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ABSTRACT The somatomedin hypothesis proposed that
insulin-like growth factor I (IGF-I) was a hepatically derived
circulating mediator of growth hormone and is a crucial factor
for postnatal growth and development. To reassess this hy-
pothesis, we have used the CreyloxP recombination system to
delete the igf1 gene exclusively in the liver. igf1 gene deletion
in the liver abrogated expression of igf1 mRNA and caused a
dramatic reduction in circulating IGF-I levels. However,
growth as determined by body weight, body length, and
femoral length did not differ from wild-type littermates.
Although our model proves that hepatic IGF-I is indeed the
major contributor to circulating IGF-I levels in mice it
challenges the concept that circulating IGF-I is crucial for
normal postnatal growth. Rather, our model provides direct
evidence for the importance of the autocrineyparacrine role of
IGF-I.

The insulin-like growth factors (IGFs) are members of the
larger family of insulin-related peptides, which include insulin,
IGF-I, and IGF-II, and are one of the most well-characterized
families of growth factors (1). In the circulation the IGFs are
predominantly bound to binding proteins (IGFBPs), of which
six have been well characterized (2). The IGFBPs prolong the
half-life of the IGFs and play a role in delivering them to the
target tissues, where they are capable of modulating IGF’s
biological response. At the target tissue the major receptor
mediating the effects of both IGF-I and IGF-II is the type I
IGF receptor, a transmembrane tyrosine kinase receptor. In
contrast to the related insulin receptor, which affects both
metabolic and mitogenic responses of the tissue, the IGF-I
receptor primarily is responsible for mediating the mitogenic
responses of the cell (3).

Both IGF-I and IGF-II play essential roles in growth and
development, as demonstrated by null mutation experiments
(4–6). IGF-I-null mice are growth retarded, and most die after
birth. Those that survive are severely growth retarded, have
developmental defects in brain, muscle, bone, and lung, and
are infertile. These findings confirmed the importance of
IGF-I in prenatal and postnatal growth and development.
IGF-II-null mice, on the other hand, were born small [60% of
the size of their wild-type (WT) littermates] yet grew normally
postnatally, suggesting that IGF-II is primarily responsible for
intra-uterine growth. Inactivation of the IGF-I receptor by
gene targeting results in peri-natal lethality caused by respi-
ratory failure (4). These mice are also more severely growth
retarded, being only 45% of normal birth weight because of the
loss of both IGF-I and IGF-II action.

There appears to be strong evidence for both endocrine and
autocrineyparacrine roles for IGF-I in stimulating growth and

development of most tissues. Many, if not most, cells in culture
express the IGF-I receptor and respond to IGF-I at physio-
logical concentrations (3). Because all tissues express IGF-I as
well as its receptor, these findings support the concept that, in
vivo, tissues also respond to this locally produced IGF-I in an
autocrineyparacrine manner. Further support has been found
from animal models where the response of the various organs
is not always determined by the circulating IGF-I levels.
D’Ercole et al. (7, 8) noted that IGF-I was detectable in
multiple fetal mouse tissues, and that growth hormone (GH)
treatment of hypophysectomized rats increased the peptide
levels in many other nonhepatic tissues. Although these effects
of GH on tissue levels of IGF-I initially were considered to be
the result of changes in circulating IGF-I, Isaksson and col-
leagues (9) raised the possibility of local autocrineyparacrine
production and function of IGF-I. When injected directly into
the proximal tibial epiphysis of hypophysectomized rats, both
GH and IGF-I stimulated growth, and growth plate igf1
mRNA was stimulated by GH (10).

The goal of the present study was to assess the importance
of endocrine vs. autocrineyparacrine roles of IGF-I in growth
and development. Because the liver is believed to be the major
contributor to circulating endocrine IGF-I, we set out to delete
the IGF-I gene specifically in the liver. For this purpose we
used the CreyloxP system (11, 12) whereby mice with loxP-
f lanked igf1 gene were mated with albumin-Cre transgenic
mice expressing the Cre recombinase exclusively in the liver.
This technique enabled us to produce mice with total deletion
of the igf1 gene in a liver-specific manner, resulting in abro-
gation of liver igf1 mRNA and a significant reduction in serum
IGF-I peptide levels. However growth and development of the
liver-specific igf1 gene-deleted animals were normal, suggest-
ing that autocrineyparacrine IGF-I can support normal post-
natal growth and development.

