
Gut 1995; 37: 630-638

Administration of insulin-like growth factor-I
(IGF-I) peptides for three days stimulates
proliferation of the small intestinal epithelium in
rats

C B Steeb, J F Trahair, L C Read

Cooperative Research
Center for Tissue
Growth and Repair
and Child Health
Research Institute,
North Adelaide, South
Australia
C B Steeb
J F Trahair
L C Read

Correspondence to:
Dr B Steeb, Child Health
Research Institute, 72 King
William Road, North
Adelaide, South Australia,
5006, Australia.

Accepted for publication
29 March 1995

Abstract
It has previously been shown that
longterm administration of insulin-like
growth factor-I (IGF-I) or the analogue
Long R3 IGF-I (LR3IGF-I) selectively
stimulate growth of the gastrointestinal
tract in gut resected, dexamethasone
treated, and normal rats. In this study, the
short-term effects ofIGF-I administration
on intestinal proliferation have been inves-
tigated. Female rats (110 g, five-six/group)
were infused for three days with 2.5
mg/kg/day ofeither IGF-I or LR3IGF-I and
compared with vehicle treated or
untreated control rats. LR3IGF-I but not
IGF-I increased body weight and wet
tissue weight of the small and large intes-
tine (+20%), compared with controls.
Tissue weight responses were independent
of food intake and were reflected in the
histology ofthe tissue. In LR3IGF-I treated
animals, duodenal and ileal crypts length
were increased by 13 and 22%, respec-
tively, associated with an increase in crypt
cell number. No such histological changes
were seen in IGF-I treated rats. Tritiated
thymidine labelling indices were signifi-
cantly increased after administration of
either IGF-I or LR3IGF-I (up to 14%) in
both the duodenum and ileum. In IGF-I
treated rats, increased nuclear labelling
was not associated with an increase in the
crypt compartment. In contrast, LR3IGF-I
induced proportional increments in
thymidine labelling and crypt size, sug-
gesting that LR3IGF-I is not only more
potent than the native peptide but also
induced proliferative events more rapidly.
In the colon, the thymidine labelling index
was low, however, a non-significant
increase in the number of cells labelled
with thymidine was seen. These results
suggest that within a three day treatment
period intestinal mitogenesis is more
advanced in animals treated with LR3IGF-
I. The differences in proliferative response
between the two peptides may be
accounted for by variations in pharmaco-
kinetics, clearance rates, and interactions
with circulating and tissue specific binding
proteins.
(Gut 1995; 37: 630-638)
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Insulin-like growth factors (IGF-I and IGF-II)
are multifunctional polypeptides that possess
the ability to exert insulin-like metabolic
activity and regulate cell proliferation and
differentiation in a variety of cell types and
tissues. IGF-I mediates growth hormone
dependent growth and stimulates somatic
growth and that of visceral organs including
the kidneys, thymus, adrenals, and the spleen.
In the circulation, IGFs are bound to specific
IGF binding proteins, which function as
modulators of IGF action. They interact with
their target tissues by membrane bound
receptors to act in an autocrine, paracrine
or endocrine manner, or all three.1 IGFs
are ubiquitously distributed and have been
detected in tissue extracts as well as body
fluids. IGF-I immunoreactivity has been
shown in the human fetal stomach2 and in fetal
rat intestine.3 In neonatal pigs, growth and
maturation of the intestinal mucosa coincides
with an increase in IGF-I immunoreactivity.4
Furthermore, IGF-I immunoreactivity has also
been shown in saliva, gastric, pancreatic, and
extrapancreatic excretions and in jejunal
chyme.5

Several studies in animal models of gastro-
intestinal adaptation have shown that adminis-
tration of IGF-I peptides selectively stimulate
growth of the gastrointestinal mucosa.68 More
recently, we have shown that IGF-I peptides
also play an important part in gastrointestinal
growth and function in normal adult rats.9 In
that study we gave increasing doses of IGF-I
or LR3IGF-I, a potent analogue with an
N-terminal extension showing reduced binding
affinity to IGF-binding proteins as well as the
type 1 receptor,10 for 14 days to normal, female
rats. After the 14 days of treatment with either
IGF-I or LR3IGF-I, body weight gain and
gastrointestinal weights were significantly
increased. The LR3IGF-I was severalfold
more potent than the native IGF-I in all
responses. Furthermore, wet tissue weights
were increased in a dose dependent manner and
the proximal small intestine was identified as
the most responsive region. Detailed histo-
logical analyses showed that IGF-I peptide
administration stimulated the growth of the
proliferative compartment (crypt) and the func-
tional compartment (villi), so that at the end of
the 14 day treatment period crypt depth and
villus height were increased by up to 30% above
control values. More importantly, however,
IGF-I peptide administration induced a pro-
portional increase in potentially proliferative
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enterocytes as shown by immunohistochemical
detection of cells positive for proliferative cell
nuclear antigen (PCNA). The proportionality
between the proliferative and maturation com-
partment of the crypt as well as between crypts
and the villi was maintained.9 These findings
have led to the conclusion that administration
of either IGF-I or LR3IGF-I peptide for a pro-
longed period stimulate mucosal growth,
resulting in a new steady state between cell loss
and cell production.

