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History 

Discovery and Structural 
Characterization of the Insulin-Like 
Growth Factors (IGFs) 

The discovery of the insulin-like growth fac- 
tors arose from independent  and parallel analy- 
ses of three different factors, each responsible for 
different biological activities: 

1. The somatomedins, factors that mediate or in- 
fluence the growth-promoting activities of 
growth hormone on cartilage (Salmon and 
Daughaday, 1957; Daughaday et al., 1972) 

2. Nonsuppressible insulin-like activity (NSILA), 
factors that stimulate glucose uptake in adipose 
tissue even in the presence of antiinsulin anti- 
sera (Martin et al., 1958; Renold et al., 1960; 
Froesch et at., 1963) and 

3. Multiplication stimulating activity (MSA), fac- 
tors in serum (Pierson and Temin, 1972) or con- 
ditioned media (Dulak and Temin, 1973) that 
stimulate the proliferation of cells in culture. 

Purification of somatomedins  from human 
serum led to the identification of a neutral frac- 
tion termed somatomedin-A (Sm-A) (Hall, 1972; 
Uthne,1973) and a basic peptide termed somato- 
medin-C (SIn-C) (Van Wyk et al., 1974). An 
acidic fraction, originally termed somatomedin- 
B (Fryklund et al., 1976), later proved not to 
correspond to a somatomedino 

Analyses of NSILAs in human serum resulted 
in the first elucidation of the primary structures 
of two peptides that were termed human IGF-I 
(Rinderknecht and Humbel,  1978a) and human 
IGF-II (Rinderknecht and Humbel,  1978b). Hu- 
man IGF-I and IGF-II show substantial struc- 
tural similarity with each other and with proin- 
sulin (Fig. 1). Somatomedin-C was subsequently 
shown to be identical in structure with IGF-I 
(Klapper et al., 1983), and somatomedin-A was 
shown to represent a mixture of IGF-II and IGF- 
I (Spencer et al., 1983). 

Purification of MSAs in serum-free medium 
conditioned by the Buffalo rat liver cell line BRL- 

3A (Dulak and Temin, 1973) led to its structural 
characterization as the rat counterpart of human 
IGF-II (Marquardt et al., 1981; Nissley et al., 
1983). The different terminologies ascribed to 
the IGFs as a result of their origins in diverse 
disciplines created some confusing nomenclature 
in the literature. Recently, workers in the field 
proposed that the IGF-I and IGF-II terminology 
be adopted (Daughaday et al., 1989). 

Assays of IGF-I and IGF-II 
Biosynthesis 
A number of different radioimmunoassays 

(RIAs) have been developed for the quantifica- 
tion of IGF-I and IGF-I~. A comprehensive re- 
view of the status of IGF-I and IGF-II RIAs and 
of the immunoreactive forms detected in serum, 
body fluids, tissue extracts, cells in culture, and 
conditioned med ium appeared in the literature 
recently (Daughaday and Rotwein, 1989) and 
will not be duplicated here. A number  of 
problems in the analysis of IGF biosynthesis 
using immunological approaches are significant, 
however, in highlighting the utility of a molecular 
approach to the analyses of the IGFs in the 
nervous system. Success in development  of 
high-titer, high-affinity antibodies that exclu- 
sively measure IGF-I or IGF-II and that are useful 
across mammalian species has been limited. This 
is especially so for IGF-II (Moses et aI., 1980; Zapf 
et al., 1981; Enberg and Hall, 1984). In addition, 
high affinity binding proteins for the IGFs are 
present in serum and tissue extracts (Baxter and 
Martin, 1989). During RIA of theIGFs, therefore, 
a variety of preassay manipulations are necessary 
to remove interference from binding proteins. 
These can raise problems in comparing data 
obtained on samples subjected to different ma- 
nipulations. In vivo, the plasma concentrations 
of the IGFs are higher relative to tissue concen- 
trations, which creates difficulties in analysis of 
IGF synthesis in vivo using RIA (D'Ercole et al., 
1984). The high plasma concentrations of the 
IGFs have been attributed to prolongation of the 
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Fig. 1. Comparison of the amino acid sequences of human proinsulin, IGF-I, and IGF-II. The amino acids, in single letter 
code, are aligned to show regions of homology. Regions of homology are boxed. The peptide domains are identified by the 
letter above each group of amino adds. 

plasma half-lives of the IGFs by their association 
with plasma-binding proteins, and to the limited 
storage and rapid secretion of IGFs in cells that 
synthesize them. 

Because of the difficulties in analysis of the 
IGF immunoreactivity in tissue or cell extracts, 
most of our early information about regulation 
and sites of synthesis of the IGFs was based on 
plasma concentrations in vivo or IGF immuno- 
reactivity in media  from cultured tissue explants 
or cells. Liver was considered the primary site of 
IGF biosynthesis and the major, if not sole source 
of circulating IGFs in vivo. Increasing evidence 
pointed to nonhepatic  synthesis of the IGFs and, 
therefore, the possibility of paracrine as well as 
endocrine actions of the IGFs (D'Ercole et al. 
1984). These observations provided the impetus 
for development  of sensitive methods to assay 
IGF synthesis in nonhepatic  tissues, such as the 
nervous system. 

Introduction 

The advent  of recombinant  DNA technology 
provided an alternate strategy for analyses of 
IGF biosynthesis that could overcome the diffi- 
culties in analysis of IGF biosynthesis using 
immunological approaches.  Complementary 
DNAs (cDNAs) encoding human  insulin-like 
growth factors I and 11 (IGF-I and IGF-II) were 
isolated and sequenced in the early 1980s (Jansen 
et al., 1983; Bell et al., 1984; Dull et al., 1984). This 
and subsequent characterizations of IGF genes 
and cDNAs from other species have led to ad- 
vances in our unders tand ing  of the molecular 

mechanisms thatunder l ie  IGFbiosynthesis. The 
complexity of IGF-I and IGF-II gene and mes- 
senger RNA (mRNA) structure and expression 
is much greater than previously anticipated. 
Some basic structural information and infor- 
mation about the regulation and functional sig- 
nificance of a complex array of mRNAs and 
products that are der ived from the IGF-I and 
IGF-II genes are still lacking. This review will 
describe in detail our current  level of under- 
standing of the pa thway of IGF-I and IGF-II 
biosynthesis, and wha t  is k n o w n  about the 
regulation and sites of IGF synthesis in the ner- 
vous system and in liver, a major source of 
circulating IGFs for possible endocrine actions 
on the nervous system. 

Cloning of IGF-I and IGF-II cDNAs also has 
led to widespread availability of recombinant 
IGF-I and IGF-II for biological testing and in- 
creased unders tanding of the biological actions 
of IGF-I and IGF-II in the nervous system. Much 
of the information about IGFs in the nervous 
system is based on studies in vitro, and the 
precise in vivo roles of the IGFs are still unclear. 
Available information about  the biological ac- 
tions of the IGFs in the nervous  system will 
therefore be reviewed here with  consideration 
to possible future directions that may define 
their precise roles in the nervous  system. IGF 
receptors and binding proteins will be consid- 
ered only briefly. For a more  comprehensive 
appraisal of IGF receptors and bindings proteins, 
readers are referred to recent reviews (Baxter 
and Martin, 1989; Adamo et al., 1989a; Czech, 
1989; Clemmons, 1989; Sara and Hall, 1990; 
Humbel,  1990). 



Molecular Biology of the IGFs 

IGF-I Precursors Predicted 
from Sequencing of cDNAs 

A similar IGF-I precursor has been described 
in human, cow, pig, sheep, rat, mouse, chicken, 
xenopus, and salmon based on sequencing of 
cDNAs (Jansen, et al., 1983; Honegger and 
Humbel, 1986; Rotwein et al., 1986; Tavaklol et 
al., 1988; Francis et al., 1989: Casella et al., 1987; 
Roberts et al., 1987a; Murphy et al., 1987a; Bell et 
al., 1986; Kajimoto and Rotwein, 1989, 1990; Cao 
et al., 1989). In each of these species, the 70 amino 
acid IGF-I sequence (B,C,A, and D domains) is 
flanked by precursor sequences at both the amino 
terminus (putative signal peptide) and carboxyl 
terminus (E domain or trailer peptide) (Fig. 2). 
The structure of the IGF-I precursor is highly 
conserved across species. The highest degree of 
sequence conservation is within the sequence 
for mature IGF-I (Fig. 2). There is also a high 
degree of sequence conservation of the carboxyl- 
terminal E domains (Fig. 2). IGF-I cDNAs encod- 
ing two distinct E domain types, termed IA and 
IB, have been demonstrated in human, rat, and 
mouse, and appear to derive from alternate 
splicing of the primary IGF-I gene transcript 
(Fig. 2; see below; Rotwein et a1.,1986; Shimatsu 
and Rotwein 1987; Bell et al., 1986). The charac- 
terized salmon E domain shows structural simi- 
larity to both IA- and IB-type E domains of 
mammals (Fig. 2). 

At present, the biological relevance of the E 
domains on IGF-I precursors is not clear, but 
their conservation during evolution from lower 
vertebrates to mammals provides support for a 
biological role. To date, the pathway of post- 
translational processing and secretion of IGF-I 
precursors has not been analyzed in detail. Hu- 
man fibroblasts have, however, been shown to 
secrete an IGF-I precursor with an amino acid 
composition similar to that predicted for IGF-IB 
(Clemmons and Shaw, 1986; Clemmons, 1989). 
Antisera developed to recognize the IA-type E 

Hepler and Lund 

domain detect the pro-IGF-IA peptide in plasma 
(Powell et al., 1987). Based on these observations, 
it is tempting to speculate that the E domains 
could be important in IGF-I action at a point 
downstream from secretion, possibly in target- 
ing of IGF-I to its sites of action. Support for this 
contention derives from observations in rat that 
IGF-I mRNAs encoding IB-type E domains are 
expressed primarily in liver (Hoyt et al., 1988, 
Lowe et al., 1988), which appears to be a primary 
source of circulating IGF-L In contrast, rat IGF- 
I mRNAs encoding IA-type E domains are ex- 
pressed not only in liver, but also in nonhepatic 
tissues, including brain. Thus, IA-type IGF-I 
precursors may give rise to IGF-I that acts in a 
local, paracrine manner. Further analysis of 
biosynthesis, processing, secretion, and actions 
of different IGF-I precursor types will clearly be 
required to define the roles of the precursor E 
domain peptides. 