MATERIALS AND METHODS

Transgene Construction. To express the cre transgene in
liver the 2.7-kb XhoI–HindIII DNA fragment of the plasmid
pBS185 containing the cre-coding region together with the
MT-I (A)n poly(A) tail (12) was inserted downstream to the
XhoI–HincII site of pGEMAlbSVPA (13–16) vector contain-
ing the albumin enhancer-promoter sequence. The correct
sequence of the albumin-cre transgene in the expression vector
was verified by sequencing.

Transgenic Mouse Production. The 8.5-kb linearized DNA
containing the albumin enhancer-promoter sequence and the
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albumin-cre transgene was obtained by ApaI digestion of the
transgene construct and purified from agarose gel. The trans-
genic founders were produced by pronuclear injection of the
linearized DNA into FVByN zygotes. The albumin-cre
founders were backcrossed onto the FVByN background for
production of transgenic offspring. Characterization of the
transgene lines was done by calculating the percentage dele-
tion of the loxP-f lanked igf1 allele in liver as well as in other
tissues.

Transgenic Mice Intercrossing Strategy. The albumin-cre
transgenic mice were crossed with mice homozygotic for igf1
f lanked by loxP sites (LyL) (17) to obtain heterozygous mice
carrying one WT allele and one allele of the igf1 gene flanked
by loxP sites (WyL). This cross yielded WyL animals that were
cre positive (WyL1). The WyL1 mice were crossed with LyL
animals to obtain LyL2 and LyL1 or with hemizygote mice
that have one allele of the igf1 gene flanked by loxP sites and
one null allele (NyL) (17) to obtain NyL2 and NyL1 mice.

All manipulations were approved by the Animal Care and
Use Committee of the National Institute of Diabetes and
Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, MD.

Genotyping of Transgenic Mice. The genotypes of all of the
offspring were analyzed by Southern blot analysis using tail
DNA (17). DNA was digested overnight by using BamHI or
HindIII and hybridized with the riboprobes p59-cre or pSP-3
(Fig. 1) (17).

The deletion index [(intensity of the band representing the
deleted alleleyintensity of the band representing the loxP-
f lanked allele plus the intensity of the band representing the
deleted allele) 3 100] was calculated in different tissues by
using BamHI DNA digest and pSP-3 riboprobe.

Solution HybridizationyRNase Protection Assay. Tissues
were homogenized with a polytron homogenizer (Brinkmann)
in RNazol B reagent (Tel-Test, Friendswood, TX), and total
RNA was isolated according to the manufacturer’s instruction.
Total RNA (50 mg) was hybridized with 32P-labeled pMI4
riboprobe and 18S rRNA (Ambion, Austin, TX) overnight at
45°C. RNase protection assays were carried out as described
(18), and protected bands were denatured, separated on 8%
polyacrylamide gel, and exposed to X-Omat AR film over-
night. The protected bands corresponding to igf1 mRNA and
18S rRNA were analyzed by the PhosphorImager 400E (Agfa).

Serum IGF-I and GH Concentration. Serum concentration
of IGF-1 was determined by using an RIA kit based on
acid-ethanol extraction (rat IGF-1 DSL-2900, Diagnostic Sys-
tems Laboratories, Webster, TX) according to the manufac-
turer’s instructions. Serum concentration of GH in single mice
samples was determined by using an RIA kit (rat growth
hormone assay system, Amersham Life Science). Sera also
were analyzed by HPLC by using a Protein-Pak 125 (10 mm)
7.8- 3 300-mm column and a mobile phase containing 0.2 m
acetic acidy0.1 m trimethylamine (pH 2-3).

Growth and Development. The growth rate of mice was
determined by measuring the body weight from 1 to 6 weeks
after birth. Developmental parameters such as body length
(nose to anus), bone length (femur acetabulum to trochanter),
and tissue wet weight were measured at 6 weeks. Animals were
grouped according to their genotypes as determined by South-
ern blot analysis.

Statistical Analysis. Statistical analysis was performed by
using t test. Values shown are mean 6 SD. For growth curves,
significance was determined at a P value of , 0.01 because of
the size of the groups separated by gender.

