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Abstract

Increasing evidence strongly supports a role for insulin-like growth factor-I IGF-I) in central ner-
vous system (CNS) development. IGF-I, IGF-II, the type I IGF receptor (the cell surface tyrosine kinase
receptor that mediates IGF signals), and some IGF binding proteins (IGFBPs; secreted proteins that
modulate IGF actions) are expressed in many regions of the CNS beginning in utero. The expression
pattern of IGF system proteins during brain growth suggests highly regulated and developmentally
timed IGF actions on specific neural cell populations. IGF-I expression is predominantly in neurons
and, in many brain regions, peaks in a fashion temporally coincident with periods in development
when neuron progenitor proliferation and/or neuritic outgrowth occurs. In contrast, IGF-II expres-
sion is confined mainly to cells of mesenchymal and neural crest origin. While expression of type I
IGF receptors appears ubiquitous, that of IGFBPs is characterized by regional and developmental
specificity, and often occurs coordinately with peaks of IGF expression.

In vitro IGF-I has been shown to stimulate the proliferation of neuron progenitors and /or the
survival of neurons and oligodendrocytes, and in some cultured neurons, to stimulate function.
Transgenic (Tg) mice that overexpress IGF-Iin the brain exhibit postnatal brain overgrowth with-
out anatomic abnormality (20-85% increases in weight, depending on the magnitude of expres-
sion). In contrast, Tg mice that exhibit ectopic brain expression of IGFBP-1, an inhibitor of IGF
action when present in molar excess, manifest postnatal brain growth retardation, and mice with
ablated IGF-I gene expression, accomplished by homologous recombination, have brains that are
60% of normal size as adults. Taken together, these in vivo studies indicate that IGF-I can influ-
ence the development of most, if not all, brain regions, and suggest that the cerebral cortex and
cerebellum are especially sensitive to IGF-I actions. IGF-I's growth-promoting in vivo actions
result from its capacity to increase neuron number, at least in certain populations, and from its
potent stimulation of myelination. These IGF-I actions, taken together with its neuroprotective
effects following CNS and peripheral nerve injury, suggest that it may be of therapeutic benefit in
a wide variety of disorders affecting the nervous system.

Index Entries: Insulin-like growth factors; insulin-like growth factor receptors; insulin-like
growth factor binding proteins; brain; transgenic mice.
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Abbreviations: BBB, blood-brain barrier; CNS, central nervous system; E, embryonic day; EGF,
epidermal growth factor; EAE, experimental autoimmune encephalomyelitis; FGF, fibroblast
growth factor; GH, growth hormone; ISHH, in situ hybridization histochemistry; IRS, insulin
receptor substrate; IGF-I and IGF-II, insulin-like growth factor-I and -II; IGFBPs, insulin-like
growth factor binding proteins; MBP, myelin basic protein; MT-1, metallothionein-1; P, postnatal

day; PLP, proteolipid protein; Tg, transgenic.

Introduction

Increasing evidence strongly supports a role
for the insulin-like growth factors (IGF-I and
IGF-II) in central nervous system (CNS) devel-
opment (Ishil, 1993; Raizada and LeRoith, 1993;
DePablo and De la Rosa, 1995). The IGFs, as
well as their cell surface receptors (type I and
II IGF receptors) and IGF binding proteins
(IGFBPs), are expressed early in the develop-
ment of the CNS. IGFs (especially IGF-I) have
been shown to stimulate the proliferation and /
or survival of neural cells in culture, and, in
some cases, differentiation and/or specialized
neural function. Studies of transgenic (Tg) mice
that overexpress IGF-I (Mathews et al., 1988;
Behringer et al., 1990) and studies of mice with
disruptions of the IGF-I gene or type I IGF
receptor gene also point to an essential role for
IGFs in brain development (Baker et al., 1993;
Liu et al., 1993). This review provides an over-
view of the IGFs, their receptors, and binding
proteins, summarizing recent research into
their role in brain development and function.
For a review of IGF actions in the peripheral
nervous system, see Ishii et al. (1994).