The amino terminal precursor sequences of 
IGF-I precursors also show some homology 
across species, although to a much lesser extent 
than other regions of the precursor (Fig. 2). The 
hydrophobicity of the amino terminal precursor 
peptides indicates that they function as signal 
peptides. The precise location of the initiator 
methionine has yet to be clearly defined in any 
species. The human IGF-I cDNA sequence pre- 
dicts potential initiator methionines at -48, -25, 
and -22 relative to the IGF-I sequence. The me- 
thionine at -48 is conserved across human, rat, 
chicken, and xenopus (Fig. 2). In vitro transla- 
tion studies using in vitro synthesized RNAs, 
transcribed from human, chicken, and xenopus 
IGF-I cDNAs, indicate that the -48 methionine 
can function as an initiator and that the 48 amino 
acid amino terminal precursor is cotransla- 
tionally removed by microsomal membranes 
(Rotwein et al., 1987; Kajimoto and Rotwein 
1989,1990). Together these data support the no- 
tion that the 48 amino acid amino terminal pre- 
cursor is a signal peptide, even though it is 
rather long compared with other signal pep- 
tides. Methionines at -25 and -22 are also con- 
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IGF-I $iQnal Peptide 

Human 
Pig 
Rat 

Mouse 
Chicken 

Xenopus 
Salmon 

I 
K I S S L  P T Q L F K C C F C D F L K V ~ H ~  S S H L  F Y L A L C L L T  F T S  S A T A  

Y - -  - U -  I T ~  . . . . . . . . . . . . .  S . . . . . . .  

. . . . . . . . . . . .  I-L . . . . .  I-I-I~- I . . . . . . . . . . . . . . . . . . . . .  

M T A P A I -  I - I l l  . . . . . . . . . . . . . . . . . . . . .  
H 

- - N - - S - - - V  . . . . . . . . . . .  ~ ] ' - - V - Y I - F - -  - G  . . . . .  L . . . .  A -  

T e - N -  s . . . . . .  z - - - I - -  L - U - ~ - c I - - L - - v - - F - - r , - . - - A -  
M- SGHLFQWHLCDV- KSAMCCISCTHT" SL- LCV- TLTSAATG - 

IGF-I Mature Peptide 

B C A D 

Human GPETLCGAELVDALQFVCGDRGFYFNKPT GYGSSSRRAPQT GIVDECCFRSCDLRRLEMYCA PLKPAKSA 

Cow ....................................................................... 

Sheep ................................................................ A .... 

Pig ....................................................................... 

Rat .................... P .............. I .............................. T--- 

Mouse ................... P ............... I ............................... T-A- 

Chicken ......................... S ........... LHHK ........ Q ............. I--P--- 

Xenopus ............ T ............ S ....... NN--SHHR ........ Q---F ......... A ...... 

Salmon ............ T ...... E ..... S ...... P .... SHNR ........ Q--E .......... V-SG-A- 

IGF-I COOH terminus (E domain) IA 

H u m a n  

P i g  

R a t  

Mouse 
Chicken 

Xenopus 
Salmon 

RSVRAQRHTDMPKTQKEVHLKNASRGSAGNKNYRM 

............. A ........ T .... S ....... 

- -I . . . . . . . . . . . . . . . . . . . .  T . . . . . . . .  T- - - 

- -I . . . . . . . . . . . . . . . . . . .  T . . . . . . . .  T- - - 

. . . . . . . . . . . . .  A . . . . . . . .  T - - - N T - - R  . . . .  

. . . . . . . . . . . . .  A . . . . .  P - - T - - - N T - S R G F - -  

. . . . . . . . . . . .  R-P--~Q--S---NT-GR . . . .  

IGF-I COOH Terminus (E Domain) IB 

Human R S V R A Q R / - I T D M P  K T Q K Y Q  P P S T N K N T K S Q R R K G W  P K T H  P G G E Q K E G T E A S  L Q I  R G  K K K E Q R R E  I G S I K N A E C R G N  K K G K  

Rat - -I ........... S- -L- - H- KR- L- - - RKGSTLEEHL 

Mouse --I ............ SPSL--N-KT-L---RKGSTFEEHK 

Fig. 2. Comparison of the amino acid sequences of |GF-I precursors in several species. Dashes indicate identical amino 
acids compared with the human IGF-I precursor. Methionine residues in the signal peptides that are conserved across 
species and represent potential intitiators are boxed. The first 16 amino acids shown for the COOH terminal E domain IA 
and IB (overlined) are residues common to IA and IB E domains. An arrow underneath the salmon IA E domain indicates 
the point where 27 amino acids were deleted to maximize homology with the IA E domains of other species. (Note that there 
is a minor degree of homology of this omitted 27 residue sequence with mammalian IB E domains) (not shown). 

served across a n u m b e r  of  species  and represent 
candidate  initiators (Fig. 2). Precise ass ignment  
of initiator m e t h i o n i n e s  for IGF-I precursors, 
however ,  awaits  ana lyses  in w h o l e  cell sys tems 
with full- length IGF-I m R N A s .  Precise assign- 
ment  of the initiator m e t h i o n i n e s  may  have  sig- 
nificance for a n u m b e r  of  reasons.  Little is 
k n o w n  about  co- and posttranslat ional  process-  
ing of IGF-I precursors.  In m o u s e  and rat, there 
are "variant" IGF-I m R N A s  that differ in 5' se- 

quence  and possibly  in the s equence  of  amino  
terminal precursor pept ides  (see below). Since 
these variant m R N A s  are expressed  in a cell and 
tissue specific fashion (Hoyt  et al. 1988, Lowe  et 
al., 1987), the amino terminal  precursor pept ide  
may  play a role in IGF-I precursor  process ing  or 
secretion. Recent f indings  that C U G  c o d o n s  can 
funct ion  as initiators w h e n  basic  f ibroblast  
growth factor (bFGF) m R N A s  are translated in 
who le  cell sys tems (Prats et al., 1989) also raise 



the possibility that growth factors may utilize 
unusual biosynthetic mechanisms. 

IGF-i Gene Structure 
and mRNA Complexity 

Rat IGF-I Genes and mRNAs 
Despite much progress, our information about 

rat IGF-I gene structure, mRNA precursor pro- 
cessing, and therefore, gene regulation is still 
incomplete. Six exons spanning more than 80 kb 
of genomic DNA have been mapped for the rat 
IGF-I gene (Fig. 3; Shimatsu and Rotwein, 1987; 
Bucci et al., 1989; Hoyt et al., manuscript in 
preparation). Signal peptide, IGF-I, and a por- 
tion of E domain coding sequence common to all 
rat IGF-I mRNAs are represented on two exons 
(exons 2 and 3; Fig. 3). Alternate inclusion or 
exclusion of exon 4, a 52-base mini-exon, leads to 
the formation of IGF-I mRNAs encoding the 
distinct IA- and IB-type E domains (Figs. 3 and 
4) Rotwein 1986; Roberts et al., 1987a; Shimatsu 
and Rotwein, 1987; Bell et al., 1986). The longest 
and most 3' exon (exon 5) specifies 3'UT common 
to all rat IGF-I mRNA types. This exon contains 
multiple polyadenylation signals that result in 
rat IGF-I mRNAs that differ in size (Fig. 3; Hoyt 
et al., manuscript in preparation). 

In liver, the most abundant  source of IGF-I, 
IGF-I mRNAs exist as two predominant  forms of 
estimated size, 7.5-7.0 kb and 1.2-0.9 kb, as well 
as minor forms intermediate in size (Lund et al., 
1986; Lowe et al., 1987,1988; Hoyt et a1.,1988; Fig. 
5). In contrast, in brain and a number of other 
nonhepatic tissues, the 7.5-7.0 mRNA predomi- 
nates with low or barely detectable levels of the 
smaller forms (Fig. 5). The 7.5-7.0 kb IGF-I 
mRNAs differ in size from the 1.2-0.9 kb forms 
because of unusually long 3'UTs of greater than 6 
kb (Lund et al., 1989) derived from use of an 
alternate polyadenylation site within exon 5 (Hoy t 
et al., manuscript in preparation). Recent stud- 
ies revealed that the 7.5-7.0 kb mRNAs have 
shorter half-lives than the smaller forms in vitro 
and in vivo (Hepler et al., 1990). Furthermore, 

Hepler and Lund 

the long 3'UT of these large mRNAs contains 
structural features implicated in mRNA desta- 
bilization such as sequences with the potential to 
form secondary structure as well as multiple AU 
rich sequences (Hoyt et al., manuscript  in prepa- 
ration). These findings suggest posttranscrip- 
tional regulation of IGF-I mRNA synthesis at the 
level of mRNA stability, and this may be espe- 
cially relevant for regulation of IGF-I synthesis 
in brain and nonhepatic tissues where the large 
IGF-I mRNAs predominate  (Lund et al., 1986). 

The structure of the 5' end of the rat IGF-I gene 
and mRNAs and the number  of 5' genomic ex- 
ons are still uncertain. IGF-I mRNA types ex- 
pressed in liver, brain, and most, if not all, 
nonhepatic tissues contain 5' sequences (5'UT 
and possibly portions of signal peptide coding 
sequence) specified by the most 5' of the rat IGF- 
I exons characterized to date (exon 1; Figs. 3 and 
4; Shimatsu and Rotwein, 1987). IGF-I mRNAs 
containing exon 1 sequences have been vari- 
ously termed Class C (Lowe et al., 1987; Roberts 
et al., 1987b)and type I (Hoyt et al., 1988; Fig. 4). 
At present, the 5' extent of these mRNAs has not 
been conclusively mapped  within the rat IGF-I 
gene, and it is not known whether  their 5' se- 
quences are represented in entirety within exon 
1 or are specified by more 5' exons. The latter 
possibility is supported by the absence of con- 
sensus sequences associated with promoters and 
transcription start sites, such as a TATA box and 
a CAAT box in proximity to known exon 1 
sequences. This is not unprecedented,  however, 
since the IGF-II gene (de Pagter-Holthuizen et 
al., 1987) contains a promoter  that lacks such 
consensus sequences. 