This study was undertaken to identify the
early proliferative responses of the intestinal
epithelium that led to this new steady state
after IGF-I or LR3IGF-I administration. IGF-
I and LR3IGF-I were compared to determine
if the two peptides differed in their potency to
evoke proliferative responses of the intestinal
epithelium during this early period. Further-
more, we investigated if the proliferative
responses were similar in different regions of
the intestine. In review of the results from the
aforementioned study, a short-term infusion
protocol was used. The age and body weights
of the rats as well as the peptide dose and
infusion protocol have been replicated so that
direct comparisons could be made between
the two studies.

Methods

RECOMBINANT IGF-I PEPTIDES
Recombinant human IGF-I and the recombi-
nant analogue LR3IGF-I was provided by
GroPep, Adelaide, South Australia. The IGF-I
analogue LR3IGF-I, has an arginine replacing
glutamate at position 3 and an N-terminal
extension comprising the amino acids Met-
Phe-Pro-Ala-Met-Pro-Leu-Ser-Ser-Leu-Phe-
Val-Asn.

EXPERIMENTAL DESIGN

Animals
Female, hooded Wistar rats of approximately
100 g were obtained from the CSIRO,
Division ofHuman Nutrition breeding colony.
All animals were housed individually in
Techniplast metabolism cages and maintained
at 25°C with a 12 hour light/dark cycle. They
were fed a powdered diet containing 180 g
casein and 2.5 g methionine/kg body weight as
the nitrogen source. Water and food were
available ad libitum. The experimental
protocol was approved by the Animal Care
and Ethics Committee of the Women's and
Children's Hospital and followed the
Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes.

Experimental protocol
IGF-I peptides were infused subcutaneously
for a three day period. All animals were
acclimatised to the metabolism cages for a
three day period, followed by a four day pre-
treatment period. During the pretreatment
period and the three days of peptide infusion,

daily measurements of body weight, food, and
fluid intake as well as urinary and faecal output
were taken at precisely 24 hour intervals.
Between 0900 and 1200 hours on the morning
after the pretreatment period, the rats were
anaesthetised with 0.04 ml/kg Brietal for
osmotic mini-pump (Alzet, Model 1 003D,
Alza, Palo, CA, USA) implantation within the
subcutaneous scapular region. The pumps
were filled with either IGF-I or LR3IGF-I or
contained the vehicle alone (0.1 M acetic
acid). Each rat received 2-5 mg/kg/day of either
IGF-I or LR3IGF-I, thus at a mean pumping
rate of 0 99 ,lp/h, each rat received 278 ,ug/day
for a three day period. There were six rats in
each of the vehicle, IGF-I, and LR3IGF-I
treated groups and a control group (n= 5),
receiving no treatment or pump was also
included. The study was divided into two
animal trials. The first trial contained three rats
from each of the two peptide treatment groups,
three vehicle treated rats, and three untreated
control animals. The second trial contained
three rats from each of the peptide treated and
vehicle treated groups and two untreated
control animals. The trials were staggered by
one day. The pumps were not primed before
implantation, so that in accordance with the
manufacturer's instructions, the full pumping
rate would be reached approximately four
hours after insertion of the pumps between
1300-1600 hours. No special postoperative
care of the animals was required.
During the three days of peptide infusion,

daily measurements of body weights and
metabolic collections were continued. At the
end of the three day treatment period between
1300 and 1600 hours, each animal was
injected with a single intraperitoneal injection
of 0 5 ,uCi/g body weight of tritiated thymidine
(Amersham International, Buckinghamshire,
England, specific activity 25 Ci/mol) in the
same order as pump implantation. Exactly one
hour after the injection of the isotope, the
animal was stunned and decapitated, thus all
rats received IGF-I peptides for the same
length of time. The abdomen was opened by a
midline incision and the entire gastrointestinal
tract was rapidly excised and placed onto an
ice cold glass slab. The stomach, small and
large intestine and the caecum were isolated.
The duodenum was separated from the small
intestine at the ligament of Treitz and its
empty weight and length was recorded. The
weight of the remaining small intestine, large
intestine, and the caecum were taken after
removal of gut contents. All length measure-
ments of intestinal segments were made by
placing the tissue horizontally onto a cold glass
slab, avoiding the stretching of the tissue. For
histological analyses, multiple tissue sections
were collected from the proximal duodenum
(starting 1 cm caudal to the pyloric sphincter)
and the distal ileum, while large intestinal
samples were collected from the proximal
colon. The segments were rinsed in cold
0-9% w/v NaCl and immediately fixed in
Bouin's fluid. Total gut weights and length
were calculated as the sum of all intestinal
components.
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Histology and autoradiography
For quantitative histological morphometry,
tissue segments of the duodenum, ileum, and
colon were fixed in Bouin's fluid for four hours
and stored in 70% ethanol before processing
for routine paraffin wax embedding. From
each of the intestinal regions sampled, four to
six tissue segments were embedded in trans-
verse orientation in the same mould and six
serially cut sections of 2 Km thickness were
prepared for each animal. The first of the
serially cut sections from each animal was de-
waxed, re-hydrated, stained with haematoxylin
and eosin, and mounted with DePex (Gurr,
BDH Chemicals, Kilsyth, Australia) for histo-
logical analyses. The remaining five serially cut
sections were used for autoradiography. For
this purpose, they were de-waxed, re-hydrated,
and briefly dipped in 10% lithium carbonate to
reduce chemography during autoradiographic
processing. The sections were then incubated
at room temperature for 30 seconds in auto-
radiographic emulsion (LM-1, Amersham,
Australia) at a dilution of 1:1 with distilled
water. After incubation, the slides were chilled
on a pre-cooled tray for 10 minutes and air
dried for two to three hours in the dark room.
All slides were stored at 4°C in light tight
photographic slide containers and kept for
2-20 days. After exposure, the slides were
developed in Ilford Phenisol Developer
(Amersham, Australia) at room temperature
(dilution 1:4) for six minutes and rinsed in
sodium thiosulphate (BDH Chemicals,
Australia) for four minutes. The developed
slides were rinsed for 15 minutes in de-ionised
water, counterstained with haematoxylin, and
mounted with DePex. Negative control slides
were included from animals not injected
with the isotope. In addition, a single, 2 cm
long tissue segment from each region was
embedded facing serosal side down, so that
tissue sections orientated longitudinal to the
bowel lumen could be obtained. From serially
cut sections, tissue segments representing the
crypt:villus junction were identified and
utilised to count the number of enterocytes
located around the circumference of the crypt
(crypt row count).