Overview of the IGFs,
IGF Receptors and IGFBPs

IGF-1 and IGF-1i

IGF-I and IGEF-II are anabolic peptides of 70
and 67 amino acids (Fig. 1), respectively, that
share homology with each other and proinsu-
lin (Daughaday and Rotwein, 1989). Each is the
product of single, large (~95 and ~35 kb, respec-
tively), complex genes. Both are expressed in
most tissues from early in embryonic develop-
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ment, with IGF-II being more abundantly
expressed in utero in most tissues. During post-
natal life, IGF-I is more abundantly expressed,
is regulated in many tissues by growth hor-
mone (GH), and mediates most of GH’s growth
promoting actions (Behringer et al., 1990).
Multiple studies of cultured cells have dem-
onstrated that IGFs can stimulate cell prolifera-
tion and, in some cases, differentiation. For
these reasons the IGFs have been considered
important in development. The deduced
importance of the IGFs in growth and devel-
opment has been confirmed by studies in Tg
mice in which each of the IGF genes has been
disrupted by homologous recombination. Dis-
ruption of the IGF-I gene results in growth-
retarded mice (an ~40% reduction in body
weight at birth) that usually die at the time of
birth (Baker et al., 1993; Liu et al., 1993),
whereas disruption of the IGF-II gene yields
similar growth-retarded mice who otherwise
appear normal (DeChiara et al., 1990). Disrup-
tion of the type I IGF receptor gene, the cell
surface receptor that mediates most, if not all,
of the actions of both IGFs, yields mice that are
about 40-45% of normal weight at the time of
birth and invariably die (Liu et al., 1993).

IGF Receptors and Signal Transduction

The actions of the IGFs are mediated by
interaction with cell surface receptors (Czech,
1989). The type I IGF receptor is the major
transducer of IGF signals. It is a heterotetramer
composed of paired, disulfide-linked a-and
B-subunits (Fig. 2). The a-subunits are extra-
cellular and bind IGFs, whereas the B-subunits
span the cell membrane and possess tyrosine
kinase activity. The type I IGF receptor is the
product of a single gene that shares structural
homology with the insulin receptor. The type I
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Fig. 1. Schematic of the structure of insulin, IGF-I, and IGF-l precursors. The large boxes depict the domains
of the mature peptides; the small boxes depict domains (signal and trailer peptides) included in the precursors.
Note that homologous domains are depicted with the same shading and are labeled.
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Fig. 2. Schematic of the structure of the type [ IGF receptor, compared to that of the other related receptors
and the type 1l IGF/mannose-6-phosphate receptor.
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IGF receptor and the insulin receptor can form
hybrid receptors by utilizing the a- and p-sub-
units of each to form heterodimers, but the func-
tional significance of these hybrids is not known.

The type II IGF receptor (Fig. 2) is identical
to the cation-independent, mannose-6-phos-
phate receptor, and acts to translocate proteins
containing mannose-6-phosphate moieties and
IGF-II to lysosomes for degradation. There is
little convincing evidence that IGF interaction
with this receptor signals IGF growth-promot-
ing activity.

Binding of IGFs to the a-subunit of the type I
IGF receptor induces a conformational change
in the receptor that results in autophosphoryla-
tion of the B-subunit, and sets into motion
signaling cascades that involve phosphoryla-
tion of a series of intracellular messengers
(LeRoith et al., 1995). After autophosphoryla-
tion, the -subunit’s tyrosine kinase phospho-
rylates insulin receptor substrates (IRS-1 and/or
IRS-2). When phosphorylated, the IRSs bind to
the complex of Grb2, an src homology (SH)
domain protein, and Sos. This complex of three
proteins then translocates to the plasma mem-
brane, where it activates Ras, a small mem-
brane G protein. Activation of Ras in turn leads
to the phosphorylation of Raf and the activa-
tion of the MAP kinase cascade. The latter
pathway is common to the actions of many
growth factors, and ultimately leads to tran-
scription of early response genes. These genes
generally encode transcription factors that
then act to stimulate the transcription of late
response genes. The products of these delayed
response genes are the effectors of the end-result
of growth-factor stimulation, such as progres-
sion through the cell cycle and differentiation.
IRSs, however, also can bind to phosphoinositol-
3 kinase, and in so doing initiate another sig-
naling cascade involving phosphorylation of
inositol moieties. The signaling pathways set
in motion by the activation of the type I IGF
receptor, however, are not completely elaborated.
Some evidence suggests that type I IGF recep-
tor signaling also may occur independent of
IRS, probably by direct binding of SH domain
proteins, such as Shc and Crk, to phosphory-
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lated tyrosine motifs at the carboxy terminal
end of the B-subunit.