Roberts et al. (1987b) described a rat IGF-I 
cDNA that contained 5' sequences distinct from 
those in exon 1 (Figs. 3 and 4). Corresponding 
mRNAs have been variously termed the Class B 
(Lowe et al., 1987) or the type 2 IGF-I mRNAs 
(Hoyt et al., 1988), and are expressed primarily if 
not exclusively in liver and only postnatally 
(Hoyt et al., 1988; Lowe et al., 1987). Tissue and 
development  specific mechanisms therefore 
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~ ~  Type 1 (Class C) 
IA 

I 2 3 5 

Type I (Class C) 
IB 

I 2 3 4 5 

I' 2 3 

I" 2 3 4 

] ii �84184 

Type 2 (Class B) 
IA 

Type 2 (Class B) 
IB 

Fig. 3. Diagram of the rat IGF-I gene (top). Black boxes indicate the exons common to all characterized human IGF-I 
cDNAs. Open boxes indicate exons that are alternately spliced. Jagged edges indicate that the complete exon has not been 
mapped. Middle and bottom panels illustrate the alternate splicing of exons 1 and 1' resulting in the type I (Class C) and 
type 2 (Class B) 5' sequences, respectively. The inclusion or exclusion of exon 4 results in the IA and I B-type E domain coding 
sequences. The dashed lines in the bottom two panels reflect uncertainty about whether both E domain types can be linked 
to the type 2 (Class B) 5' sequences. ( / / )  indicates introns that are not drawn to scale because of their large size. Not shown 
are multiple polyadenylation sites found in exon 5 (Shimatsu and Rotwein, 1987; Hoyt et al., manuscript in preparation). 
Note that the exon for Class A 5' sequences is not shown because it has not yet been mapped in the IGF-I gene. 

;~- . . . .  -27 1 70 + 16 +35 
[ ~  C ~) ~ 3'UT ] l a  

Type 2 (B) ~ B A E +41 
I 3'UT I1B 

Class A ~ Identical Region in 1GF-I cDNAs 

Fig. 4. Schematic of rat IGF-I mRNAs. The middle bar (Pre, B, C, A, D, E) represents an identical sequence reported in all 
rat IGF-I cDNAs. Bars labeled Type I (C), Type 2 (B), and Class A represent alternate 5' sequences. The diagonal striped bar 
indicates the identical region of Class A and Type 2 (B) cDNAs. The horizontal striped bar represents the 52 base sequence 
included in IGF-IB type cDNAs that leads to a shift in translation reading frame and stop codon compared with IGF-IA type 
cDNAs. Bars 3' to the E domain sequence labeled 3'UT illustrates the identical 3'UT sequences in both IA and IB type cDNAs 
that derive from exon 5. 

appear to regulate the expression of the type 2/  
Class B mRNAs. Genomic sequences corre- 
sponding to these type 2 (Class B) 5' sequences 
have recently been mapped  (exon 1' Fig. 3; Bucci 
et aL, 1989), but the 5' boundary of this exon has 
not been defined. 

A rat IGF-I cDNA with third 5' sequence type 
(termed Class A) was described by Roberts et al. 

(1987b). This cDNA contains a short amount  of 
sequence that is identical with the type 2 or Class 
B sequence and then diverges (Fig. 4). The diver- 
gent sequence is an invert repeat of a portion of 
the IGF-I 3'UT (Roberts et al., 1987b). This fea- 
ture can arise as an artifact dur ing reverse tran- 
scription of mRNA into cDNA. Since the point 
of divergence of the Class A cDNA from the type 
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Fig.5. Autoradiograms of northern blots of IGF mRNAs 
in fetal and adult rat liver and brain. Upper panel, 10/.Lg of 
PolyA+ RNA from fetal (F) or adult (A) rat liver hybridized 
with a rat IGF-I cDNA (right) and a human IGF-II cDNA 
(left). Bottom panel, 20 ~g of Poly A+ RNAs from fetal (F) and 
adult (A) rat brain RNA hybridized with a rat IGF-I cDNA 
(right) and a human IGF-II cDNA (/eft). 

2 /Class  B m R N A  is not  a consensus in t ron /  
exon, bounda ry  the possibili ty that the Class A 
cDNA is a cloning artifact mus t  be considered. 
On the other hand ,  us ing  RNase protection as- 
says, complete  protec t ion of a Class A antisense 
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RNA probe is observed,  an d  differential regula- 
tion of this m R N A  sub type  has been reported 
(Lowe et al., 1987). U n d e r s t a n d i n g  the signifi- 
cance of the Class A cDNAs and  mRNAs awaits 
confirmation of genomic  coding  sequences,  and 
transcriptional and  post t ranscript ional  mecha- 
nisms that account  for them. 

Until the 5' ends  of the var ious IGF-I m R N A  
subtypes  are defined,  it will not  be clear whether  
there are as yet  u n k n o w n  exons at the 5' end of 
the IGF-I gene, and  w h e t h e r  the different IGF-I 
mRNA types der ive f rom use  of different pro- 
moters and transcript ion start  sites, or use of a 
single transcription start site and  differential 
exon splicing. Comple te  characterization of the 
5' end of the rat IGF-I gene also is necessary 
before promoters  and regula tory elements  that 
control IGF-I synthesis  can be defined. 

Human IGFI Gene and mRNAs 
Compared  with rat, m u c h  less is k n o w n  about  

the h u m a n  IGF-I gene and  m R N A s  (Rotwein et 
al., 1986). The h u m a n  IGF-I gene spans more  
than 90 kb and  includes at least five exons (Fig. 
6). As in the rat, exons 2 and 3 encode the signal 
peptide,  IGF-I, and a part  of the E domain .  IGF- 
I cDNAs and mRNAs  encoding  two different E 
domains  (1A and  1B) exist in h u m a n s  as in 
rodents.  In humans ,  the two m R N A  types arise 
from alternate splicing of two entirely different 
3' exons, exon 4 or exon 5, ra ther  than inclusion 
or exclusion of a mini-exon as in rat (Fig. 6; 
Rotwein, 1986). The relative expression of the 
h u m a n  IGF-I mRNAs  wi th  IA- versus IB-type 
coding sequence has not  been extensively stud- 
ied in different tissues. 

Currently,  it is not  k n o w n  whe the r  h u m a n s  
express IGF-I mRNAs with different 5' sequences. 
Only one 5' sequence type has been found  in 
characterized h u m a n  cDNAs (Jansen et al., 1983; 
Rotwein, 1986). 

Neither the 5' nor  3' ends  of the h u m a n  IGF-I 
genes and mRNAs have been complete ly  char- 
acterized. The largest h u m a n  IGF-I m R N A  is 8.0 
kb. Characterized h u m a n  IGF genomic exons 



Insulin-Like Growth Factors 101 

kb 

m 

I 2 3 4 

I 2 3 5 

I A  

I 2 3 4 

Fig. 6. Schematic of the human IGF-I gene (top). Black boxes indicate the exons common to all characterized IGF-I cDNAs. 
Open boxes indicate exons that are alternately spliced. Jagged edges indicate that the complete exon has not been mapped.  
(11) indicates introns that are not d rawn to scale because of their large size. Middle and bottom panels il lustrate that alternate 
splicing of either exon 5 or exon 4 results in an IGF-I mRNAs With IA or IB-type E domain  coding sequences, respectively. 

account for less than 2 kb of this sequence. By 
analogy with rat, it seems likely that a long 3'exon 
spedfying the 3'UT accounts for most of the un- 
known sequence within the human IGF-I gene. 

Human IGF-I mRNAs range in size from 8.0- 
0.7 kb, and there are differences in the relative 
abundance of different size classes in different 
tissues (Han et al., 1988b; Rotwein, 1986). To 
date, however, there is very little information 
about the mechanism that gives rise to these 
different mRNA size classes. 

IGF-II Genes, mRNAs, 
and Precursors 

IGF-fl cDNAs and  Precursor 
IGF-II cDNAs have been characterized in hu- 

man, rat, and mouse (Bell et al., 1984; Dull et al., 
1984; Whitfield et al., 1984; Stempien et al., 1986). 
In each of these species, the cDNAs encode a 
precursor peptide that consists of a 24 amino 
acid signal peptide, IGF-II (BCA and D domain) 
and an 89 amino acid carboxyl terminal precur- 
sor (E domain or trailer peptide)~ There is a high 

degree of sequence homology across the IGF-II 
precursors from different species (Fig. 7). The 
highest sequence homology is in the IGF-II se- 
quence, but significant homology exists in both 
the signal peptide and the E domain  sequences 
(Fig. 7). In humans, a "variant" IGF-II cDNA has 
been described that has three additional amino 
acids in the B domain resulting from the use of 
an alternate splice site (Jansen et al., 1985; Fig. 7). 

IGF~II Genes 
Our understanding of IGF-II and mRNA struc- 

ture in human and rat is much  more complete 
than for IGF-I. As with IGF-I, a single rat or human 
IGF-II gene gives rise to a complex family of IGF- 
II mRNAs. Utilization of different p romote rs ,  
alternate exon splicing, and  different poly- 
adenylation sites account  for these  mRNAs.  

The rat IGF-II gene contains at least six exons 
with three 5' exons (exons 1,2, and 3), each en- 
coding three different 5'UTs and exons 4,5, and 
6 encoding the IGF-II precursor  and 3'UT 
(Frunzio et al., 1986; Soares et al., 1986; Ueno et 
al., 1987,1989). Splicing of the alternate 5'UTs to 
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Fig. 7. Comparison of amino acid sequences of IGF-II precursors from several species. Dashes indicate identical amino 
acids compared with the human precursor. Human, rat, and mouse precursor sequences are based on characterization of 
cDNAs. For cow and sheep, only the IGF-II sequence is known and was derived from analyses of the proteins. In the signal, 
pept ide methionine residues, conserved across species, represent potential initiators. In the human  IGF-II sequence, the 
arrow indicates the replacement  of the serine residue with four amino acids (RLPG) in a variant human  IGF-II precursor  that 
was predicted based on analyses of a cDNA and also isolated from serum. 

exons 4,5, and 6 leads to three different IGF-II 
mRNA types. The 5' most promoter in rat is 
different from the 5' most promoter in humans, 
whereas the two other promoters show sequence 
homology across human  and rat. All three of the 
of the rat promoters are coordinately regulated 
during development  (Table 1; Graham et al., 
1986; Gray et al., 1987; Ueno et al., 1988). There 
are alternate polyadenylation sites within exon 
6 of the rat IGF-I gene that gives rise to IGF-II 
mRNAs of different size (Figs. 8 and 9; Chiariotti 
et al., 1988; Ueno et al., 1989). 