Analyses
Histological sections were examined with an
Olympus BH-2 light microscope. Quantitative
morphometric analysis was conducted using a
drawing tube attached to the microscope and
measurements were taken using a digitising
tablet (Summa Sketch II, Summa graphics),
coupled to an Apple Macintosh IIci computer.
In the duodenum and ileum, crypt depth was
measured in 15 well oriented crypts. The
depth of the colonic crypts was measured in 15
crypts randomly selected, with care taken to
avoid sections containing Peyer's patches.
The dose of tritiated thymidine used in this

study produced clear labelling of S-phase
nuclei, showing numerous black grains
deposited over the nuclei and a negligible
background. A minimum of six grains per
nuclei was used to define positively labelled

cells. Preliminary analyses determined that the
slides had to be exposed for at least 10 days
to obtain adequate signal of the isotope.
Accordingly, all analyses were carried out on
sections exposed for 10 days. Proliferative
parameters were assessed in 30 crypts from
each animal in the duodenum, ileum, and
colon. Analyses were confined to crypts where
the entire length could be completely visu-
alised and which contained a single layer of
epithelial cells only. In each crypt, a single
column (right hand column) along the longi-
tudinal axis of the crypt was assessed and the
total number of cells and the number and posi-
tion of tritiated thymidine labelled cells was
recorded. For each ofthe intestinal regions, the
labelling index was calculated as the ratio of
labelled cells to total cell number for each crypt
column. In addition, the circumferential cell
count (crypt row count), measured as the
number of epithelial cells around the circum-
ference at the crypt:villus junction was
measured in the duodenum and ileum in serial
cut sections from tangentially embedded
material. The product of the crypt column
count and the crypt row count was used to
estimate the total crypt cell population in all
small intestinal regions.

For each animal, thymidine labelling index
distribution profiles were established for the
duodenum and the ileum. From these curves,
the cell position within the crypt at which
maximal thymidine labelling occurs and the
cell position of half maximum thymidine
labelling was identified. The maturation com-
partment of the crypt in which epithelial cells
have lost their proliferate capabilities and
acquire their mature, functional properties was
identified from these curves as the region
above the last labelled cells within the crypt.
To determine if IGF-I peptides increase
thymidine incorporation into enterocytes in
the lower and mid-crypt region, the cumulative
number of cells labelled with tritiated
thymidine up to cell position 19 was calcu-
lated. The crypt growth fraction, which
identifies the proportion of proliferating cells
within the crypt, was calculated for each
animal from the thymidine labelling distribu-
tion profiles of 30 perfectly orientated crypts
by dividing the cell position at which half
maximum labelling occurred by the total
number of cells per cell column.

Statistical analyses
All values in Tables and Figures are expressed
as means (SEM). All groups were compared by
a one way analysis of variance (ANOVA)
and where significance was achieved (p<0.05)
a post-hoc Dunnett's test (SuperANOVA,
Abacus Concepts, Berkeley, CA) was applied
to identify variations between treatment
groups and either vehicle treated or control
animals. To examine the degree to which body
weight gain and fluid balance vary after IGF
peptide treatment, data were analysed by
product-moment correlations and significance
was tested with a t test with n-2 degrees of
freedom.1'
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TABLE I Body weight (g), and body weight gain (g/3 days) and average food con,
(g/24 hours) in rats treatedfor three days with 2.5 mg/kg/day ofeither IGF-I or L.R
compared with vehicle treated or untreated control rats

Treatment Body weight Gain Average
group starting (g) Final (g) (g/3 days) intake (~

Control (n=5) 110-5 (2-1) 122-3 (2.0) 11-8 (1-4) 13-7 (0
Vehicle (n=6) 111-2 (2.6) 127-0 (2.8) 15-4 (1-9) 13-6 (0
IGF-I (n=6) 108-6 (2.6) 122-1 (2.7) 13-5 (2-1) 13-4 (0
LR3IGF-I (n=6) 109-7 (0.6) 134-9 (1-3)*t 25-2 (1-4)*t 12-9 (0

All values are expressed as means (SEM). Statistical significance from the vehicle treat
is indicated by *:p<0.01 and from the untreated control group by t:p<001, ANOVA.
Dunnett's post-hoc test (two tailed).