IGFBPs

The IGFs exist in serum and tissues pre-
dominantly bound to high affinity extracellu-
lar proteins (probably >97%), termed IGFBPs
(Baxter, 1991; Clemmons, 1991; Shimasaki and
Ling, 1992). Six IGFBPs, named IGFBP-1
through IGFBP-6, have been identified. They
comprise a family of proteins that share a com-
mon cysteine motif in their amino and carboxy
terminal thirds, which accounts for their capac-
ity to bind IGFs (Fig. 3). IGFBPs account for the
relatively high levels of IGFs that circulate in
the blood. They also modulate IGF actions,
being capable of both inhibiting and augment-
ing IGFs’ interactions with cell-surface recep-
tors. The specific modulating activities of
IGFBPs differ among IGFBPs and upon their
posttranslational modification. Like the IGFs,
IGFBPs are expressed in many, if not all, tis-
sues. The expression of each IGFBP is cell spe-
cific and often developmentally regulated. The
coordinate expression of IGFBPs and IGFs in
many tissues suggests that the IGFBPs are
important in the regulation of IGF action
within the local milieu.

Sites and Ontogeny of Expression
of IGF System Proteins in the CNS

The IGFs, IGF receptors, and IGFBPs are
expressed in the CNS during development.
The ontogeny and sites of expression of these
proteins suggest a highly coordinated, com-
plex interaction of these proteins in CNS
development. IGF-I expressing neurons usu-
ally express type I IGF receptors, suggesting
autocrine actions for IGF-I. However, cells
nearby IGF-I expressing neurons typically also
express type I IGF receptors, indicating para-
crine actions. In addition, IGFBPs are often
coordinately expressed near neurons express-
ing IGF-I, suggesting the possibility that they
may be responsible for translocating IGF-I
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Fig. 3. Schematic of the precursor structure of the human IGFBPs. The small boxes depict the signal peptides;
the large boxes depict the mature proteins with their three domains. The number of amino acids in each
domain is shown below each diagram. The lines in the amino and carboxy terminal thirds of each IGFBP depict
the positions of cysteine residues. The thick broken lines in the carboxy terminus of IGFBP-1, -2, and -3 repre-
sent potential integrin recognition sites. The arrows below IGFBP-3 point to glycosylation sites.

and/or modulating its interaction with cell-
surface receptors.

IGFs not synthesized in the CNS also could
have a role in CNS development and function.
Recent evidence has demonstrated in vivo
transport of IGFs across the blood-brain bar-
rier (BBB) (Reinhardt and Bondy, 1994). When
labeled IGF-I and IGF-II were infused into the
common carotid arteries of adult rats, they
could be detected in the choroid plexus,
median eminence, brain arterioles, and paren-
chyma. Bovine (Frank et al., 1986), rat (Rosen-
teld et al., 1987), and human (Duffy et al., 1988)
brain capillary endothelial cells, the cells that
form the BBB, each express type I IGF recep-
tors. Because these receptors are capable of
internalizing IGFs, they could provide a
mechanism by which IGFs are transported to
the CNS from the circulation. Such transport,
however, appears to be limited, because there
is no significant correlation between serum and
cerebrospinal fluid (CSF) IGF concentrations in
normal people and patients with pituitary dis-
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orders (Backstrom et al., 1984). In balance,
therefore, it appears that IGFs in the circulation
are not a major source of IGFs for the CNS.

