean 
for the group was associated with a very large standard 
deviation. The suckled pigs divided very clearly into two 
populations one with high receptor number (a) and the other 
with significantly lower Bmax values (b). The receptor level 
detected in this high expressing group (a) was approxi- 
mately threefold higher than either the newborn or weaned 
groups (Table 2) (P < 0.001). Receptor levels in group (b) 
were comparable to or lower than those in weaned piglets. 
Receptor levels in the two suckling groups were negatively 
correlated (P < 0.05) with sucrase and maltase activities, 
which were 30.9 + 10.7 and 114.3 + 19.3 pmol/min/g pro- 
tein, respectively in group (a) and 66.5 + 10.9 and 185.9 f 
10.1 pmol/min/g protein, respectively in group (b). 

Receptor occupancy 

To assess the potential complication of receptor occupancy 
by endogenous ligand, a high salt wash procedure was used 

I I 
100 150 

Tlssuc protein (pg) 

f 
200 

Figure 4 Linear relationship of specific binding of ‘z51-labeled in- 
sulin-like growth factor (‘? IGF-I) (0.5 nM) to various concentra- 
tions of newborn pig membrane protein at 37°C. Linear regression 
was performed on the data, which represent means * SEM of four 
determinations. 

Discussion 

Specific binding of IGF-I was detected throughout the post- 
natal period in the jejunum of piglets. Using in vitro auto- 
radiography it was demonstrated that this binding was lo- 
calized to various layers of the intestine, with distinct IGF-I 
binding particularly evident in the muscularis propria and 
mucosa of the intestine at all three stages of development. 
These results are consistent with findings reported for the 
rat27.28 and the rabbit3 in which binding was localized to the 
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Figure 5 (a) Typical saturation curve showing specific binding of ‘251-labeled insulin-like growth factor ( ‘25l IGF-I) to n newborn, l suckled 
and A weaned mucosal homogenates (100 ug protein) with increasing concentrations of jz51 IGF-I. Data represents means of triplicate 
determinations. (b) Scatchard transformation of saturation curve data for n newborn, 0 suckled, and A weaned pigs showing a single class 
of binding site. 

mucosa and particularly the muscularis mucosal layer. The 
localization of IGF-I receptors within the epithelium of the 
intestinal mucosa was further confirmed by immunohisto- 
chemistry using a monoclonal antibody against the human 
IGF-I receptor. Receptors were demonstrated in both the 
crypt and villus compartments of the intestinal epithelium. 
This is similar to the distribution of IGF-I receptors de- 
scribed for the rat.29 The presence of IGF-I receptors in 
differentiated villus cells suggests a possible role of IGF-I 
during cellular maturation, similar to that shown for muscle 
cells where the growth factor induces differentiation of L6 
myoblasts.30 Alternatively, its role may relate to the meta- 
bolic function of the cells, since IGF-I receptors have also 
been shown to mediate insulin-like metabolic effects.’ 
IGF-I receptor labeling was also detected in the proliferative 
crypt compartment of the pig intestine. Similar labeling has 
also been demonstrated in the rat”‘*’ and is consistent with 
the mitogenic properties of IGF-I.’ 

Immunohistochemistry revealed IGF-I receptors on both 
apical and basolateral membranes of the intestinal epithe- 
lium in the jejunum of the piglet. This bilateral distribution 
of receptors has not been described previously in the piglet 
small intestine, although it has been reported in the human 
proximal colon14 and the suckling rat jejunum.*’ In the 
present study apical IGF-I receptors have been identified 
using several techniques. The characterization was carried 
out using receptor binding assays, competition binding stud- 
ies and affinity cross-linking of 1251 IGF-I to receptors in 

Table 1 Receptor affinity (Kd) and capacity (Bmax) measured in 
homogenates of jejunal mucosa from newborn, suckled and 
weaned animals. Means and SEM are shown (n = five to six ani- 
mals). **denotes significant differences between newborn and 
weaned animals at the level of P < 0.01. 