The human IGF-II gene consist of nine exons 
and is similar in structure to the rat IGF-II gene 
(Fig. 10; de Pagter-Holthuizen et al., 1987,1988; 
Gray et al., 1987; Holthuizen et al., in press). The 
first six human exons specify 5' untranslated 
sequence, and the last three are coding exons for 
the human IGF-II precursors. Exons 1,2, and 3 
are spliced together to form one 5'UT, whereas 
exons 4, 5, and 6 each encode different 5'UTs 
(Figs. 10 and 11). Exons 1,4, 5, and 6 each have 
promoters that are directly adjacent, providing 

the possibility for independent  regulation of the 
corresponding mRNAs. The promoters are ac- 
tive in tissue and deve lopmenta l ly  specific 
manner, with the 5' most promoter  being active 
only in adult liver, and the other promoters 
being expressed in fetal liver and nonhepatic 
tissues (Table 1; de Pagter-Holthuizen et al., 
1988; Holthuizen et al., in press). Exons encod- 
ing the different 5'UTs are each spliced to the last 
three exons (exons 7, 8, and 9) to produce the 
mature IGF-II mRNAs. Exon 9 encodes a por- 
tion of the IGF-II precursor E domain and a long 
3'UT. Within this long 3'UT there are different 
polyadenylation sites that give rise to IGF-II 
mRNAs of different size. 

Multiple size classes of human  and rat IGF-II 
mRNA detected in northern blots can now be 
accounted for based on alternate splicing of 5' 
exons, as well  as u t i l i za t ion  of a l te rna te  
polyadenylation sites (Table 1). In addition, a 
1.8-kb rat IGF-II mRNA and a 2-kb human IGF- 
II mRNA are detected on northern blots using 
3'IGF-ff probes, but not probes to the IGF-I] coding 
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Table 1 
IGF-II mRNAs 

Human IGF-II mRNAs 

Promoter mRNA size 

P1 5.3 kb 
P2 5.0 kb 
P3 6.0 and 2.2 kb 
P4 4.8 kb 

Tissue/Developmental Expression 

adult liver 
fetal liver 
fetal and adult nonhapatic tissues 
fetal and adult nonhapatic tissues 

Rat IGF-II mRNAs 

Promoter mRNA size 

P1 3.8 kb 
P2 4.7 and 2.2 kb 
P3 3.9 and 1.2 kb 
P6 1.8 kb 

Tissue/Developmental Expression 

fetal and neonatal tissues, adult brain 
fetal and neonatal tissues, adult brain 
fetal and neonatal tissues, adult brain 
fetal and neonatal tissues, adult brain 

(mRNA does not encode IGF-II) 

Table to show sizes of IGF-II mRNAs derived from different promoters 
in human and rats. It should be noted that slightly different estimated sizes 
are reported by different groups in the field. Sizes of human IGF-I[ mRNAs 
are from Sussenbach, 1989 and Holthuizen et al., in press. Sizes of rat IGF- 
II mRNAs derived from usage of P2 and P3 promoters are data from our 
laboratory, and the size o f the mRNA derived from the P1 and P6 promoter 
are from Ueno et al., 1988 and Matsuguchi et al., 1989 respectively. 

sequence. These m R N A s  a reknown to derive f rom 
transcript ion of a por t ion  of the 3' exon that 
specifies 3'UT in IGF-II m R N A s  (Figs. 8 and 10; 
de Pag te r -Hol thu izen  et al., 1988; Chiariotti, et 
al., 1988). Thus,  the 3' end  of the IGF-II gene 
appears  to contain  an  al ternate  transcription 
unit. The m R N A s  de r ived  f rom use of this 
t r a n s c r i p t i o n  u n i t  a p p e a r ,  h o w e v e r ,  to be 
coregula ted  wi th  IGF-II m R N A s  and have a long 
open read ing  f rame encod ing  a protein distinct 
f rom the IGF-II precursor .  It is not  yet established 
whe the r  this m R N A  is t ranslated in vivo to 
generate  prote in  p r o d u c t  and  whe the r  these 
putat ive protein p roduc t s  are biologically active. 

Regulation of IGF mRNAs 

Studies p e r f o r m e d  pr imar i ly  in rat demon-  
strate that r egu la t ion  of IGF m R N A s  and,  there- 
fore, IGF synthesis is multifactorial. As discussed 

in the p reced ing  sections, sub types  of the com- 
plex family of IGF-I and  IGF-II mRNAs are ex- 
pressed in a tissue and cell specific manner .  This 
suggests that tissue and  cell specific mechanisms 
may  regulate the promoter ,  exon splicing mecha-  
nisms, and  use of mul t ip le  po lyadeny la t i on  sites 
that give rise to the m R N A  subtypes ,  a l though 
the precise mechan i sms  are  still to be defined.  

There  are also al terat ions in IGF m R N A  abun-  
dance  dur ing  deve lopmen t ,  in response  to dif- 
ferent hormonal  stimuli and  in response to altered 
nutr i t ional  status. In mos t  cases, such changes  
have not yet  been l inked to specific funct ional  
consequences,  but  p rov ide  a s tar t ing point  for 
fu tu re  s tud ies  a i m e d  at  u n d e r s t a n d i n g  the 
function of the IGFs. Since l iver p robably  serves 
as the major  source of c irculat ing IGFs for pos- 
sible endocr ine  actions in the ne rvous  system, 
regulat ion o f liver IGF synthes is  will be rev iewed  
here  together  with in fo rmat ion  on regula t ion of 
IGF synthesis  in the ne rvous  system. 
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Fig. 8. Schematic of the rat IGF-II gene. Black boxes indicate exons common to all rat IGF-H mRNAs. Open boxes indicate 
exons that are alternately spliced. P1, P2, and P3 indicate promoters associated with these exons. Asterisks above exon 6 
represent polyadenylation sites mapped by nuclease protection. The first three panels below the gene indicate alternate exon 
splicing mechanisms that result in IGF-II mRNAs with different 5' ends. The lower most panel indicates an alternate 
transcription unit in exon 6 that results in an mRNA without IGF-II coding sequence. P6 denotes a promoter associated with 
this alternate transcription unit (Matsuguchi et al., 1989). Note that a variety of numbering systems have been used in the 
literature to describe IGF-II exons. A 5'-3' numbering system has been adopted here. 
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Fig. 9. Schematic of rat IGF-II mRNAs. Bars labeled 1, 2, and 3 represent alternate 5' sequences. The middle bar (Pre, B, 
C, A, D, E) represents an identical sequence reported in all rat IGF-II cDNAs. Shaded bar represents the 3'UT shared by all 
rat IGF-II cDNAs, although alternate polyadenylation signals result in varying amounts of 3'UT 
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Fig. 10. Schematic  of the h u m a n  IGF-II gene. Black boxes indicate exons that are found in all charac ter ized  h u m a n  IGF- 
II cDNAs.  Asterisks above  exon 9 represent  po lyadenyla t ion  sites predicted by nuclease m a p p i n g  and  that result  in IGF- 
II m R N A s  of different  size. O p e n  boxes indicate exons that are al ternately spliced. P1-P4 are  p romote r s  associated wi th  
al ternately spliced 5' exons.  (P5) has yet to be defified but  maycons t i tu te  a p romote r  that regula tes  the al ternate  t ranscr ipt ion 
unit  in exon 9. The first three  panels  be low the gene indicate al ternate exon splicing mechan i sms  that  resul t  in IGF-II m R N A s  
with  different 5' ends.  The  l ower  most  panel  indicates an al ternate transcript ion unit  in exon 6 that  results in an m R N A  
without  IGF-II cod ing  sequence.  

Development 

IGF-I 

IGF-I mRNAs are detected in rat liver during 
fetal development.  Postnatally, the abundance 
of IGF-I mRNAs rises gradually, reaching highest 
abundance in the mature rat (Fig. 1 l; Lund et al., 
1986; Hoyt et al., 1988; Norstedt et al., 1988; Adamo 
et al., 1989b). In rat brain the levels of IGF-I 
mRNAs are highest dur ing fetal development. 
Abundance of brain IGF-I mRNAs decreases post- 
natally to low but significant levels in mature rats 
(Fig. 5; Rotwein et a l ,  1988; Adamo et al., 1989b). 

IGP fl 
IGF-II mRNA abundance is highest in liver of 

fetal rats and rapidly declines postnatally to 
levels that are barely detectable (Fig. 5; Soares et 
aI., 1985; Gray et al., 1987; Levinovitz and 
Norstedt, 1989). In rat brain, also, abundance of 
IGF-II mRNAs is high in the fetus and decreases 
postnataUy, but IGF-II mRNAs are detected in the 
brain of adult rat in significant amounts (Fig. 5; 
Rotwein et al., 1988). Since most tissues in adult 
rat contain undetectable or barely detectable IGF- 
II mRNA, the brain is unusual  in its continued 
synthesis of IGF-II in the adult  animal. 
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Fig. 1t. Schematic of human IGF-II mRNAs. Diagonally striped bar labeled 1, 2, 3 represents an alternate 5' sequence that 
is derived from the splicing together of exons 1,2, and 3. Bars labeled 4, 5, and 6 represent additional alternate 5' sequences; 
that are derived from exons 4, 5, and 6 respectively. The middle bar (Pre, B, C, A, D, E) represents an identical sequence 
reported in all rat IGF-II cDNAs. Bar labeled 3'UT represents the 3'UT shared by all human IGF-II cDNAs, although alternate 
polyadenylation signals result in varying amounts of 3'UT. 

Hormonal Regulation 
of IGF Expression 

Growth Hormone 
Growth hormone  is a pr imary regulator of 

serum concentrations of IGF-Iand IGF-I mRNAs 
in rat liver (Roberts et al., 1986; Mathews et al., 
1986; Murphy et al., 1987a; Hynes et al., 1987). 
GH regulation of IGF-I mRNAs has been docu- 
mented also in a number  of nonhepatic tissues 
(Roberts et al., 1987a; Mathews et al., 1986; 
Murphy et al., 1987a; Hynes et al., 1987), but the 
role of GH in regulat ing IGF-I expression in the 
nervous system is less well established. Most 
evidence suggests that GH does not cross the 
blood-brain barrier. Studies by Hynes et al. 1987 
indicate, however ,  that brain IGF-I mRNA 
abundance is influenced by GH status. IGF-I 
mRNA abundance  is fourfold lower in hypo- 
physectomized rats than in intact age matched 
rats, and IGF-I mRNA was restored to normal 
abundance within 4 h of GH administration into 
the lateral ventricle (Fig. 12; Hynes et al., 1987). 