IGF Expression

As determined by in situ hybridization his-
tochemistry (ISHH), IGF-I expression in the
developing rodent brain begins by at least
embryonic day (E) 14 and occurs predomi-
nately in neurons (Bartlett et al., 1991; Bondy,
1991; Bondy and Lee, 1993; Lee et al., 1993).
Analysis of IGF-I mRNA indicates that peak
IGF-I expression occurs during the second
week of postnatal life. While IGF-1is expressed
in many types of neurons, it generally exhibits
its highest expression at times when neurons
that express IGF-1 are undergoing proliferation
(Table 1). For example, IGF-I is highly expres-
sed in the mitral cell layer of olfactory bulb
during late gestation and the first week of post-
natal life, and thereafter expression decreases.
In the hippocampus, IGF-I expression is high
in several proliferative areas in the first 2 wk of
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Table 1
Sites and Peak Developmental Times of IGF-1 mRNA Expression in Rodent CNS*
Sites Peak time
Cerebellar system Purkinje cells P4-P28
Inferior olive E20-P21
Deep cerebellar nuclei E20-P21
Red nucleus P4-P28
Ventrolateral nucleus P4-P21
Somatosensory system Spinal trigeminal nucleus E20-D21
Ventrobasilar nucleus P4-P21
Gelatinosa nucleus E20-P14
Intraluminar nucleus E18-adult
Anterior pretectal nucleus E16-P28
Dorsal column nucleus PO-adult
Olfactory system Mitrals cells El6-adult
Tufted cells E18-adult
Piriform cortex P7-adult
Visual system Retinal ganglion cells E20-P10
Superior colliculus PO-adult
Lateral geniculate nucleus P7-P28
Lateral posterior nucleus P7-P28
Anterior pretectal nucleus E16-P28
Auditory-vestibular system Medial vestibular nucleus E20-P21
Superior vestibular nucleus E20-P21
Dorsal cochlear nucleus E20-P14
Ventral cochlear nucleus P0-P14
Superior olive E20-adult
Lateral lemniscal nucleus E20-P28
Medial geniculate nucleus P4-P21
Inferior colliculus P0-P28
Interstitial nucleus E20-P14
Hippocampus Strata oriens, radiatum, E20-P28
and lacunosum-moleculare
Dentate gyrus: stratum polymorph E20-P21
Neocortex Interneurons P0-P40
Subventricular zone P0-P14

‘The data in this table are comprehensive; the table lists some of the prominent sites of IGF-] mRNA
expression, as reported in other references (Bartlett et al., 1991, 1992; Bondy, 1991; and Lee et al., 1993). The
format of the table was adapted from Table 1, in Bondy (1991).

postnatal life, but peaks later in the dentate
gyrus, where neuronal proliferation is more
prolonged. Purkinje cells are the major cells of
IGF-1I expression in cerebellum. IGF-I expres-
sion in Purkinje cells commences at about the
time of birth, declines by postnatal day (P) 20,
and continues throughout adulthood (Aguado
et al., 1992; Torres-Aleman et al., 1994). IGF-I
also may be expressed by glia progenitors,
because it is strongly expressed in the sub-
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ventricular zone in early postnatal develop-
ment (Bartlett et al., 1992). In contrast, IGF-II
expression in the brain and head occurs pre-
dominately in mesenchymal and neural crest
derivatives during embryonic life (Styliano-
poulou et al., 1988). In adult rodent and human
brain the expression of IGF-II appears to be
confined to the choroid plexus, meninges, and
blood vessels (Hynes et al., 1988; Harel and
Tannenbaum, 1992a; Cavallaro et al., 1993; Lee
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et al., 1993; Logan et al., 1994). IGF-II in these
sites likely accounts for the abundance of
IGF-II in CSF.

IGF-I immunoreactivity is more widespread
in brain than would be expected from the
localization of its mMRNA. Immunocytochemis-
try studies reveal IGF-I associated with neu-
rons from E15 to adulthood (Garcia-Segura et
al., 1991), including neurons in olfactory bulb,
cerebral cortex, hippocampus, striatum, dien-
cephalon, and brain stem. Postnatally, IGF-I can
be localized to capillary walls, ependymal
cells, choroid plexus, glial cells, and nerve fiber
paths. These results are consistent with quanti-
tative studies of the regional distribution of
IGF-I in adult rat brain, where significant
IGF-I concentrations are found in all brain
regions, as evaluated by radioimmunoassay
(Yamaguchi et al., 1990). In the latter study,
extracted IGF-I concentrations corresponded
to the amount of IGF-I found in perfusates of
the same brain regions after in sity, in vivo per-
fusion. Immunoreactive IGF-II also is wide-
spread in the CNS and often found at locations
remote from its sites of synthesis—for example,
in myelinated nerve tracts where it colocalizes
with IGFBP-2 (Logan et al., 1994; Sullivan and
Feldman, 1994). As reviewed below, IGFBPs
are often expressed by cells near the cells of IGF
expression, and it is likely that binding of IGFs
to IGFBPs results in an accumulation of IGF at
sites distinct from its cells of synthesis.