FIG. 1. Plasmid constructs. (A) Schematic representation of the albumin-cre construct for production of liver-specific Cre-expressing transgenic
mice. p59cre, the probe used to detect cre positive mice after genomic DNA digestion with BamHI (B) as described (17). MT-1pA, metallothionein
poly(A) tail; SV40pA, polyadenylation signal. (B) Schematic representation of the igf1 exon 4 (ex4) locus in the WT allele (W), null (N), and the
loxP-f lanked allele (L). pSP3, the probe used to detect different igf1 genotypes after DNA digestion with HindIII (H) as described (17); pMI-4,
the cDNA probe used to detect igf1 mRNA.
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RESULTS

Generation and Characterization of Albumin-cre Trans-
genic Mice. For production of the liver-specific cre transgenic
animals we chose the albumin enhancerypromoter combina-
tion (Fig. 1A), which is uniquely expressed in hepatocytes (13,
14). The albumin promoter is expressed in liver at low levels
in fetal development (day 19) with promoter activity increasing
gradually until adult levels are reached at 1–2 weeks postna-
tally (19–21). We produced a total of seven independent lines
of albumin-cre transgenic mice by pronuclear injection of the
linearized cre DNA construct (Fig. 1A). Southern blot analysis
of tail DNA from the offspring of these founders indicated that
all of them transmitted up to 20 copies of the albumin-cre gene
(data not shown). To evaluate the efficiency of Cre-mediated
recombination each albumin-cre founder line was crossed with
mice homozygous for the loxP-f lanked allele of exon 4 of the
igf1 gene (LyL) (Fig. 1B) (17). Genomic DNA from various
organs of albumin-cre transgenicyloxP-f lanked igf1 mice (Wy
L1) was analyzed by Southern blot to determine the percent-
age deletion of the loxP-f lanked igf1 allele. The liver-restricted
expression of Cre with a deletion index of 100 6 7.9% (mean 6
SEM) was found in one line (Fig. 2), and this albumin-cre
mouse line therefore was used for subsequent experiments.
The loxP-f lanked igf1 gene deletion in the Cre-positive mice
was detectable as early as 10 days after birth (data not shown).
In an attempt to obtain more dramatic reductions in liver
IGF-I production we also crossed the cre-transgenic animals
with hemizygous mice that have only one copy of the loxP-
f lanked igf1 gene and a null allele (NyL) (Fig. 1B) (4).

Liver IGF-I Expression in Albumin-cre Transgenic igf1yloxP
Mice. The heterozygous WTyloxP-f lanked igf1 animals carry-
ing the cre transgene (WyL1) were backcrossed with LyL mice
to generate LyL2 and LyL1 animals or with hemizygous mice
(NyL) to generate NyL2 and NyL1 mice. IGF-I expression in
liver as well as in other tissues was studied in 3-, 4-, and
6-week-old mice by using RNase protection assay with the
pMI-4 cDNA probe corresponding to exon 4 of this growth
factor. In the presence of Cre recombinase there was abroga-
tion of igf1 mRNA in liver of 3-, 4-, and 6-week-old mice that
are hemizygous (NyL1) or homozygous (LyL1) for the
loxP-f lanked igf1 allele, respectively, compared with the same
genotypes lacking the Cre enzyme (Fig. 3A Top; Fig. 3B shows
representative data from 6-week-old mice only). Liver DNA

analysis demonstrated that the appearance of the igf1-
truncated allele directly correlates the reduction in hepatic igf1
mRNA expression (Fig. 3A, Bottom). However, IGF-I expres-
sion in other tissues including fat, muscle, kidney, spleen, and
heart was not affected (Fig. 3 C and D). There seemed to be
a modest increase in splenic and fat IGF-I gene expression,
which could be reflective of a compensatory effect, but this
increase was not significant.