Newborn Suckled Weaned 

Kd (nM) 0.96 + 0.07 1 .OO + 0.11 0.90 + 0.11 
Bmax (fmol/mg protein) 49.9 * 8.60 28.1 + 7.41 12.8 + 1.39** 
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purified preparations of microvillar membranes and the 
functionality was demonstrated using an in vitro receptor 
phosphorylation assay. Specific apical receptors for IGF-I 
were identified throughout postnatal development and 
Scatchard analysis of saturation binding data indicated bind- 
ing to a single high affinity receptor site. Affinity cross- 
linking identified two high molecular weight species; a 135 
kD species that may correspond to the (Y subunit of the 
IGF-I receptor and a 260 kD species, which is likely to 
correspond to an incompletely reduced dimer of IGF-I re- 
ceptor cx subunits. 23*31 The latter is unlikely to be the mo- 
nomeric IGF-II receptor, because insulin, at high concen- 
trations was able to displace 1251 IGF-I binding.’ These 
findings are also supported by the results of competitimsn 
studies in which the near complete displacement of I 
IGF-I binding could be achieved with insulin at concentra- 
tions at l,OOO-fold excess. This further confirms that bind- 
ing was to the IGF-I receptor rather than the IGF-II receptor. 
The results of both cross-linking and competition studies 
also suggest that IGF binding proteins were not present at 
significant levels in the mucosa of the jejunum. 

The number (density) of IGF-I receptors in the piglet 
intestine declined during postnatal development. Bmax val- 
ues were lower in the weaned animal than in the unsuckled 
newborn animal, while receptor affinity remained un- 
changed at -1 nM during this period. This is consistent with 
the developmental decline in IGF-I binding32,33 and overall 
steady state receptor mRNA levels34 in various other tis- 
sues. The rate of this decrease has also been shown to be 
tissue-specific.34 An altered pattern of developmental de- 
cline was observed in microvillar membranes compared to 
tissue homogenates. In microvillar membranes, although re- 
ceptor number was decreased in weaned animals compared 
to newborn animals, a transient increase was observed in 
suckled animals. A similar pattern of IGF-I receptor expres- 
sion has been reported previously in crude plasma mem- 
branes of suckled rat jejunum.*’ The expression of IGF-II 
receptors in the muscle and intestine of the rat shows a 
similar developmental pattern, with a small increase post- 
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Table 2 IGF-I receptor affinity (Kd) and capacity (Bmax) measured in microvillar membranes prepared from jejunal mucosa of newborn, 
suckled-a, suckled-b, and weaned animals. Means and SEM are given (n = 5 to 6 animals). *** denotes significant differences between all other 
unmarked groups at the level of P < 0.001 

Newborn Suckled (a) Suckled (b) Weaned 

Kd (nM) 1.04 + 0.43 0.73 i 0.34 0.67 ic 0.28 0.65 TZ 0.08 
Bmax (fmol/mg protein) 67.8 * 7.23 130.1 i 32.9*** 42.0 ic 9.75 48.7 zt 7.31 

natally at days 5 and 10 respectively.35 In the present in- 
vestigation a striking feature of the suckled group was the 
diversity of receptor levels; approximately 50% of suckled 
piglets expressed high receptor numbers, an increase of ap- 
proximately 3-fold compared to either the newborn or 
weaned animals. In contrast, in the suckled group express- 
ing low receptor density, the levels frequently fell below 
that of the other experimental groups. The dichotomy in 
apical receptor densities within the suckling group seems 
most likely to reflect dynamic regulation of the IGF-I re- 
ceptor during this period. 

Several factors could contribute to this variation in IGF-I 
receptor levels in suckling pigs. Firstly, they may have been 
influenced by differences in energy/nutritional status be- 
tween the two groups of suckling piglets. IGF-I plasma 
levels are stron6gly correlated with the nutritional status of 
the mature pig3 and IGF-I receptor numbers are negatively 
regulated by the ambient concentration of its ligand.34 In 
rats, IGF-I receptor number doubled in the intestinal epi- 
thelium after decreased food intake, which results in low- 
ered serum IGF-I levels.37 In the current study, there was no 
control of food intake in suckling piglets but the similar 
liveweight gains of the two subgroups of suckling animals 
suggests that there were no nutritional differences. More- 
over, IGF-I plasma concentrations in artificially reared neo- 
natal iglets did not change in response to altered nutri- 
tion.3 2 This suggests that variation in the nutritional status 
of suckled animals is unlikely to explain the variation in 
IGF-I receptor levels observed. Alternatively, IGF-I present 
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Figure 6 Typical displacement curves for specific binding of ‘*? 
labeled insulin-like growth factor (‘? IGF-I) to mucosal homog- 
enates from newborn pigs. Displacement is illustrated for unlabeled 
IGF-I n , insulin-like growth factor II 0, insulin *, and epidermal 
growth factor A. Data represents means of triplicate determinations. 