IGF Receptor Expression

Both type I and II IGF receptors have been
biochemically identified and characterized in
whole adult mouse, rat, and human brain (Gam-
meltoft et al., 1988; Ocrant et al., 1988; Santos et
al., 1994). Using quantitative autoradiography
of labeled IGF-I binding, sites of IGF-I specific
binding have been found to be widely distrib-
uted in adult rat brain (Bohannon et al., 1988),
with virtually all brain regions possessing
binding sites. Some of these sites, though spe-
cific for IGFs, could represent binding to
IGFBPs. ISHH, however, has demonstrated
that type I IGF receptor mRNA is exuberantly
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expressed throughout the brain of E14 fetal
rats, with the ventral floor plate of the hind-
brain exhibiting especially high expression
(Bondy et al., 1990). Quantitative solution
hybridization studies of type I IGF receptor
mRNA indicate that peak expression occurs
between E15 and E20 of rat gestation (Baron-
Van Euercooren et al., 1991). Taken together,
these data indicate that type I IGF receptors are
ubiquitous in the brain and that expression
occurs early in development. Studies of human
autopsy specimens confirm that type I IGF
receptors are expressed throughout the adult
brain and that they are somewhat more abundant
in early postnatal life (De Keyser et al., 1994).

In the brain, the size characteristics of the
type I IGF receptor differ from those in non-
neural tissues in that the a-subunit migrates at
an apparent size ~10 kDa smaller and the 3-sub-
unit at a size 2-3 kDa smaller (McElduff et al.,
1988). These differences are likely to be owing
to differences in glycosylation, but other differ-
ences are possible. Studies of cultured cells
indicate that neurons, and not glia, express this
smaller receptor.

Expression of type II IGF receptor is more
limited in the adult rat brain than that of the type
I IGF receptor. Both ISHH and immunocy-
tochemistry reveal the expression in neurons of
the forebrain and hippocampus, as well as in the
choroid plexus and meninges (Couce et al., 1992).

IGFBP Expression

IGFBP-2, IGFBP-4, and IGFBP-5 are the
major IGFBPs expressed in the brain. IGFBP-2
expression, as judged by ISHH, begins early in
rat embryogenesis (at least by E7) (Wood et al.,
1992). At E10-11, IGFBP-2 is expressed in the
rostral brain of the primary neural tube (Wood
etal, 1992); in the E14 rat fetus it is well expres-
sed in the choroid plexus epithelium, the
ventral floor plate, and the infundibulum
(Wood et al., 1990). Postnatally, IGFBP-2
mRNA expression is largely restricted to
astroglia (Lee et al., 1993).

Throughout development, sites of IGFBP-2
and IGF expression are often temporally and
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spatially related (Wood et al., 1990, 1992; Lee et
al., 1992b, 1993), suggesting that IGFBP-2's
interaction with IGFs may influence IGF physi-
ology either by increasing its concentration
near cells where it acts or by modulating its
effects (either inhibiting or augmenting IGF
actions). For example, throughout brain develop-
ment, IGF-II expressing cells often are immedi-
ately adjacent to those expressing IGFBP-2
(Wood et al., 1990, 1992), with the peak expres-
sion of each mRNA occurring simultaneously
(Lee et al., 1993). In other brain regions, IGFBP-2
is expressed during later development in a
fashion coordinated with that of IGF-I (Lee et
al., 1992b). Such brain regions include the cer-
ebellum, retina, and developing sensory and
cerebellar networks. In the developing hippo-
campus and neocortex, however, astrocyte
IGFBP-2 expression is not anatomically linked
to that of IGF-I expression (Lee et al., 1993).

By ISHH, IGFBP-4 expression becomes more
widespread in advancing development (Brar
and Chernausek, 1993; Stenuers et al., 1994). In
E14 rat fetuses, its expression is limited to the
epithelium of the choroid plexus and meninges;
by E20 its expression is extended to basal gan-
glia neurons; in the early postnatal period, hip-
pocampus expresses IGFBP-4; and, in the adult
rat, IGFBP-4 also is expressed in neurons of the
layers Il and IV of the cerebral cortex, olfactory
bulb, and amygdala.