Serum IGF-I and GH Levels in Albumin-cre Transgenic
igf1yloxP Mice. Serum concentrations of IGF-I are low in the
fetal and early postnatal periods compared with adult levels,
increasing markedly during puberty (1). It is believed that the
adult liver, which exhibits a several order of magnitude higher
level of postnatal igf1 gene expression than any other tissue, is
the source for circulating IGF-I (22–25). Sera of 6-week-old
mice were examined for the presence of immunoreactive IGF-I
(Table 1). Measurement of circulating IGF-I concentrations by
RIA indicated that the serum IGF-I levels were markedly
reduced in the liver-specific knockout (KO) mice (LyL1 299 6
98 ngyml and NyL1 295 6 76 ngyml) as compared with WT
littermates (901 6 71 ngyml) and to the same genotype lacking
the Cre enzyme (LyL2 660 6 187 ngyml and NyL2 523 6 173
ngyml). The sensitivity, or minimum detection limit, of the
assay is 150 ngyml. Serum IGF-I levels analyzed by HPLC
showed that normal mice have 260 ng/ml of the peptide
compared to 60 ng/ml in the conditional KO. This reduction in
IGF-I levels is by 75%. The low, but detectable, levels of serum
IGF-I seen in the liver-specific KO mice most likely are caused
by the contribution of extra-hepatic tissues to circulating
IGF-I. Therefore, our mouse model shows directly that the
liver is the major contributor to circulating IGF-I. However,
nonhepatic tissues also may contribute to the circulating IGF-I
levels, which provide an integrated index of IGF-I production
throughout the body. IGF-I levels at 26 days of age also were
reduced ('50%) in igf1 gene-deleted animals (data not
shown), demonstrating that this effect was detectable at the
early stages of peri-pubertal growth spurt. It is well established
that the neuroendocrine regulation of GH secretion involves
two factors: a stimulator, which is the hypothalamic GH-
releasing-hormone, and an inhibitor, which is the serum IGF-I.
Because there are low levels of serum IGF-I in the liver-
specific IGF-I-KO mice we expected to see elevated amounts
of serum GH caused by the lack of IGF-I-mediated inhibition
of GH secretion. Indeed, measurement of circulating GH
concentrations from single samples in individual mice by RIA
indicated that the serum GH levels were markedly increased
in the liver-specific KO mice (2.8 6 0.5 ngyml in the LyL2
mice vs. 17.8 6 11 ngyml in the LyL1 mice P 5 0.01). IGF-I
gene expression in nonhepatic tissues is also GH dependent.
However, previous studies have shown that to demonstrate this
GH effect hypophysectomized animals with reduced IGF-I
gene expression are required. Therefore, not surprisingly in the
present study no increase in the IGF-I gene expression in
nonhepatic tissues was seen despite the significantly elevated
GH levels.

Postnatal Growth of Mice Exhibiting Liver-Specific Dele-
tion of igf1. Total body weight and body length (nose to anus)
are used as phenotypic criteria for growth and are considered
to reflect proliferative events during organogenesis and de-
velopment (26, 27). We studied the growth of the albumin-cre
transgenicyloxP-f lanked igf1 mice (LyL2 vs. LyL1 and NyL2
vs. NyL1) by measuring the following parameters: tissue wet
weight, body length, and bone (femur) length as well as total
body weight (Table 2). Liver, spleen, kidney, and heart were
chosen as representative organs, and their wet weights were
similar between groups (Table 1). Moreover, igf1 mRNA levels
in kidney, fat, muscle, spleen, and heart of the liver-specific igf1
gene-deleted mice were similar to the control mice (Fig. 3 C
and D). Body length measured as the distance between nose to
anus was similar among the groups, regardless of Cre recom-

FIG. 2. Liver-restricted Cre-mediated recombination. Mice carry-
ing the albumin-cre transgene were crossed with homozygous mice
carrying loxP-f lanked igf1 allele (LyL). Heterozygous mice carrying
one WT (W) allele of igf1 and one loxP-f lanked allele that also were
positive for Cre recombinase (WyL1) were analyzed. Genomic DNA
was prepared from various tissues (liver, Li; heart, H; brain, B; kidney,
K; muscle, M; spleen, S; lung, Lu; fat, F) digested with HindIII and
subjected to Southern blot analysis. Detection with the pSP3 probe
shows a 6.5-kb fragment of WT allele and a 4.9-kb fragment of
loxP-f lanked allele. In the presence of Cre recombinase the pSP3
probe detects a 2.8-kb fragment of the truncated allele.
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binase expression. Additionally, femur length, measured from
acetabulum to trochanter, was also indistinguishable between
groups. Comparison of body weight of LyL2 vs. LyL1 or
NyL2 vs. NyL1 mice revealed no significant differences
during the first 6 weeks of postnatal development regardless of
Cre recombinase expression (Fig. 4). Although there was a

tendency of both sexes in the LyL1 vs. LyL2 mice to show a
deficit in body weight at 3 and 4 weeks of age this deficit in body
weight was not significant (P . 0.01). Additionally, this
tendency was not observed in the NyL1 vs. NyL2 animals.
Moreover, the growth of LyL2 vs. LyL1 and NyL2 vs. NyL1
animals was similar to their WT littermates and to hemizygous
mice carrying one WT allele of the igf1 gene, respectively (P .
0.01, data not shown). The liver-specific KO mice are viable for
at least 3–4 months. Both sexes are fertile, give rise to litters
of normal size (8–10 pups), and nurse normally for 3 weeks
(before weaning). Thus in comparison to the generalized
IGF-I-deficient mice, where severe retardation in growth rate
and organ weights was present, the effect of liver-specific
deletion of the igf1 gene had little or no effect on these
parameters.