Results
The body weight at the start of th(
averaged 97.9 (1.0) g (n=23) for all rat
four days of acclimatisation to the met;
cages the average body weight incre;
109.9 (1.0) g. Rats were then randomis
treatment groups such that no stat
significant differences in body weigi
apparent between treatment groups (T
Infusion of 2.5 mg/kg/day of LR3IGF
three day period resulted in a signi
higher body weight (134.9 (1 1) g) co:
with animals treated with vehicle (127
g) or normal rats (control group, 122-3
without an implanted mini-pump (T
The body weight gain in LR3IGF-I
animals could not be attributed to an i
in food intake, as food consumptii
approximately 13 g/day for all groups
I). Accordingly, food conversion eff
calculated as the ratio of average dail
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Figure 1: Food conversion efficiency (g body weight gainlg
feed) in normal adult rats treatedfor three days with 2.5
mg/kg/day ofIGF-I or LR3IGF-I compared with either
vehicle or untreated control rats. Values are means (SEM)
for 6 rats/group (n=5, control group). Statistical
significance from vehicle treated rats is indicated by
*:p<O.OOO1 and by t.:p<0 0001 (untreated control group)
as detected byANOVA.

weight gain to food consumption for the three
day treatment period was highly significant in
the LR3IGF-I treated group (p<0.0001) when
compared with either vehicle, control or IGF-I
treated animals (Fig 1). To determine if the
accelerated weight gain in the LR3IGF-I
treated animals could be attributed to fluid
retention, the fluid balance (fluid intake/24
hours minus fluid output/24 hours) was
estimated for all animals. Although fluid intake
was highly variable throughout the three day
treatment period in all groups, no statistically
significant difference was detected in either
fluid intake or urinary output over the experi-
mental period, arguing against fluid retention
as a possible mechanism for the extra weight
gain seen in LR3IGF-I treated rats (results not
shown). To examine the degree to which body
weight gain and the fluid balance correlate
after IGF-I peptide treatment, product-
moment correlation coefficients were calcu-
lated for the combined data. No statistical
significant correlation was found between body
weight gain and the fluid balance during the
three day treatment period in either treated or
untreated rats (robtained=0.27, rcritical=0A42 at
p<005).

Gastrointestinal weight in the animals fitted
with the vehicle pump was similar to the gut
weight of untreated control rats, showing that
implantation of the pumps had no effect on
gastrointestinal tissue growth. Comparison
between the vehicle group and the animals
treated with 2.5 mg/kg/day of LR3IGF-I
showed, however, that the increased body
weight gain in the LR3IGF-I group was
reflected in the wet tissue weights of their
gastrointestinal tissues. Total gut weight, small
and large intestinal weight were increased by
19%, 22%, and 21% respectively compared
with vehicle treated animals (Fig 2 (A), (C),
and (D)), while stomach weight increased by
12% after treatment with LR3IGF-I (Fig 2
(E)). Selective action of LR3IGF-I on the
intestinal tissues was evident when corrections
for body weight gain were made, so that frac-
tional gut weight (total gut weight/kg body
weight) was significantly increased in LR3IGF-
I treated animals (56-6 (1-4), p<O0O1) com-
pared with either IGF-I (48.5 (1.3)) or vehicle
treated control animals (503 (1. 1)), Fig 2 (B).
The increase in gastrointestinal tissue weight in
LR3IGF-I treated animals contrasts consider-
ably with the results obtained for IGF-I treated
animals, so that infusion of 2.5 mg/kg/day of
recombinant IGF-I did not affect body weight
gain or gastrointestinal tissue weights (Table I
and Fig 2 (A-E)). Increases in intestinal length
were not seen in any of the animals treated for
three days with the IGF-I peptides (results not
shown).
We have previously shown that longterm

administration of 2-5 mg/kg/day of IGF-I
peptides to normal female rats selectively
stimulated the growth of intestinal mucosa, so
the main focus here was to assess the mito-
genicity of IGF peptides during the initial
period of peptide administration. In this study,
administration ofLR3IGF-I for only three days
resulted in a statistically significant increase
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Figure 2: Total gut weight (A), fractional gut weight (B), small intestinal weight
large intestinal weight (D), and stomach weight (E) in normalfemale rats treated
days with either 2.5 mg/kg/day of insulin-like growth factor-I peptides compared u
vehicle or untreated control rats. All values are means (SEM) with 6 rats/groups (
control group). Significance from the vehicle group is indicated by *:p<001 andj
control groups by tf:p<0 01. A significant difference between LR3IGF-I and the s,
ofIGF-I is indicated by ..p<0 01, as detected byANO VA, Dunnett's (two tailed

(p<O0Ol) in crypt depth, both in th
denum (+8%) and in the ileum (-
compared with vehicle treated animals
II). The increased crypt depth in this
was associated with a proportional inci
the number of cells per crypt column
II). Furthermore, the circumferenti

count (crypt row count) was also significantly
increased in both small intestinal segments,
resulting in an overall increase in crypt cell
population by approximately 30% (Table II).
Administration of LR3IGF-I also stimulated
proliferation of the colonic mucosa within the
three day infusion period. Colonic crypt depth
in LR3IGF-I treated animals was marginally
increased in comparison with vehicle treated
animals but not control treated animals; as in
the small intestine, colonic crypt hyperplasia
was accompanied by a statistically significant
increase in the crypt cell column count (Table
II).
To further assess the mitogenic properties of