IGFBP-5 mRNA shows a distinct pattern of
expression by ISHH (Bondy and Lee, 1993; Brar
and Chernausek, 1993), and, like IGFBP-2,
exhibits a temporal pattern of expression that
appears to be coordinated with IGF-I expression.
For example, IGFBP-5 and IGF-I are coexpressed
in neurons of sensory relay systems such as
olfactory bulb, geniculate bodies, and vestibular
nuclei (Bondy and Lee, 1993). In the cerebellum,
IGFBP-5 is expressed in the developing external
germinal zone of the cerebellar cortex, whereas
IGF-I is expressed in anatomically adjacent
Purkinje cells. In the cerebrum, IGFBP-5 is
expressed in the lateral ventricular germinal zone
at birth and later in the subventricular zone. It
also is expressed in multiple thalamic nuclei,
hippocampus, and perivascular cells.
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While there have been few studies of the
expression of IGFBP-3 in the brain, its mRNA
has been demonstrated in the brain following
ischemic/hypoxic injury (Gluckman et al.,
1992). IGFBP-1 does not appear to be expressed
in brain. However, it may be important to
peripheral nerve function, because it (possibly
together with other IGFBPs) has been immu-
nochemically localized to synapses at the neu-
romuscular junction (Ma et al., 1994a, 1994b).

Regulation of IGF Expression
in the CNS

GH and nutrition are the major factors that
regulate IGF-I expression in the liver, as well as
in a number of other organs (Daughaday and
Rotwein, 1989; Clemmons and Underwood,
1991). In some tissue, however, IGF-I expres-
sion appears to be regulated by trophic factors
that are specific for that tissue. For example, in
uterus, estrogens (and not GH) stimulate IGF-I
expression (Murphy and Friesen, 1988), whereas
in ovary follicle stimulating hormone is a major
regulator of IGF-I (Adashi et al., 1991). Little is
known, however, about the factors and mecha-
nisms that regulate IGF-I expression in the
brain. There is evidence, however, that GH
(Hynes et al., 1987), nutrition (Lowe et al., 1989;
Philipps et al., 1989), and injury (see IGF Actions
in the CNS) influence the in vivo brain expres-
sion of IGF-L. IGF-ImRNA abundance is reduced
in the brain of hypophysectomized rats, and
intracerebral infusion of GH restores IGF-I
mRNA to 80% of normal (Hynes et al., 1987),
indicating that GH has a role in modulating
brain IGF-I. Similarly, hypothalamic IGF-I and
IGF-II mRNA are decreased by ~60% following
hypophysectomy, and continuous peripheral
administration of GH restores hypothalamic
IGE-I (but not IGF-II) to normal (Wood et al.,
1991). Administration of thyroxine, corticoster-
one, and testosterone had no such effect. The
finding that GH receptors are expressed in
many regions of the brain at the time near that
of peak IGF-I expression is consistent with GH
regulation of brain IGF-I (Lobie et al., 1993).
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Fasting for 48 h reduces whole brain IGF-I
mRNA by about 35% in the adult rat, with no
concurrent change in the abundance of type I
IGF receptors (Lowe et al., 1989), whereas a
greater reduction of IGF-I mRNA (~ 65%) was
found in rat hypothalami following a 72-h fast,
again with no change in type I IGF receptors
(Olchousky et al., 1993). Protein restriction dur-
ing gestation and early postnatal life modestly
lowers cerebellar IGF-I content (Shambaugh et
al., 1995). In contrast, P10 rats with altered
nutrition were not found to exhibit changes in
brain IGF-I concentrations, but did have lower
levels of IGF-II (Philipps et al., 1989). Consis-
tent with a role for nutrition in the regulation
of IGF-I is the finding that glucose stimulates
IGF-I expression in Cé glial cells (Straus and
Burke, 1995).

Studies of cultured neural cells provide evi-
dence that some growth factors may be capable
of regulating IGF expression. For example, epi-
dermal growth factor (EGF) appears to stimu-
late IGF-I expression in primary cultures of rat
astroglia (Chernausek, 1993), and basic fibro-
blast growth factor (bFGF) stimulates the release
of IGF-I from primary cultures of neuro-
epithelial cells from the neural crest (Drago et
al., 1991) and hypothalamic neurons (Pons and
Torres-Aleman, 1992). In both cases, IGF-I
appears to mediate the growth-promoting
actions of these growth factors.