DISCUSSION

For almost two decades the dogma has been that hepatic IGF-I
production is the major source of circulating or ‘‘endocrine’’
IGF-I and is crucial for postnatal growth and development, as
determined indirectly by the large increases in plasma IGF-I
that paralleled the growth spurts. Liver igf1 mRNA increases
between 10- and 100-fold between early postnatal days and
adulthood and is associated with the large postnatal increases
in circulating IGF-I levels. On the other hand, it has been

Table 1. Serum levels of IGF-I

Genotype
Number of

animals
IGF-I levels in
serum, ngyml

WL2 6 901 6 36
WL1 6 651 6 56*
LL2 13 660 6 187
LL1 14 299 6 98*
WN2 6 501 6 69
WN1 6 505 6 90
NL2 9 523 6 113
NL1 7 295 6 76*

All mice were littermates generated from the cross of WL1 with
NL2 animals. WL2 animals represent a normal mouse because they
have two copies of the IGF-I gene and lack the Cre recombinase. The
sensitivity, or minimum detection limit, of the assay is 150 ngyml. W
represents the wild-type, N the null, and L the loxP-f lanked allele, 6
indicate the presence or absence of Cre recombinase.
*Significantly different (P , 0.01) from its Cre control.

FIG. 3. igf1 mRNA in liver is abolished in mice expressing Cre recombinase. (A) A representative RNase protection assay (18) using the pMI-4
riboprobe shows that the level of liver igf1 mRNA is abolished in 6-week-old mice positive for Cre (1) and homozygous for the loxP-f lanked igf1
allele (LyL1) as well as hemizygous null, loxP-f lanked igf1 mice (NyL1) (Top). This reduction correlates with the liver igf1 genotype (Bottom).
(B) Quantification of liver igf1 mRNA in mice with various genotypes (LyL2, n 5 12; LyL1, n 5 15; NyL2, n 5 10; NyL1, n 5 9). (C) A
representative RNase protection assay using the pMI-4 riboprobe showing that igf1 mRNA levels in fat, muscle, kidney, heart, and spleen are not
affected by the absence of liver igf1 mRNA in homozygous mice for the loxP-f lanked igf1 allele (LyL) in the presence or absence of Cre recombinase.
(D) Quantification of fat (LyL2, n 5 6; LyL1, n 5 10), muscle (LyL2, n 5 3; LyL1, n 5 5), kidney (LyL2, n 5 5; LyL1, n 5 9), heart (LyL2,
n 5 8; LyL1, n 5 13), and spleen (LyL2, n 5 8; LyL1 n 5 14) igf1 mRNA in homozygous mice for the loxP-f lanked igf1 allele (LyL) in the presence
or absence of Cre recombinase. The protected bands corresponding to igf1 mRNA were corrected to the 18S rRNA by PhosphorImmaging (relative
arbitrary units). Statistical analysis of igf1 mRNA gene expression in different tissues was performed by using t test. Values shown are mean 6 SD.
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suggested that IGF-I production by extra-hepatic tissues plays
a role in growth and development during fetal neonatal and
pubertal stages. IGFs have specialized functions in differen-
tiated tissues, including reproductive, cardiovascular, and neu-
rologic tissues, which produce IGF-I as well as express the
IGF-I receptor. In addition, recent studies have shown that
adipose tissue expresses high levels of igf1 mRNA in a GH-
dependent manner, almost as high as that expressed by liver
(28, 29). Bone cells synthesize and secrete significant amounts
of IGF, which is regulated by both paracrine and endocrine
factors. Moreover the presence of IGF-I receptors on osteo-
blasts is strong evidence for an autocrineyparacrine role for
skeletal IGF-I production (30, 31).