the IGF-I peptides on the intestinal epithe-
lium, we constructed thymidine labelling dis-
tribution profiles of the duodenum and ileum
for each animal. In the duodenum of control or
vehicle treated animals a total of 29-30% of
the crypt cells were labelled with the isotope
(crypt labelling index), Table III. In both
groups, the thymidine labelling indices were

low in the basal cell positions (cell position
1-4). From cell position 5-16, however,
labelling indices increased, reaching a maximal
labelling of approximately 60% for control and
vehicle treated animals (Table III and Fig 3
(A) and (B)). After cell position 16, prolifera-
tive indices declined to reach half maximum
labelling at cell position 20 and from cell posi-
tion 29-35 in the crypt column, no labelled
cells were apparent (Fig 3 (A) and (B)). Thus
the maturation compartment of the crypt was

identified from cell position 29 upwards. The
IL crypt growth fraction for the vehicle and

untreated control rats was calculated at
approximately 60%.

In the duodenum of the LR3IGF-I treated
animals, the crypt cell labelling index was
significantly increased (32.7%) compared with
the control groups (29-30%), Table III. As for
the control and vehicle groups, low prolifera-
tive indices were evident in the first few cell
positions, however, increased crypt cell
labelling was reflected in an increased
maximum labelling, calculated at 66%, at cell
positions 5-16 (Table III and Fig 3 (D)).
Furthermore, the number of thymidine
labelled cells up to cell position 19 was also
significantly greater in LR3IGF-I treated rats
compared with either vehicle or untreated
control rats (Table III). After cell position 16,
the per cent thymidine labelling declined more
slowly than in the vehicle or control group, so
that half maximum labelling was not reached

(C) until cell position 24. Thymidine labelling was
Ifor three detectable up to cell position 36 in this group,
vith showing that the maturation compartment
(n=5, (cell position 36-42) was shifted upwards, in
ame dose proportion with the increase in the crypts
d). compartment. This shows that LR3IGF-I

administration for three days led to a signifi-
ie duo- cant increase in the number of crypt cells,
+ 13%), associated with an increase in the proportion of
(Table cells labelled, in particular in the lower and

s group mid-crypt region (up to cell position 19) and
rease in an increase in maximal labelling. Most import-
(Table antly, however, LR3IGF-I also increased the

ial cell cell position of half maximum labelling in
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TABLE II Histological parameters in the duodenum, ileum, and colon offemale rats treated
for three days with or without 2.5 mg/kg/day ofIGF-I or LR3IGF-I

Treatment group

Histological parameter Control Vehicle IGF-I LR3IGF-I

Duodenum
Crypt depth (pm) 260 (7) 255 (5) 257 (5) 293 (14)*t
Crypt column count (no of cells) 34-1 (1-1) 35-1 (0.2) 33-7 (0.5) 41-7 (0.9)t§
Crypt row count (no of cells) 19-3 (0.3) 20-0 (0.3) 19-8 (0.3) 21-8 (0.5)t§
Crypt population (no of cells) 656 (14) 702 (13) 668 (9) 910 (22)t§

Ileum
Crypt depth (pm) 190 (8) 203 (7) 192 (5) 231 (4)t§
Crypt column count (no of cells) 29-4 (0.4) 29-2 (0.6) 29-3 (0.6) 33-5 (0-8)t§
Crypt row count (no of cells) 20-3 (0.4) 20-0 (0.1) 20-1 (0.3) 21-6 (0.4)t§
Crypt population (no of cells) 596 (16) 582 (11) 588 (16) 723 (26)t§

Proximal colon
Crypt depth (,um) 191 (1 0) 171 (5) 173 (6) 198 (9)*
Crypt column count (no of cells) 25-6 (1.9) 22-4 (0.7) 25-1(0-7) 28-5 (0.6)t

Values are expressed as means (SEM). Statistically significant difference from the vehicle group
is indicated by *:p<0.05 and t:p<0 01. Difference from the control group is indicated by
t:p<0 05 and §:p<0-01. n=6 Animals per group except for the control group where n=5.

proportion to the total number of crypt cells and
hence, the crypt growth fraction remained at
approximately 60%, Table III and Fig 3 (D).
The labelling distribution profiles in IGF-I

treated rats also showed an increase in the
overall crypt cell labelling index, which was
virtually identical to that in LR3IGF-I treated
rats (Table III). In this group, the number of
cells labelled with tritiated thymidine in basal
and mid-crypt enterocytes (up to cell position
19) was also significantly increased (Table III),
so that maximum thymidine labelling (66.7%)
was reached within cell positions 5-16.
Consequently, thymidine labelling in the lower
and mid-crypt region in IGF-I treated animals
was increased by 9% and 14% compared with
vehicle treated or control rats, respectively.
However, this failed to achieve statistical sig-
nificance (p<0 067) (Table III and Fig 3 (C)).
In contrast with the LR3IGF-I group, nuclear
labelling declined more rapidly after cell posi-
tion 16 (similar to the vehicle and control
group) so that half maximum labelling was
reached at cell position 20 in IGF-I treated
rats, which was virtually identical to control
values (Table III and Fig 3 (C)). As the total
number of cells per crypt column was not
changed in this group, the overall crypt growth
fraction was maintained at 58% and compar-
able with the crypt growth fraction of the con-
trol groups (Table III). Thus, the mechanism
by which IGF-I induced epithelial proliferation
in this short-term administration protocol

differed from that of the LR3IGF-I group.
Despite the considerable increase in the pro-
liferative pool, short-term IGF-I adminis-
tration did not increase the cellularity of the
crypt. Increased crypt labelling was therefore
achieved by increasing the proportion of
proliferative cells in lower and mid-crypt posi-
tions as shown by the increase in maximal
labelling rather than a recruitment of prolifera-
tive cells in higher cell positions, as seen in the
LR3IGF-I group.