Glucocorticoids appear to depress the expres-
sion of both IGFs, although few studies have
addressed this issue. In primary cultures of
neurons and glia cells derived from neonatal
rats, glucocorticoids depress IGF-I mRNA
(Adamo et al.,, 1988). They also have been
shown to depress IGF-Il mRNA in neonatal rat
brain after in vivo administration (Levinovitz
and Norstedt, 1989). Finally, a variety of inju-
ries are capable of inducing IGF-I expression
in astrocytes in vivo. For example, astrocytes
express IGF-I in response to hypoxic/ischemic
(Lee et al., 1992a), stereotactic (Garcia-Estrada
et al., 1992), electrolytic (Yamaguchi et al.,
1991), and cryogenic (Yao et al., 1995) injuries,
as well as in response to cuprizone-induced
demyelination (Komoly et al., 1992) and to
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experimental autoimmune encephalomyelitis
(EAE; Liuetal., 1994, 1995). Following hypoxic/
ischemic injury, IGF-II is also expressed by
brain macrophages (Lee et al., 1992a), and
microglia and/or astrocytes (Beilharz et al.,
1995). These findings, taken together with
the apparent neuroprotective actions of IGF-I
(see below), suggest that astrocytes are impor-
tant in ameliorating brain injury.

IGF Actions in the CNS

IGFs have been documented experimentally
to exert a wide variety of growth-promoting and
functional effects on neural cells. In an attempt
to provide a cogent, integrated review, our sum-
mary of IGF actions is divided as follows:

1. Studies on specific neural cell types. Except
for the review of IGF actions on “oligoden-
drocytes and myelination,” this section is
restricted to in vitro studies.

2. In vivo studies of mice with experimental
alterations in IGF, IGF receptor, and [GFBP
expression.

3. Studies of IGF actions in specific brain
regions. The section reviews relevant in
vitro and in vivo studies. Reviews of IGF’s
role in neural injury and in CNS tumori-
genesis follow in separate sections.

IGF Actions on Specific Neural Cell Types

in Vitro IGF Actions on Neurons
and Neuronal Progenitors

Increasing evidence supports important
actions for IGFs in neuronal development and
function (Table 2). Pdhlman et al. (1991) have
proposed the SH-SY5Y neuroblastoma cell line
as a paradigm for IGF-I's role in neural devel-
opment. They have shown that IGF-I stimu-
lates cellular proliferation of undifferentiated
SH-SY5Y cells and augments their differentia-
tion when induced by phorbol esters. Obser-
vations in primary cultures of neuronal cells
are consistent with the hypothesis based on the
SH-SY5Y paradigm. Cultured E10 murine
neuroepithelial cells appear to be dependent
on IGF-I for proliferation and survival (Drago
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Table 2
Some IGF Actions on Cultured Neurons
Action Cultured cell Refs.
Proliferation Undifferentiated SH-SY5Y cells P&hlman et al., 1991

Enhanced survival

Cell body hypertrophy

Neuritic outgrowth

Murine E10 neuroepithelium
Murine E15-16 neuron precurors
Rat E15 sympathetic neuroblasts
Rat olfactory bulb explants

Rat E15 Purkinje cells

Rat E16-17 cortical neurons

Rat E15 Purkinje cells

Rat hypothalamic neurons

Rat P8 cerebellar granule cells
Spinal cord motoneurons

Rat E14 serotonin and dopamine
neurons

Rat E16-17 cortical neurons

Rat E16~17 cortical neurons

Rat hypothalamic neurons
Chick sympathetic neurons

Rat sensory dorsal root neurons

Drago et al., 1991
Lenoir and Honegger, 1983
DiCicco-Bloom and Black, 1989
Werther et al., 1993
Torres-Alemon et al., 1992
Aizeman and DeVellis, 1987
Torres-Aleman et al., 1992
Torres-Aleman et al., 1990a, 1990b;
Pons et al., 1991;
Sortino and Canonico, 1996
D’Mello et al., 1993
Angetal., 1992; Neff et al., 1993
Liu and Lauder, 1992

Aizeman and DeVellis, 1987
Aizeman and DeVellis, 1987
Torres-Aleman et al., 1990b
Zackenfels et al., 1995
Zackenfels et al., 1995