IGF-I is expressed in the pituitary, and it is 
thought that this may  represent a mechanism for 
short loop feedback control of GH release, since 
it is known that IGF-I can inhibit GH gene ex- 
pression at the level of the pituitary (Berelowitz 

et al., 1981; Goodyer  et al.; 1984, Yamashita and 
Melmed, 1986). GH may also control expression 
of IGF-I in the pituitary since GH upregulated 
IGF-I mRNA expression in GH 3 cells, a rat pitu- 
itary tumor cell line (Fagin et al., 1989). 

GH-dependent  regulation of IGF-II mRNAs 
is less well established. Most studies of GH 
effects on IGF mRNAs have been carried out in 
adult  rats where IGF-II mRNA levels are low. In 
brain ofhypophysectomized rats, IGF-II mRNA 
abundance is lower than in intact animals, sug- 
gesting that GH status influences brain IGF-II 
synthesis (Hynes et al., 1987). Administrat ion of 
GH either intraperitonally or into the lateral 
ventricle results in an increase in IGF-II brain 
mRNA abundance  towards  normal ,  further 
suggesting some level of GH control of brain 
IGF-II mRNAs (Hynes et al., 1987). A slower 
time course of GH dependen t  increase in brain 
IGF-II mRNAs compared  wi th  brain IGF-I 
mRNAs, as well as observations that IGF-II 
mRNAs were not restored to normal  after GH 
treatment, indicates different GH regulatory 
mechanisms for brain IGF-I and IGF-II. One 
intriguing possibility, based on the more rapid 
GH-dependent  regulation of IGF-I vs IGF-II 
mRNAs (Fig. 12), is that IGF-I may mediate  the 
action of GH on brain IGF-II mRNAs. To date, 
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Fig. 12. Abundance of brain ]GF-I and IGF-II mRNAs 
after hy]~physectomy and Icy GH. The histograms at the 
top show the abundance of the 7.5-kb IGF-[ mRNA (Ig) and 
IGF-II m ~ A s  (E2~) in poly A+ RNAs from brains of normal 
(N) hypophysectomized (HX), and hypophysectomized 
rats at 4 h ((]4) or 8 h (G8) after icy hG[--]. Abundance of a 
0.6-kb ubiquit in m ~ A s  is shown at the bottom for 
comparison. Abundance in each case is expressed as 
percentage of signal intensity observed in poly A+ RNAs 
from normal brain. Each estimate of mRNA abundance 
shown is the mean and SD of four different poly A+ RNA 
preparations from four different animals. (From Hynes et 
al., 1987, with permission.) 

however, effects of IGF-I on brain IGF-II mRNAs 
have not been analyzed. 

Glucocorficoids 

In children, glucocorticoids can inhibit growth 
(Loeb, 1976) and brain growth and development 
(Devenport and Devenport, 1985), but the 
mechanism by which this occurs is not clear. 
Recent studies indicate inhibitory effects of glu- 
cocorticoids on IGF-I synthesis, raising the pos- 
sibility that growth inhibitory effects of glu- 
cocorticoids involve IGF-I. In pituitary intact rats, 
dexamethasone decreases abundance of IGF-I 
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mRNAs in liver, and in hypophysectomized 
rats, dexamethasone attenuates the increase in 
liver IGF-I mRNAs induced by GH (Murphy 
and Luo, 1989). 

Rat liver IGF-II mRNA abundance is also 
downregulated by glucocorticoids. Neonatal 
rats given daily subcutaneous injections of 
dexamethasone have reduced abundance of liver 
IGF-II mRNAs compared with saline injected 
controls. This effect is specific to dexamethasone, 
since estrogen and testosterone did not reduce 
liver IGF-II mRNA abundance (Levinovik and 
Norstedt, 1989). 

To date, little is known about the effects of 
dexamethasone on IGF-II mRNAs in the ner- 
vous system. In cultured glial and neuronal 
cells, dexamethasone decreases IGF-I mRNA 
abundance, suggesting that brain IGF-I synthe- 
sis in the nervous system also may be inhibited 
by glucocorticoids (Adamo et al., 1988). 

Insulin 

A number of observations implicate insulin in 
regulation of serum IGF-I concentrations and 
IGF-I mRNAs in liver. Addition of insulin to 
perfused rat liver promotes IGF-I release (Shapiro 
et al., 1978). In rat, serum IGF-I concentrations 
and IGF-I mRNA abundance in liver are signifi- 
cantly reduced in experimentally induced dia- 
betes (Murphy, 1988; Goldstein et al., 1988). This 
effect of insulin does not appear to be the result 
of indirect effects on GH, because administration 
of exogenous GH does not normalize serum IGF 
concentrations, and GH binding sites appear to 
be normal in the diabetic rat (Maes et al., 1986). 
Thus, in rats with insulin deficiency, there seems 
to be a defect in IGF-I gene activation of unknown 
origin. Effects of insulin on IGF-I in the nervous 
system have not been examined, but given the 
established neurological effects of diabetes, this 
is likely to be an important area of investigation. 

One study has examined the effects of insulin 
on IGF-II in brain. In adult rats given long-term 
(4<t) insulin treatments, relative abundance of 
IGF-II mRNA in decreased is most hypothalmic 
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nuclei (Lauterio et al., 1990), suggesting inhibi- 
tory effects of insulin on IGF-II synthesis in some 
regions of the hypothalmus. 

Estrogen 
Acute treatment with estrogen does not affect 

IGF-I mRNA in rat liver, but increases IGF-I 
mRNA in rat uterus (Murphy et al., 1987b; 
Murphy and Friesen, 1988). Chronic estrogen 
treatment does, however, decrease the degree to 
which GH can increase rat liver IGF-I mRNA 
abundance (Murphy and Friesen, 1988). Thus, 
effects; of estrogen on IGF-I synthesis appear to 
be complex. The effects of estrogen on IGF 
expression in the nervous system have yet to be 
examined, but studies by Torran-Allerand et al. 
1988 (see below) indicate an interaction between 
estrogen and the IGFs in the nervous system. 

Nutrition and IGF Expression 
It is well established that fasting or protein 

deprivation decreases serum IGF-I concentrations 
(Phillips, 1986; Underwood et al., 1986). IGF-I 
mRNAs in liver decrease in response to fasting 
(Elmer and Schalch, 1987). This decrease ap- 
pears to be dependent on decreased protein intake 
and decreased caloric intake (Phillips, 1986; 
Underwood et al., 1986; Kato et al., 1989; Lowe et 
al., 1989; Moats-Staats et al., 1989). Fasting de- 
creases IGF-I mRNA abundance in brain, but not 
to the same extent as in liver (Lowe et al., 1989). 

Sites of Synthesis of IGFs 
in the Nervous System 

Early in vitro studies suggested IGF synthesis 
in cultures of neural derived tissue. Insulin-like 
material (these studies did not distinguish be- 
tween IGF-I and IGF-II) was detected in media 
collected from organ cultures of pituitary, 
hypothalmus, cerebral cortex, and cerebellum 
(Binoux et al., 1981). 

Since then, a number of approaches have been 
used to localize sites of IGF synthesis in the 
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nervous system, including analysis of proteins 
and mRNA from different brain regions, differ- 
ent cells in culture, and use of immunocytochem- 
istry and in situ hybridization to localize cellular 
sites of synthesis. There are some discrepancies 
between localization of immunoreactivity and 
mRNA, as well as differences in results obtained 
in vitro and in vivo. Thus, the precise sites of 
synthesis of IGFs in the nervous system are still not 
defined. Available information will be reviewed 
here. It is relevant to note that data obtained by 
irnmunocytochemistry might be complicated by 
crossreactivity of IGF antibodies with IGF-I and 
II and by the possibifity that irnmunoreactivity way 
arise via uptake rather than de novo synthesis. 
Negativedata obtained byin situ hybridization must 
be interpreted with caution, since IGF mRNAs 
might be expressed at levels below the detection 
level of the in situ hybridization procedure. 

IGF-I 
IGF-I mRNAs are found in all brain regions in 

the adult rat, and abundance of IGF-I mRNAs is 
highest in the olfactory bulb. IGF-I mRNA 
abundance is also high in the spinal cord of adult 
rat (Rotwein et al., 1988). In human fetal brain, 
low levels of IGF-I mRNAs have been detected 
in hypothalmus and cortex (Han et al., 1988b). 
Recent studies using in situ hybridization his- 
tochemistry demonstrate expression of IGF-I 
mRNAs in neurons of the olfactory bulb and the 
hippocampus (Werther et al., 1990). 

IGF-I has been detected in low abundance in 
the rodent brain by RIA and immunocytochem- 
istry (D'Ercole et al., 1984; Norguchi et al., 1987; 
Andersson et al., 1988). In 40-d-old mouse, IGF- 
I immunoreactivity was detected in the anterior 
pituitary and in neuronal forebrain structures, 
such as the hippocampus, but no immunoreac- 
tivity was detected in the cerebral cortex (Norguchi 
et al., 1987). Using irnmunocytochemistry, IGF-I 
immunostaining is barely detectable or unde- 
tectable in cerebellum and retina of adult rats 
(Andersson et al., 1988; Hansson et al., 1988). In 
the developing cerebellum, IGF-I immunoreac- 
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tivity was detected transiently in glial cells from 
postnatal  d 3 to d 21 and in neurons  from post- 
natal d 5 to d 28 (Andersson et al., 1988). In 
developing retina, IGF-I immunostaining was seen 
primarily in glial cells (Hansson et al., 1989). The 
times dur ing  which IGF immunoreact iv i ty  was 
detected in cerebel lum and retina correspond to 
the times of proliferation and differentiation 
(Andersson et alo, 1988; Hansson  et al., 1988). 

Very low levels of IGF-I immunoreact iv i ty  are 
detected in adul t  h u m a n  brain and  h u m a n  CSF 
by RIA (Haselbacher et al., 1985; Backstrom et 
al., 1984). 

A variant, t runcated 67 amino acid iGF-i, 
lacking the fifirst 3 amino  acids of the B domain  
was recently isolated from h u m a n  brain (Sara et 
al., 1986; Carlsson-Skwirut  et al., 1986). This 
discovery has major implicat ions for IGF-I ac- 
tion in the nervous  sys tem since the truncated 
IGF-I does not  associate wi th  IGF-I binding 
proteins and is more  biologically potent  than the 
70 amino acid IGF-[ (Carlsson-Skwirut et al., 
1989; Sara and Hall, 1990). Furthermore,  the 
tr ipeptide that ma y  result  f rom cleavage fo IGF- 
I to t runcated IGF-I also m a y  act as a neuroactive 
pept ide  on N M D A  receptors (Sara et al., 1989)o 
Further  analysis of the tr ipeptide,  truncated IGF- 
I and  the biosynthetic pa thways  from which 
they derive should  provide  ne w  insights into the 
role of IGF-I in the ne rvous  system. 