In the ileum, the overall crypt labelling index
was lower than in the duodenum (Table III).
This was reflected by lower thymidine labelling
indices in the basal positions as well as a lower
maximal labelling. On the other hand, the
position of halfmaximum labelling was similar
in the two intestinal regions (Table III). As for
the duodenum, LR3IGF-I treated animals
showed an increased number of proliferative
cells in higher cell positions (as shown by the
upward shift in the 1/2 maximum labelling),
while IGF-I treatment seemed to increase the
proportion of proliferative enterocytes in the
mid-crypt cell positions (Table III), reaching a
maximum thymidine labelling index of 60%
compared with 54-57%/o in the control groups
(Table III). This led to a non-significant
(p<0 08) increase in the crypt growth fraction
in this group (Table III).

Finally, the mitogenic response of the
colonic mucosa to IGF-I peptides was assessed
in tissue segments from the proximal colon.
Although, similar changes in wet tissue weight
in LR3IGF-I treated rats were seen for the
small and large intestine, thymidine labelling
indices were not increased by IGF-I peptides
(Table IV). Nevertheless, in LR3IGF-I treated
rats, an average of 3-7 cells per crypt were
labelled compared with 2.9 cells/crypt in
vehicle or untreated control rats (Table IV).
Although, statistical significance was not
reached, it is possible that IGF-I peptides
effects in the colon have been disguised by the
inherent low proliferative activity of the colon.
In this study, thymidine labelling indices were
11-13% for all groups with no statistical dif-
ference between treatment groups. The site at
which histological samples for the colon were
taken show a great deal of heterogeneity in
crypt morphology. For example, the proximal

TABLE III Proliferative parameters in the duodenum and ileum of rats treatedfor three days with 2.5 mg/kg/day ofIGF-I
or LR3IGF-I as compared with vehicle and untreated control rats

Treatment group

Proliferative parameter Control Vehicle IGF-I LR3IGF-I

Duodenum
Crypt labelling index (%) 29-9 (1-4) 29-1 (0.6) 33-3 (0.7)t§ 32-7 (0o7)**
Maximal labelling (%) 58-3 (2.9) 61-1 (2.2) 66-7 (1.9) 65-6 (2.0)
Labelling up to cell position 19 (no of cells) 7-12 (0.38) 7-32 (0.09) 8-45 (0.07)*§ 8-34 (0-21)*§
Cell position at l/2 maximum labelling 19-6 (0.6) 20-1 (0.5) 20-0 (0.9) 24-3 (0.8)*§
Crypt growth fraction(%) 59.0 (0-7) 57-4 (1-3) 58-5 (2-1) 58-4 (1.9)

Ileum
Crypt labelling index (%) 262 (0.7) 26-0 (0.6) 29-2 (0.6)t- 29-4 (0.6)t§
Maximal labelling (/o) 56-7 (3.5) 54-6 (1-5) 60-0 (2.0) 55-2 (2-1)
Labelling up to cell position 19 (no of cells) 6-88 (0.08) 6-92 (0.02) 7-33 (0.06)t* 7-58 (0.13)tt
Cell position at 1/2 maximum labelling 19-3 (0.6) 18-7 (0.9) 20-0 (0.3) 23-3 (0.7)t§
Crypt growth fraction (/o) 66-3 (2.4) 64-2 (1-6) 69-5 (0.5) 69-5 (1-6)

Values are expressed as means (SEM). Statistically significant difference from the vehicle group is indicated by *:p<0.05 and
t:p<0 01. Differences from the untreated control rats are indicated by *:p<005 and §:p<0-01. n=6 Animals per group except
for control group where n=5. The crypt labelling indices represent the proportion of tritiated thymidine labelled cells per crypt
column and was calculated from 30 full length open crypt columns for each animal. Maximal labelling occurred in enterocytes in
mid-crypt cell positions and was calculated from the top three thymidine labelled enterocytes within cell positions 5-16.
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Figure 3: Tritiated
thymidine labelling
distribution profiles in tissue
sections from the duodenum
in untreated control rats
(A), rats treated with
vehicle (B) or rats treated
with 2-5 mg/kg/day of
either IGF-I (C) or
LR3IGF-I (D). All values
are represented as means
(SEM) of 6 rats/group
(n= 5, control and IGF-I).
Sections from one animal in
the IGF-I group were
excluded because of very
weak incorporation of the
isotope. For all animals the
mean tritiated labelling
index (%) was calculated
from 30 full-length open
crypts. Maximal labelling
(%) represents the average
percentage of labelling in
the top three labelled
enterocytes within cell
position 5-16. The crypt
growth fraction was
calculatedfor each animal
individually as the cell
position of half maximum
labelling divided by the
total number of cells per
crypt column. The crypt
growth fraction was
calculated as the cell
position of 1/2 maximum
labelling divided by the
total number of cells per
crypt column.
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colon contains mucosal rugae and the crypts at
the apex of mucosal folds are longer than the
crypts at the base of the crypts. Consequently,
the colonic crypt cell population could not be
established because serial cut sections of longi-
tudinal embedded material does not provide a
uniform display of crypts suitable for circum-
ferential crypt row counts in this region.
Because of the low proliferative activity in the
colon, labelling distribution curves were also
not established for this region.