To reassess the importance of the endocrine role for IGF-I,
we used a tissue-specific gene deletion strategy. The conven-
tional igf1 gene KO results in animals with severe develop-
mental defects, which preclude analysis of igf1 gene function
during postnatal stages of development. Moreover the unre-
stricted igf1 and igf1 receptor gene-deletion models made it
difficult to attribute the abnormal phenotypes to a loss of gene
function in a particular tissue. The CreyloxP system enabled us
to delete exon 4 of the igf1 gene specifically in the liver, which
resulted in abrogation of liver igf1 mRNA and a 75% reduction

in circulating levels of IGF-I in the igf1 gene-deleted animals.
Surprisingly, postnatal growth was similar, and at 6 weeks body
weight, body length, and femoral length were indistinguishable
between the groups. Organ wet weight of liver, kidney, spleen,
and heart were similar between the various groups. However,
there seemed to be liver enlargement in the conditional KO
mice, which could be secondary to the high levels of circulating
GH. Splenic wet weight decreased in the homozygous liver-
specific KO mice (LL1), most likely because of the chronically
low levels of IGF-I; however, this phenomenon was not
observed in the hemizygous liver-specific KO mice (NL1).
Kidney and heart showed a similar tendency (which was not
significant) in the homozygous liver-specific KO mice (LL1),
which was not observed in the hemizygous liver-specific KO
mice (NL1). In addition, these mice with liver igf1 gene
deletion were fertile and gave rise to litters of normal size.
Thus we can conclude from this study that hepatic IGF-I
production is a major source of circulating IGF-I peptide
levels, but is not essential for postnatal growth and develop-
ment. Other tissues such as kidney, spleen, fat, muscle, and
bone, which have a high relative mass, also may contribute to
circulating IGF-I levels; however, in the present experiments
the source of IGF-I cannot be determined. These results have

FIG. 4. Growth of mice with various genotypes was analyzed by measuring total body weight at weekly intervals. Mice were divided into two
major groups according to their gene dosage in extra-hepatic tissues: mice that have two copies (Upper) and one copy (Lower) of the igf 1 gene.
Statistical analysis done on a weekly basis showed no significant differences (P . 0.01) in both sexes during the first 6 weeks.

Table 2. Growth parameters in mice with various genotypes

Genotype
Body length

cm
Femur length

mm
Liver,

mg
Kidney,

mg
Spleen,

mg
Heart,

mg

LyL2 7.9 6 0.8 13.6 6 0.5 991 6 246 128 6 31 67 6 16* 105 6 28
LyL1 7.9 6 0.6 13.1 6 0.6 1040 6 194 103 6 31 45 6 15* 95 6 34
NyL2 7.7 6 0.6 13.3 6 0.6 693 6 132 111 6 32 46 6 5 106 6 36
NyL1 7.8 6 0.7 13.0 6 0.5 981 6 212 148 6 73 57 6 10 120 6 1

L, loxP-f lanked allele; N, null allele.
*Significantly different (P , 0.01).
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major implications on the generally accepted theory implicat-
ing liver IGF-I as the critical endocrine form of IGF-I con-
trolling postnatal and peri-pubertal growth. It previously has
been demonstrated that administration of recombinant human
IGF-I (rhIGF-I) into sex-linked dwarf mutant chickens had no
effect on growth (32). In addition, spontaneously diabetic BB
rats administered rhIGF-I did not exhibit changes in epiphy-
seal width, osteoblast surfaces, or osteocalacin concentration
(33). In ovariectomized rats administration of rhIGF-I only
partially restored femoral calcium but had no effect on osteo-
blasts or osteoclasts. However, direct administration of
rhIGF-I into the arterial supply of the right hind limb in
ambulatory rats increased trabecular bone formation and
cortical bone formation (34). These studies show that circu-
lating IGF-I may have little or no effect on growth, whereas
local production of this factor is probably responsible for the
growth-promoting properties of IGF-I. Our studies strongly
suggest that local production of IGF-I, which was not affected
by the absence of liver igf1 mRNA (Fig. 3D), is most likely
critical for postnatal growth and development and the abnor-
mal phenotypes observed in the total KO mice are the result
of a lack of the autocrineyparacrine action of IGF-I. Further
studies using these and other similar models will be required
to determine which tissues are most important for postnatal
growth and development and which tissues are contributors to
the circulating IGF-I. Furthermore, the role of circulating
IGF-I during this stage of development needs to be elucidated.

Note Added in Proof. Serum levels of IGF-I measured by using an
HPLC technique showed that IGF-I levels in 13 knockout mice were
60 6 26 ngyml compared to 260 6 33 ngyml in controls, reaffirming
that the liver is the major source of circulating IGF-I.
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