In cultures der ived  f rom embryonic rat brain, 
IGF-I m R N A  was detected in both neuronal  and 
glial cell types (Rotwein et al., 1988; Adamo et 
al., 1988). 

IGF-II 
In fetal and  adul t  rat, in situ hybridization 

studies indicate that the major sites of synthesis 
of IGF-II m R N A  in brain are the choroid plexus, 
pia, and  meniges  (Fig. 13; Hynes  et al., 1988; 
Styl ianopoulou et al., 1988; Ichimiya et al., 1988; 
Beck et al., 1988). As wou ld  be predicted from these 
data, IGF-II immunoreactivi ty is found in the ce- 
rebral spinal fluid (CSF) elaborated by the cho- 
roid plexus (Haselbacher and Humbel ,  1982). In 
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Fig. 13. IGF-II mRNA in rat choroid plexus. Top, 
photomicrographs of a portion of a coronal section of rat 
brain hybridized with 32p labeled 31 base oligomer 
complementary to a rat IGF-II mRNA. Bright fifield 
photograph (left) shows the choroid plexus (CP) within the 
lateral ventricle, and adjacent corpus callosum (cr and 
caudate putamen (CPu). Dark field shows accumulation of 
silver grains (indicative of hybridized probe) over the 
choroid plexus, and only randomly distributed silver grains 
over other brain regions. Bottom, photomicrographs of an 
adjacent section to the one shown at the top that was 
pretreated with 20~g/mL ribonuclease A (Sigma, St. Louis, 
MO) for 10 min at 37~ before hybridization with the IGF- 
I131 mer. Bright fifield (left) shows the same brain regions as 
in top, and darkfifield illustrates that RNAse pretreatment 
abolished hybridization to choroid plexus. Exposure of 
sections to photoemulsion was for 14 d at 4~ Scale 
bar=200~m. (From Hynes et al., 1988, with permission.) 

contrast to IGF-I, quant i ta t ion of IGF-II m R N A  
in discrete brain regions sugges ts  no major re- 
gional variations in abundance  of IG F-II mRNAs  
(Rotwein et al., 1988). This wou ld  be predicted if 
choroid /p ia /meniges  were attached to various 
regions and represented the source of IGF-II 
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mRNA. In humans, IGF-II mRNA was localized to 
the sclera of the eye (Han et al., 1988b) suggesting 
synthesis in mesenchymal elements of the eye. 

Using immunocytochemistry, IGF-II immu- 
noreactivity is detected in human brain and also 
at h igh levels in the anter ior  p i tu i ta ry  
(Haselbacher and Humbel, 1985). IGF-II immu- 
noreactivity is detected in human CSF at much 
higher concentrations than IGF-I (Haselbacher 
et al., 1982; Backstrom et al., 1984). IGF-II has 
also been isolated from human brain and is 
identical in amino acid sequence to serum IGF- 
II (Carlsson-Skwirut et al., 1986). Immunocyto- 
chemistry in adult rat brain revealed a pattern of 
immunostaining consistent with localization of 
IGF-II to neurons (Laurterio et al., 1990). Since 
this is in contrast to localization of IGF-II mRNA 
primarily to choroid plexus, it is possible that the 
immunostaining reflects uptake rather than de 
novo synthesis or that IGF-II mRNAs express~_on 
in neurons at levels below detection by in situ 
hybridization. In cultures of embryonic rat brain, 
IGF-II mRNA was detected in cultured glial, but 
not neuronal cells (Rotwein et al., 1988). 

Biological Actions of IGFs 
in the Nervous System 

Binding Proteins 
An emerging and rapidly expanding area of 

investigation is the characterization of IGF bind- 
ing proteins in serum and tissue, and analyses of 
their relevance to IGF action. The IGFs circulate 
in serum bound to proteins that protect the IGFs 
from degradation. The half-life of IGFs in the 
bound form is 3-4 h, whereas the half-life of IGFs 
in the unbound form is 10 min (Cohen and 
Nissley 1976). Findings that IGF binding pro- 
teins are produced in cells in culture and tissues 
in vivo, and that IGF binding proteins can 
modulate IGF actions suggest that the binding 
has additional roles than the prolongation of 
plasma half-life of the IGFs. Since recent reviews 
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of IGFBPs have appeared in the literature (Baxter 
and Martin, 1989; Sara and Hall, 1990), the focus 
here will be what is known about IGFBPs in the 
nervous system and the potential relevance to 
IGF actions in the nervous system. 

Until recently, a large and confusing array of 
different molecular forms of serum and tissue 
IGF binding proteins was described in the litera- 
ture based on cross-linking studies and molecu- 
lar weights on SDS polyacrylamide gels. Recent 
cloning of three IGFBPs has provided their pri- 
mary molecular structure and has led to the 
adoption of a standard nomenclature for IGFBPs 
(Ballard et aio, 1989). Availability of the IGFBP 
cDNAs has also allowed analysis of their sites of 
expression. IGFBP3 appears to be expressed in 
a wide range of tissues and predominates post- 
natally (Baxter and Martin, 1986). IGFBP2 is also 
expressed in a wide range of tissues and is 
predominant prenatally (Brinkman et al., 1988; 
Margot et al., 1989; Brown et al., 1989). IGFBP1 
is predominant in the fetus, and appears to be 
expressed primarily in placenta and decidua 
(Brown et al., 1989; Drop et al., 1984). 

IGF Binding Proteins Found in Brain 
The first indication that IGF binding proteins 

might be synthesized in the nervous system was 
the discovery of IGF binding proteins in media 
from cultured explants of rat pituitary and brain 
(Binoux et al., 1981). Subsequent studies have con- 
firmed and expanded these initial findings. Rat 
astroglial and neuronal cultures produce multiple 
binding proteins, one of which is most likely 
rIGFBP2 (Han et al., 1988a; Ocrant et al., 1989; 
Burgess et al., 1987). Evidence supporting this 
contention includes recognition by an antibody 
to rIGFBP2, as well as similar results with rIGFBP2 
and a protein isolated from astrocyte and neu- 
ronal cultures when used in affinity labeling 
studies and crosslinking. In addition, the protein 
derived from astrocytes has similar affinity for 
IGF-I and IGF-II, as does rIGFBP2 (Ha net al., 1988a). 

Studies in both human and rat have demon- 
strated IGF binding proteins in CSF (Rosenfeld 
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et al., 1989; Binoux et a1.,1982; Hossenlopp et al., 
1986; Tseng et aI., 1989). In rat CSF, a 30-kD 
binding protein is recognized by an antibody to 
rIGFBP2, indicating that the major CSF binding 
protein is rIGFBP2 (Tseng et al., 1989). In human 
CSF, multiple IGF binding proteins are detected 
with apparent Mr ranging from 24,000-41,500, 
with the 34 kD being predominant (Hossenlopp 
et alo, 1986) Competitive binding, structural, and 
immunological studies of the human CSF IGF 
binding proteins suggest that they are distinct 
from hlGFBP1 (Rosenfeld et al., 1989). In addi- 
tion, the 34-kD human CSF binding protein is 
recognized by antibodies to r!GN3P2 indicating 
that it is most likely the human homolog of 
rIGFBP2 (Romanus et al., 1989). There may be a 
species differences in the major CSF binding 
proteins, since the human CSF binding protein 
has a higher affinity for IGF-II than IGF-I, whereas 
the rat CSF binding protein has similar affinity 
for IGF-I and IGF-II (Tseng et al., 1989). 

Consistent with the finding of rIGFBP2 in CSF, 
recent studies demonstrate that the major site of 
synthesis of rIGFBP2 in rat brain is the choroid 
plexus (Tseng et al., 1989). The rIGFBP2 mRNA 
is developmentally regulated. As with IGF-II, 
levels of the rIGFBP2 mRNA decreased mark- 
edly in liver postnatally, but persisted in adult 
brain (Tseng et al., 1989; Margot et al., 1989). 

Future studies using cDNAs from the other 
recently cloned binding proteins will be helpful 
in providing additional information about the 
spectrum of IGF binding proteins that are ex- 
pressed in the nervous system, how they are 
regulated, and their roles in the nervous system. 

Biological Actions 
of IGF Binding Proteins 
In glial cultures, addition of purified rIGFBP2 

reduced incorporation of tritiated thymidine 
supporting a hypothesis that IGF binding pro- 
teins regulate availability of free IGFs for action 
on target cells (Han et al., 1988a). In other systems, 
however, IGFBPs can either inhibit or potentiate 
the growth promoting action of the IGFs. In 

some instances, the incubation conditions, 
coincubation of IGFBP and IGF vs preincubation 
of IGFBP and IGF, result in inhibition or poten- 
tiation of IGF activity, respectively (DeMellow 
and Baxter, 1988; Blat et al., 1989). In the case of 
IGFBP1, one form of IGFBP1 inhibited IGF-me- 
diated mitogenesis, whereas another form po- 
tentiated it (Elgin et al., 1987). The potentiating 
form of IGFBP1 differed from the inhibiting 
form only in its ability to multimerize and bind 
to the cell surface. Cell surface binding was 
attributed to an RGD sequence in IGFBP1, which 
appears to be essential for binding of proteins. 

IGF Receptors 
IGF Receptor Types 

The importance of the IGF receptors in the 
nervous system has been discussed in a recent 
review (Adamo et al., 1989a) and will be consid- 
ered only briefly here. Both IGF-I and IGF-II can 
bind to two IGF receptor types (type I and type 
2) as well as insulin receptors, although with 
widely differing affinities (Table 2). 

Structure of the IGF Receptors 
The insulin and type I receptors are structur- 

ally similar glycoproteins that consist of two o~ 
and two [3 subunits (Czech 1989). The extracel- 
lular alpha subunit contains the receptor bind- 
ing domain. The transmembrane spanning beta 
subunit contains tyrosine kinase activity which 
mediates the growth promoting actions of the 
type I receptor (Czech, 1989). Because the type 
1 receptor has high affinity for both IGF-I and 
IGF-II, it is thought to mediate the growth pro- 
moting actions of both of the IGFs. 