Discussion
We have previously shown that longterm
infusion of IGF-I and in particular LR3IGF-I

TABLE IV Proliferative parameters in the colon of rats treatedfor three days with
2.5 mg/kg/day ofIGF-I or LR3IGF-I, compared with vehicle infused or untreated control
rats

Treatment group

Proliferative parameter Control Vehicle IGF-I LR3IGF-I

Colon
No of cells/crypt column 25-6 (1-8) 22-4 (0.7) 25-1 (0.7) 28-5 (0O6)*t
No of cells labelled/crypt column 2-9 (0.3) 2-9 (0.2) 2-9 (0.2) 3-7 (0.2)
Crypt labelling index (%) 11-6 (1-6) 13-1 (0.6) 11-8 (0.8) 12-8 (0.9)

Values are expressed as means (SEM). Statistically significant difference from the vehicle group
is indicated by *:p<0.05. Differences from the untreated control rats are indicated by t:p<005.
n= 6 Animals per group except for IGF-I and control group where n= 5. The crypt labelling
indices represent the proportion of tritiated thymidine labelled cells per crypt column and was
calculated from 30 full length open colonic crypts of the proximal colon.

significantly enhanced mucosal growth in
normal female rats.9 Treatment with either
peptide resulted in a crypt hyperplasia with
proportional increments in the percentage of
cells labelled with PCNA, indicating that after
14 days of treatment with IGF-I peptides a
new balance between crypt cell production and
cell loss had been established. In this study, we
have clearly shown that administration of
IGF-I or LR3IGF-I for three days to adult
female rats elicits early proliferative events that
lead to the massive increase in mucosal mass
seen in the longterm infusion study. Moreover,
comparing the total gut weight (wet tissue
weight) of the rats treated for three days with
2.5 mg/kg/day of LR3IGF-I with the total gut
weight of rats treated for 14 days with the same
peptide dose shows that 44% of the weight
gain has occurred during the three day treat-
ment period. In agreement with our findings,
Olanrewaju et al,12 have shown that infusion of
10 nM of hrIGF-I for three days into the ileal
lumen of adult male Sprague-Dawley rats
significantly increased mucosal mass (wet
tissue weight) and the mucosal cellularity (as
measured by DNA, RNA, and protein content
of tissue homogenates). In addition, IGF-I
administration effectively induced the growth
related enzyme ornithine decarboxylase.12
The mitogenic properties of IGF-I to
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IGF stimulated intestinal proliferation

stimulate proliferation of intestinal epithelial
cells has been well demonstrated in a number
of in vitro studies. IGF-I is a potent mitogen
for human fetal small intestinal cells.13
Administration of IGF-I to IEC-6 cells, a cell
line derived from rat jejunal crypts, stimulate
DNA and protein synthesis. Likewise, IGF-I
stimulates cellular proliferation in RIE-1 cells,
an epithelial cell line derived from rat small
intestine.14 The tritiated thymidine uptake by
canine fundic epithelial cells is also stimulated
by IGF-I administration although EGF and
insulin are also able to elicit a mitogenic
response in these cells, much higher concentra-
tion of these growth factors are needed to
achieve an equivalent effect.'5 In this study,
administration of IGF-I and LR3IGF-I for a
three day period stimulated the thymidine
incorporation into crypt epithelial cells in vivo,
supporting that in the adult rat, IGF-I peptides
are important intestinal mitogens.
From the thymidine labelling distribution

profiles in the control groups, it was evident
that maximal thymidine incorporation was
greatest in the mid-crypt region (cell position
5-16), which represents the zone of greatest
cell production. As shown by Wright,'6 this is
the 'proliferative compartment proper' and the
labelling index obtained in this region in our
study compares well to the theoretical labelling
index of 60%. After treatment with IGF-I, an
increase in the number of proliferative cells in
lower and mid-crypt cells positions showed
that more cells in this region of the crypt had
entered the cell cycle, leading to the observed
increase in the thymidine labelling index in this
group. In addition, the maximum labelling was
also increased, which shows that more cells in
the proliferative compartment proper were
cycling. The most probable mechanism by
which such a rapid increase in proliferative
activity may have been achieved is a reduction
in the cell cycle in enterocytes in basal cell
positions. Cell cycle times in basal cell
positions, as measured by fraction labelled
mitosis, stathmokinetic or continuous labelling
methods, are prolonged compared with cell
cycle times of enterocytes in the upper crypt
region,'7 so that a fractional decrease in the cell
cycle time in basal positions would greatly
increase the total proliferative pool within the
crypt.
The most interesting finding of this study

was the fact that although both IGF peptides
significantly increased the thymidine incorpor-
ation into the crypt enterocytes, increased
proliferative activity associated with an
increase in the size of the crypt compartment
was only seen in the LR3IGF-I treated animals.
Although we cannot exclude the possibility
that the mechanism by which the two peptides
induce proliferative events differs, it is highly
likely that the proliferative responses seen in
animals treated with LR3IGF-I represent a
more 'advanced' stage of intestinal prolifera-
tion compared with the IGF-I treated rats.
This is supported by the fact that in rats treated
for 14 days with either IGF-I or LR3IGF-I a
considerable increase in size of the crypt
compartment was seen, for both groups. This

suggests that although both peptides initiate
increased thymidine incorporation after three
days, in LR3IGF-I treated animals this has
been already translated into an increase in
crypt size, which in IGF-I treated animals
occurs some time later. Thus, the proliferative
effect seen in the rats infused with IGF-I
should be detectable after administration of
LR3IGF-I for only one or two days.