in milk could regulate IGF-I receptor expression in the in- 
testinal epithelium. Concentrations of IGF-I and IGF-II in 
milk decrease during lactation,6’7 however levels are still at 
physiologically relevant concentrations and milk intake 
generally increases during the postnatal period.39 Thus the 
overall quantity of IGF-I ingested is likely to remain rela- 
tively high over the postnatal period. This exposure of api- 
cal IGF-I receptors to physiological concentrations of IGF-I 
could lead to receptor occupancy, internalization or down- 
regulation. The possibility that the lower level of receptor 
expression in 50% of the suckled animals was attributable to 
receptor occupancy is unlikely because a high salt wash 
used to displace bound ligand failed to alter the measured 
values of Bmax in either the high and low expressing suck- 
led groups. However, the possibility of internalization or 
down-regulation cannot be discounted, and, perhaps signifi- 
cantly, internalization is supported by the immunochemical 
labeling of the cytoplasm of enterocytes. The transient na- 
ture of the increase in IGF-I receptor number may represent 
a third factor contributing to receptor variation observed in 
suckling animals. This transient phenomenon has been re- 
ported in other tissues. In muscle cells, for example, IGF-I 
receptor numbers increase during the early stages of differ- 
entiation, subsequent to which they decrease to low levels 
associated with the differentiated celL4’ The patterns of re- 
ceptor expression observed in the current study, may sug- 
gest that a similar mechanism is operating in the small in- 
testine. Hence, if receptor expression is correlated with dif- 
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Figure7 Affinity crosslinking of ‘251-labeled insulin-like growth fac- 
tor (‘251 IGF-I) to its receptor in microvillar membranes from newborn 
(N) and suckled (S) pigs. In lanes (A) crosslinking was performed in 
the absence of unlabeled ligand, and in (B) with Log -7 M IGF-I, (C) 
with Log -9 IGF-I, (D) with Log -7 IGF-II, (E) with Log -9 IGF-II, (F) 
with Log -5 M insulin, and (G) with Log -7 M insulin. 
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Figure 8 3zP incorporation into microvillar membrane proteins of 
newborn (N) and suckled (S) pigs in response to no stimulation (a), 
and stimulation with IGF-I (b). 

ferentiation state then individual animal variability in 
intestinal programming may mean that the transient upregu- 
lation in IGF-I receptor levels was missed in some suckled 
animals. In support of this, a striking inverse correlation 
between receptor density and enzyme levels associated with 
the mature differentiated epithelium was noted in suckling 
animals. However, irrespective of the explanation for the 
differences between the two suckled groups, it remains that 
receptor density was significantly upregulated during suck- 
ling and attained levels not seen in either the newborn or 
weaned animals. 

Recent work on intestinal enzyme and receptor charac- 

teristics of both artifically reared pigs and conventionally- 
reared pigs revealed dissimilar patterns of expression.4’ In 
particular, artifically reared pigs expressed significantly 
lower levels of brush border enzymes and IGF-I receptors. 
The upregulation of the apical IGF-I receptor characteristic 
of the conventional animal was not observed in the artifi- 
tally reared group by 24 days postpartum, raising the pos- 
sibility that factors present in sow’s milk may contribute to 
the upregulation of the IGF-I receptor. Milk contains a va- 
riety of hormones and growth factors that are known to 
regulate the IGF-I/binding protein/receptor system either di- 
rectly or indirectly. These include hormones such as pros- 
taglandins, prolactin and growth hormone and growth fac- 
tors such as bFGF, EGF and PDGF.1*42*43 Furthermore, in 
vitro studies using the Caco-2 intestinal cell line have dem- 
onstrated that 7- to 14-day sow’s milk contains factors that 
will upregulate the expression of both IGF-I receptor pro- 
tein and its mRNA.41 

In conclusion, apical receptors may be involved directly 
in the mediation of IGF-I and IGF-II effects in the devel- 
oping intestine. Compatible with this hypothesis are the 
findings that orally administered IGF-I and IGF-II promotes 
gut growth and increases the expression of a number of 
brushborder enzymes in the jejunum of suckling rats and 
pigs. 27S41S44 The transfer of colostrum/milk-derived IGF-I to 
the circulation by mechanisms such as IGF-I receptor- 
mediated endocytosis and transcytosis has also been postu- 
lated.‘* However, the consensus viewpoint is that IGF-I is 
poorly absorbed”‘45 contributing less than 0.05% to the 
circulating IGF-I pool of a neonatal pig46 and therefore 
colostral/milk IGF-I is likely to function locally within the 
intestine. 
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