The type 2 receptor is a single chain trans- 
membrane glycoprotein composed primarily of 
extracellular domain and a relatively short cyto- 
plasmic domain. The type 2 receptors binds 
both mannose 6-phosphate and IGF-II (Kiess et 
al., 1988; Tong et al., 1988; Braulke, et al., 1988). 
Analysis of cDNAs has established that the hu- 
man type 2 IGF receptor has a high degree of 
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Table 2 
Relative Affinities of Insulin and IGF Receptors 

Receptor Insulin IGF-I IGF-II 

Insulin high low low 
Type I low high high 
Type 2 none low high 

homology to the cation independent bovine 
mannose 6-phosphate receptor (Morgan et at., 
1987; Lobel et al., 1987)o The precise function of 
the type 2 receptor is not known, although the 
mannose 6-phosphate receptor is known to tar- 
get lysosomal proteins to the lysosomes. In neu- 
ral plasticity, there is remodeling of synapse 
morphology. This presumably involves alter- 
ations of synaptic proteins. Although purely 
speculative, it is possible that the type 2 receptor 
may play a role in targeting synaptic proteins for 
lysosomal degradation or intracellular recycling 
during remodeling of the synapse. 

IGF Receptors in the Nervous System 
Evidence suggests differences in the IGF re- 

ceptors found in neuronal vs nonneuronal tis- 
sues. The ot subunit of the type I receptor found 
in brain appears to be somewhat smaller than 
the o~ subunit in other tissues because of differ- 
ences in glycosylation (Burgess et al., 1987; 
Shemer et al., 1987; McElduff et al., 1988; 
Heidenreich et al., 1986). Fetal rat neurons in 
culture also appear to exhibit a smaller type 1 
receptor, whereas the receptor isolated from 
glial cultures is the same size as that isolated 
from placenta (Burgess et al., 1987). Similarly, 
the type 2 receptor found in brain also has lower 
molecular weight than the liver type 2 re-ceptor, 
apparently because of differences in glyco- 
sylation (McElduff et al., 1987). The functional 
significance of these differences is not known. 

Studies of IGF receptors in cells derived from the 
nervous system are complicated by the cross- 
reactivity of receptors with IGF-I, IGF-II, and 
insulin, and by the possibility of binding to tissue 
binding proteins distinct from the IGF receptors. 
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Nonetheless, many in vitro studies suggest the 
existence of the type I or type 2 receptors in cells 
derived from the nervous system as summa- 
rized in Table 3. Neurons and astrocytes express 
both the type I and type 2 receptors. Oligoden- 
drocytes express the type I receptor, but it is not 
clear whether they express the type 2 receptor. 

In Vivo Analysis of IGF Receptors 
Binding sites for IGF-I and IGF-II are found 

throughout the brain, indicating widespread 
distribution of type I and 2 receptors. Autora- 
diographic ligand binding studies have found 
the highest levels of IGF-I and IGF-II binding in 
the choroid plexus, median eminence, and pitu- 
itary (Bohannon et al., 1986, 1988; Lesniak et al., 
1988; Smith et al., 1988; Araujo et al., 1989). Since 
an IGF-I binding protein, IGFBP2, is expressed 
in the choroid plexus, this may contribute to the 
high level of binding. Other brain regions show 
lower binding of both IGF-I and IGF-II, and 
patterns of binding for IGF-I and IGF-II are 
different. In the olfactory bulb, for example, 
IGF-I binding is found in the olfactory nerve, 
glomerular layer, and external plexiform layer, 
whereas IGF-II binding is absent from the olfac- 
tory nerve and external plexiform layers, but is 
found in the glomerular and mitral cell layers 
(Lesniak et al., 1988). Distinct localization of 
binding sites for IGF-I and IGF-II suggest dis- 
tinct functional roles for the two peptides. 

Transport of IGFs 
Across the Blood Brain Barrier 

Binding sites for IGF-I and IGF-II have been 
found on the membranes that make up the blood- 
brain barrier (BBB) in both rat and bovine (Frank 
et al., 1986; Rosenfeld et al., 1987). IGF-II and 
IGF-I are internalized by endothelial cells, which 
is consistent with transport of the IGFs across the 
BBB. The human BBB was reported to have only 
a single binding site that bound IGF-II with 
higher affinity than IGF-I and did not bind insu- 
lin (Duffy et al., 1988). 
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Table 3 
IGF Receptors In Vitro 

Astrocytes 
neonate rat, fetal rats 

Oligodendrocytes + 
neonate rats 

Neurons + 
fetal rat 

Type 1 Type 2 References 

4- + Gammeltoft et al., 1985; 
Han et al., 1987; 
Ballotfi et al., 1987; 
Ocrant et al., 1988 

McMorris et al., 1986 

+ Burgess et al., 1987; 
Shemer et al., 1987; 
Ocrant et al., 1988 

In humans with pituitary disorders, a com- 
parison of IGFs in serum and CSF has revealed 
no significant correlation. Individuals with el- 
evated levels of se rum IGF-I resulting from 
acromegaly, for example, do not have higher 
levels of IGF-I or IGF-II in CSF when compared 
to GH-deficient individuals (Backstrom et al. 
1984). Thus, increases in plasma concentrations 
of IGF-I apparently do not result in increased 
IGF-I in CSF. These findings provide evidence 
that circulating IGF-I is not transported across 
the BBB, at least in individuals with these pitu- 
itary disfunctions. 

In Vitro Action of the IGFs 

In vitro studies have provided insights into 
the roles of the IGFs in the nervous system (Table 
4). Since IGF-I and IGF-II have only recently 
become readily available in sufficient amounts  
for biological testing, many  actions of the IGFs 
have been inferred based on the effects o f supra- 
physiological levels of insulin that acts on the 
type I IGF receptor (Table 2). Most studies have 
not documented  the receptor that mediates the 
response examined. In vitro studies have used 
cloned cell lines, p r imary  cultures of neuronal 
and glial cells, and brain explants. Studies in 
vitro (Table 4) provide  strong evidence for a role 
of the IGFs to 

1. Promote neurite formation 
2. Promote survival of cells derived from nervous 

tissue 
3. Promote differentiation of nervous system de- 

rived cells. 

Neurite Promoting Effects of IGFs 
Evidence for neurite promot ing effects of the 

IGFs has been derived from three independent  
systems: the human  neuroblastoma SH-SY5Y 
cell line, pr imary cultures of neurons,  and cul- 
tured explants of CNS tissue. Insulin and IGF-II 
enhance neurite formation in SH-SY5Y cells in 
serum-free media (Mill et al., 1985; Recio-Pinto 
et al., 1984; Recio-Pinto et al., 1986; Recio-Pinto 
and Ishii, 1988; Ishii et al., 1985) and also increase 
tubulin mRNA apparently by stabilization of 
the tubulin mRNA (Mill et al., 1985; Fernyhough 
et al., 1989) Tubulin is an important  cytoskeletal 
protein in axons and dendrites.  The dose-re- 
sponse curve for the induction of tubulin mRNA 
levels by insulin was very similar to that for 
increased neurite formation. 

Insulin and IGF-II can stimulate neurite for- 
mation in serum-free, pr imary  neuronal  cul- 
tures of chick dorsal root ganglia sensory neu- 
rons, parasympathetic ciliary ganglion neurons,  
and chick sympathetic neurons  (Collins and 
Dawson, 1983; Bothwell, 1982; Recio-Pinto et al., 
1986). Although these studies have the advan- 
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Table 4 
In Vitro Actions of the IGFs 

Hepler and Lund 

Actions Cells References 

DNA Synthesis 

RNA synthesis 

Neurite formation 

Oligodendrocyte 
proliferation & 
differentiation 

Growth promoting 

Differentiative 

Fetal rat brain cells 
Neonatal rat brain cells 
Human neuroblastoma SH-SY5Y 
Neonate rat astroglial cells 
Neonate rat neuronal cultures 

Fetal rat neuronal cells 

Human neuroblastoma SH-SY5Y 
Chick parasympathetic ciliary neurons 
Chick sensory neurons 
Chick sympathetic neurons 
Mouse brain explant (insulin) 

Neonate rat brain cells 
Oligodendrocyte enriched cultures 
Rat glial progenitor cells 

Rat fetal hypothalmic cell lines 
Rat cortical neuronal cultures 
Rat neuroblastoma cell line (B104) 
Fetal rat brain (ODC) 
Rat sympathetic neuroblast (mitotic cycle) 

Fetal quail DRG 

Lenoir and Honegger, 1983; 
Enberg et al., 1985; Han et al., 
1987; Shemer et al., 1987 

Burgess et al., 1987 

Bothwell 1982; Collins and 
Dawson, 1983; Recio-Pinto and 
Ishii, 1984; Recio-Pinto et al., 
1984; Recio-Pinto et al., 1986; Mill 
et al., 1985; Toran-Allerand et al., 
1988 

McMorris et al., 1986; McMorris 
and Dubois-Dalcq, 1988; Saneto 
et al., 1988; van der Pal et al., 1988 

Yang et al., 1981; Aizenrnan and 
deVellis, 1987; DiCicco-Bloom 
and Black, 1988; Orlowski et al., 
1989 

Xue et al., 1988 

tage that the cells are not transformed, insulin 
and the IGFs are required survival factors for 
these cells, and therefore, it is difficult to estab- 
lish whether  the neuri te  promoting effects are 
distinct from the survival effects. When effects 
of insulin and NGF on neurite formation are 
compared, they are not additive, indicating that 
these hormones are probably acting on the same 
subset of cells. The neuri te  promoting effect of 
IGF and NGF appears  to be specific, since EGF, 
FGF, and angiotensin do not stimulate neurite 
formation in cells in which insulin and NGF are 
active (Collins and  Dawson,  1983). 

Supraphysiological concentrations of insulin 
induce neurite formation in CNS explants (Toran- 
Allerand et al., 1988). Insulin at supraphysio- 
logical concentrations potentiates the estrogen 

induced neurite formation in explants from brain 
regions known to contain the estrogen receptor. 
Detailed analysis of the effects of IGFs in this 
system has not yet been reported. 

IGFs as Survival Factor 
Insulin in high concentrations or IGF-I in lower 

concentrations is required for survival of neuro- 
nal and glial cells in serum free media (Aizenman 
and de Vellis, 1987; Torres-Aleman et al., 1989; 
Snyder and Kim, 1980). This property may 
relate to the demonstra ted g rowth  promoting 
effects of the IGFs, including induction of DNA 
and RNA synthesis and proliferation of rat sym- 
pathetic neuroblasts (Shemer et aL, 1987; DiCicco- 
Bloom and Black, 1988; Sara and Carlsson- 
Skwirut, 1988). In cultures of fetal rat brain, the 
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IGFs induce ornithine decarboxylase activity, an 
enzyme thought to be a marker for cell prolifera- 
tion (Yang et al., 1981). 