Another point of interest was the finding
that administration of LR3IGF-I resulted in a
greater proportion of cycling cells in upper
crypt cell positions, showing that migrating
enterocytes had retained their proliferative
capacities and had not entered the maturation
compartment of the crypt. Moreover, it seems
that in LR3IGF-I treated animals the prolifera-
tive response was approaching the new steady
state equilibrium between cell production and
cell loss that was seen in the rats treated for 14
days with IGF-I peptides. This may have been
achieved by a change in enterocyte transit
time.
The accelerated proliferative effects of

LR3IGF-I may have been the result of several
interacting factors. LR3IGF-I has a severalfold
lower affinity towards IGFBP-3, IGFBP-4,
total rat plasma, and L6 myoblast binding
proteins.'8 Despite the reduced affinity to
binding proteins, however, LR3IGF-I has
shown a substantially greater bioactivity than
IGF-I in several functional assays associated
with growth in L6 myoblasts and H35
hepatoma cells.1i This increased potency is
seen despite the fact that the analogue binds
with approximately fourfold lower affinity to
the type 1 receptor.'0 It is possible that
infusion of 2.5 mg/lkg/day of LR3IGF-I may
have increased the free IGF pool in plasma to a
greater extent than infusion of the IGF-I. This
would lead to a greater amount of IGF mole-
cules free to interact with their respective
receptors stimulating intestinal mitogenesis
through signal transduction pathways, thus in
LR3IGF-I treated animals proliferative events
may have induced more rapidly than in IGF-I
treated rats.

Another contributing factor is the fact that
LR3IGF-I is also cleared more rapidly from the
circulation.19 For example, the metabolic
clearance rate for LR3IGF-I is approximately
1 1-fold higher than for IGF-I in adult female
Sprague-Dawley rats. 19 In addition, location of
radiolabelled IGF-I or LR3IGF-I in visceral
organs and tissues differs between the two
peptides.i9 The increased potency seen with
LR3IGF-I may also.result from reduced inter-
action of the analogue with locally produced
binding proteins. Most probably, a com-
bination of complex interactions between the
IGF-I ligand, endogenous IGF binding
proteins present in the serum and tissues,
clearance rates, and tissue distribution and the
availability of the analogue to the IGF receptor
determined the rapid mitogenic response.

Direct action of IGF-I peptides on the
gastrointestinal tract is supported by the
localisation of IGF receptors along the entire
length of the rat intestine.20-24 Similarly, a
single class ofhigh affinity IGF-I receptors have
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been localised to the muscular and mucosal
layer of the gastrointestinal tract in rabbits25
and both type 1 and type 2 receptors are pre-
sent in the porcine small intestine.4 As shown
by membrane receptor binding studies in the
rat, 1251-IGF-I binding to IGF-I receptors was
fourfold higher in proliferative crypt cells than
in villus cells and IGF-I receptor densities are
greater in the lamia propria than in the surface
epithelium in adult rat intestine.23 This shows
that the mitogenic properties of IGF-I peptides
are more probably mediated by a direct interac-
tion of the IGF-I ligand with the cell surface
receptor. Indirect action of IGF peptides on
gastrointestinal tissues can, however, not be
dismissed and additional and synergistic inter-
actions of IGF-I and other growth factors have
been reported.'3 26

In agreement with previous studies,89 the
proximal small intestine was identified as the
most responsive region despite the fact that in
the rat, binding of 1251-IGF-I is lower in cryo-
stat sections of the proximal small intestine
compared with the distal small intestine or the
colon.20 23 In this study, administration of
LR3IGF-I increased the wet tissue weight ofthe
colon to a similar extent to that of the small
intestine, yet an increase in thymidine labelling
was not seen. The proliferative effect of IGF-I
peptides may have been somewhat disguised by
the inherent low proliferative activity of the
colon. In the colon, variation in crypt
morphology, in particular in the proximal
colon, lead to a great deal of heterogeneity in
morphometric and cell kinetic parameters. For
example, in the rat, colonic crypts become
longer and more slender with distance away
from the ileocaecal junction. Furthermore,
mucosal rugae are prominent in the proximal
colon but not in the distal colon and crypts at
the apex of the mucosal folds are longer than
the crypts at the base of the folds (reviewed by
Wright and Alison, ref 16). Thus, to estimate
more accurately the proliferative response of
IGF-I peptides on the colonic mucosa, direct
measurements of cell cycle time or the crypt cell
production rates, or both, need to be taken.

In summary, this study has shown that
administration ofLR3IGF-I for only three days
strongly stimulated intestinal proliferation in
normal adult rats. LR3IGF-I but not IGF-I
increased the wet tissue weight of intestinal
components independent of food intake. In
this group, the crypt length and crypt cell
number were increased in the duodenum and
ileum. Although thymidine labelling indices
were increased for both peptides, no change in
the crypt length and crypt cell population
was seen for IGF-I treated rats, suggesting
that LR3IGF-I is not only more potent in
stimulating intestinal proliferation but induces
mitogenesis more rapidly.
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