IGFs and Differentiation 
IGF-I has differentiative effects on glial cells 

in culture. Oligodendrocytes are the glial cells in 
the CNS that make myelin. IGF-I promotes 
o l igodendrocyte  deve lopment  in culture 
(McMorris et al., 1986; van der Pal et al., 1988) 
apparently by stimulating proliferation of a pre- 
cursor cell population and a "commitment" of 
the precursors into cells that are positive for 
o l igodendrocyte  markers  (McMorris and 
Dubois-Dalcq, 1988)o Myelinbasic protein (MBP) 
is a major protein component of myelin and is a 
marker for myelin producing glial cells. In cul- 
tures of oligodendrocyte progenitor cells treated 
with IGF-I or insulin, MBP concentrations are 
elevated compared to controls. Insulin was the 
only component of oligodendrocyte-defined 
media (ODM: serum free medium, insulin, 
transferrin, and basic FGF) to increase levels of 
MBP (Saneto et al. 1988). Based on these find- 
ings, McMorris et al. have hypothesized that 
IGFs are important in oligodendrocyte devel- 
opment and myelination (McMorris et al., 1986). 
Serum IGF-I levels are decreased in malnutri- 
tion (Underwood et al., 1986). Hypomyelination 
is associated with malnutrition at critical times 
in the postnatal period (Wiggins, 1982). In addi- 
tion, the critical period for hypomyelination re- 
sulting from malnutrition corresponds to the 
period of oligodendrocyte development and not 
to the period of actual myelin synthesis (Wiggins, 
1982). Together these data suggest a role for 
IGF-I in oligodendrocyte development and 
myelination. 

Although IGF-I may be capable of inducing 
oligodendrocyte formation, it is probably not 
the only factor responsible for oligodendrocyte 
development in vivo. Rats made hypothyroid 
by treatment with propylthiouracil have normal 
serum concentrations of IGF-I and normal con- 
centrations of immunoreactive IGF-I in brain, 

but still have 52% of the normal 2',3'-cyclic nucle- 
otide 3'-phosphohydrolase (CNP) activity, a 
standard marker for myelin (King et al., 1988). 
Thus, myelin formation in vivo may involve an 
interplay between IGFs, thyroid hormone, and 
possibly other factors. 

As well as effects on oligodendrocytes, IGF-I 
is a differentiative factor for catecholaminergic 
precursors in cultured cells from DRG of embry- 
onic quail (Xue et al., 1988) These cells will 
differentiate in response to chick embryo extract 
(CEE). Only insulin and IGF-I and not NGF, 
FGF, and EGF could replace CEE in this activity 
(Xue et al., 1988). 

In Vivo Actions of the IGFs 

In vivo studies point to a role of the IGFs in 
synaptogenesis, repair and regeneration, dis- 
ease of the nervous system, and regulation of the 
hypothalmic pituitary axis. 

Synaptogenesis 
Recently, it has been reported that increased 

IGF-II mRNA abundance  correlates wi th  
synaptogenesis in skeletal muscle (Ishii, 1989). 
In rat skeletal muscle, IGF-II mRNA abundance 
increases dur ing polyneuronal  innervat ion 
and decreases dur ing  synapse  elimination~ 
Muscle denervation results in increases in IGF- 
II mRNAs concomitant with new synapse for- 
mation (Ishii, 1989). 

Some evidence indicates a role for IGF-I in 
neuronal repair. In rat sciatic nerve after crush- 
ing or freezing, IGF-I increases sciatic nerve 
responsiveness and stimulates neurite growth 
(Kanje et al., 1989; Sjoberg and Kanje, 1989). 
Increases in IGF-I immunostaining are also de- 
tected in regenerating sciatic nerves of adult rats 
(Hansson et al., 1986). Observations in rat in 
vivo that nerve regeneration is inhibited by per- 
fusion with monoclonal antibodies to IGF-I 
provide additional evidence for involvement of 
IGF-I in neuronal repair (Sjoberg and Kanje, 
1989; Kanje et al., 1989). IGF-I is rapidly trans-  
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ported in both anterograde and retrograde di- 
rections immediately after nerve crush (Hansson 
et al., 1987), suggesting that IGF-I is transported 
to the site of damage. 

IGFs in Disease 
Abnormal levels of IGFs have been noted in 

diseases of the CNS. IGF-II is decreased in the 
CNS in a lcohol ism (Tham et al., 1986). 
Neurofibromatosis is associated with increased 
IGF-I immunoreactivity (Hansson et al., 1988). 
Increased levels of IGFs have also been associ- 
ated with abnormal growth in the nervous s?s- 
tem. IGF-U was increased in CSF of a patient 
with macrenecephaly (Schoenle et al., 1986). 

Hypothalmic-Pituitary-IGF Axis 
IGF-I exerts negative feedback effects at the 

levels of the pituitary and the hypothalmus via 
effects to decrease GH release and increase SRIF 
release (Berelowitz et al., 1981; Tannenbaum et 
al., 1983; Abe et al., 1983; Yamashita and Melmed, 
1986). IGF-I inhibits GHRH-elicited GH release 
from anterior pituitary cells in culture (Ceda et 
al., 1987). 

The hypothalmus-pituitary-IGF axis has been 
implicated in control of feeding (Phillips, 1986). 
In rats, intracerebroventricular (ICV) adminis- 
tration of IGF-II, but not IGF-I or insulin, results 
in significant decreases in acute food intake and 
body weight (Lauterio et al., 1987). This is dis- 
tinct from the effects of insulin where chronic 
ICV administration of insulin decreases food 
intake (Woods et al., 1979). 

Transgenic Models 
Transgenic mice represent an emerging and 

useful in vivo model for analyses of the in vivo 
roles of hormones, growth factors, and the 
hypothalmic-GH-IGF-axis in the nervous sys- 
tem. Two general approaches have been com- 
monly used in generation of transgenic mice. In 
one approach, a strong constitutive promoter, 
the mouse metallothionein promoter, was used 
to elicit elevated and widespread expression of 
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different components of the hypothalamic/pi- 
tuitary/IGF system. This approach has been 
used to generate animals overexpressing GRF 
and GH, resulting in a "giant" phenotype 
(Palmiter et al., 1982; Hammer et al., 1985). 
Animals overexpressing human IGF-I (Mathews 
et al., 1988) were also generated using this ap- 
proach, resulting in enhanced overall body 
growth and overgrowth of a number of organs, 
including brain (see below). 

Another approach has been to ablate a com- 
ponent of the hypothalmic/GH/IGF system. 
This has been accomplished by linking the 
growth hormone promoter to a toxin gene, such 
as diphtheria toxin (Behringer et al., 1988). 
Transgenic mice with these genes integrated 
into their genome specifically express the toxin 
in the pituitary somatotrophs leading to toxin 
mediated ablation of somatotrophes during de- 
velopment. These animals exhibit dwarf pheno- 
type and reduced brain weight (Behringer et al., 
1988,1990). In a more recent approach, homolo- 
gous recombination was utilized to destroy the 
endogenous mouse IGF-II gene and generate 
IGF-II deficient animals. As with GH-deficient 
animals, these animals exhibit dwarf phenotype 
(DeChiara et al., 1990). 

Behringer et al. analyzed body and organ 
weight in wild-type mice, mice over expressing 
IGF-I via metallothionein promoter driven over 
expression of a human IGF-I cDNA, GH-defi- 
cient dwarf mice generated by GH promoter 
driven diphtheria toxin mediated ablation of 
somatotrophes, and crossbreeds of the IGF-I 
overexpressers and GH deficient  dwarfs.  
Analysis of brain weight in these animals re- 
vealed significant decreases in brain weight of 
dwarfs, significant elevation of brain weight in 
IGF-I overexpressors, and normalization of brain 
weight in dwarfs crossed with IGF-I expressors. 
These findings indicate an effect of IGF-I on 
brain weight, independent of GH (Fig. 14; 
Behringer et al., 1990). 

McMorris et al. studied the myelin content in 
these transgenic mice. In animals overexpressing 
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Fig. 14. Histogram of brain weight in wild type and 
transgenic mice. Brain weight is represented on the abscissa 
in grams. Mice with the following genotypes: GH-DTX, 
growth hormone promoter linked to the diphtheria toxin 
gene ( l )  wild type (~) IGF-I transgene and GH-DTX gene 
(IGF-I x GH-DTX, P'J), and IGF-I transgene (~) are 
represented by the columns. Each brain weight is the mean 
of a minimum of five mice. Standard deviation is shown 
at the top of the column. Asterisks indicate significant 
difference compared with wild type. 

IGF-I, relative myelin content is 20-30% higher 
than in wild-type litter mates and total myelin 
content is 90-100% higher (Carson et al., 1988). 
In contrast, dwarf transgenic mice with GH cells 
ablated show hypomyelination in the cerebrum. 
The crossbreeds of the IGF-I overexpressors and 
GH-ablated dwarf mice exhibit a 90 % higher mye- 
lin content in cerebrum compared with GH-de- 
ficient littermates (Carson et al., 1988,1989). These 
results suggest that the alteration in brain weight 
in transgenic animals of different GH and IGF-I 
status is via effects on myelination. In addition, 
these data indicate IGF-I is capable of inducing 
myelin formation in vivo in the absence of GH. 

As well as for myelin formation, these differ- 
ent transgenic lines provide model systems to 
address many questions, including feedback in- 
teraction among  the components  of the 
hypothalmic-GH-IGF system, effects of GH and 
the IGFs on behavior or aging, and relative roles 
of IGF-I and IGF-II in nervous system function. 
In the future, it seems likely that other transgenic 
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lines will be developed with altered IGF recep- 
tors and binding proteins. Such models will 
rapidly expand our information base about IGFs 
and the nervous system. 

Conclusions 

In the past ten years, molecular biology ap- 
proaches have provided the structures of mul- 
tiple components of the IGF system, IGF pep- 
tides, receptors, binding proteins, and the 
mRNAs and genes encoding them. Progress has 
been made toward understanding which com- 
ponents of the IGF system are expressed in the 
nervous system, their cellular localization, and 
their regulation. The molecular studies also 
provide the potential for availability of pure 
components of the IGF system for testing of 
biological effects and interactions. Emerging 
information from these approaches together with 
the applications of gene transfer approaches in 
cells in culture and transgenic animals suggest 
that the next few years will provide exponential 
increase in our information and understanding 
of the precise roles of the IGF system in nervous 
system function. 
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