Differentiation

Stimulated activity
Choline acetyltransferase
Ca? influx

Neural crest to catecholaminergic neuron
Glutamine acid decarboxylase

Nataf and Monier, 1992
Aizeman and DeVellis, 1987
Konishi et al., 1994
Kleppisch et al., 1992

et al.,, 1991). These cells synthesize IGF-I and,
while they proliferate in response to bFGF, this
response is completely inhibited by coincuba-
tion with antibodies to IGF-I, indicating that
IGF-I mediates, at least in part, bFGF action on
these CNS progenitor cells. Both IGF-I and -1I
stimulate the proliferation of aggregate cul-
tures of mouse E15-16 neuron and glial precur-
sors (Lenoir and Honegger, 1983). IGF-I also
has been shown to stimulate mitosis in E15 rat
cervical sympathetic neuroblasts (DiCicco-
Bloom and Black, 1989). IGFs may influence
neuron number, however, by mechanisms not
related to the stimulation of proliferation.
Studies of rat cortical neurons (Aizeman and
DeVellis, 1987), embryonic chick (Neff et al.,
1993) and mouse (Ang et al., 1992, 1993) spinal
cord motor neurons indicate that IGFs enhance
survival, but do not stimulate proliferation
(Neff et al., 1993). IGF-I's effects on mouse
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motor neuron survival, however, appear to
require an astrocyte-derived factor (Ang et al.,
1992, 1993). In immortalized hypothalamic
neurons, IGF-I appears to enhance survival by
protecting against the effects of oxidants
(Sortino and Canonico, 1996).

Evidence also suggests that IGFs stimulate
the differentiation of certain neuronal popula-
tions. For example, IGF-I has been shown to
increase the number of catecholaminergic cells
in embryonic quail neural crest cells in culture
(Nataf and Monier, 1992). IGFs also may stimu-
late hypertrophic growth of some neurons.
IGF-I stimulates cell hypertrophy, neuritic
outgrowth, and glutamic acid decarboxylase
expression in cultured cortical neurons (Aize-
man and DeVellis, 1987). IGF-II stimulates an
increase in the cell body size of cultured rat E14
serotonin and dopamine neurons and increases
neuritic outgrowth in dopamine neurons (Liu
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and Lauder, 1992). Both IGFs stimulate mitosis
and neuritic outgrowth in cultured sympa-
thetic neurons from embryonic chick lum-
bosacral ganglia (Zackenfels et al., 1995). IGF-I,
and to a lesser extent IGF-II, stimulates neuritic
outgrowth of cultured postmitotic sensory
neurons obtained from the dorsal root ganglia
of adult rats (Fernyhough et al., 1993).

In other differentiated cultured neurons,
IGF-I appears to promote differentiated func-
tions. IGF-I stimulates choline acetyltrans-
ferase activity in primary cultures of rat E16
basal forebrain and pontine cultures, as well as
dopamine uptake in mesencephalic primary
cultures (Knusel and Hefti, 1991). Similar
stimulation of choline acetyltransferase activ-
ity has been reported for cultured E15 mouse
septal neurons (Konishi et al., 1994). Finally,
IGF-I may facilitate Ca?* influx in neurons
(Kleppisch et al., 1992).

The mechanisms of IGF actions in neurons
have not been precisely elucidated; however,
IGF-I has been shown to stimulate the auto-
phosphorylation of the type I IGF receptor, as
well as a 70-kDa cytosolic substrate, in primary
cultures of postmitotic embryonic chick fore-
brain neurons (Kenner and Heidenreich, 1991).
This leads to the activation of Ras, which is pro-
posed to lead in turn to IGF-I's effects on neu-
ron survival (Robinson et al., 1994). IGF-I
activation of its receptor also results in the tran-
scription of c-fos by a protein kinase C pathway
(Heidenreich et al., 1993), and to the activation
of protein phosphatase-2A (Begum et al., 1993).
In SH-SY5Y cells, the differentiating actions of
IGF-I appear to be related to its capacity to
decrease c-myc expression and to stimulation
of the expression of a number of genes associ-
ated with differentiation, such as GAP-43
(Sumantran and Feldman, 1993), as well as to
increase tubulin and neurofilament mRNA
(Fernyhough et al., 1989; Wang et al., 1992),
which are essential for neuritic outgrowth.

In Vitro IGF Actions on Astrocytes

Studies of astrocytes in primary culture
demonstrate that these cells express IGF-I (Han
et al., 1992; Chernausek, 1993) and several
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IGFBPs, including IGFBP-2 and IGFBP-3
(Bradshaw and Han, 1993). Late gestation rat
astrocytes have been shown to express type I
and II IGF receptors and to synthesize DNA in
response to IGFs (IGF-I > IGF-II) (Ballotti et al.,
1987). P1 rat astrocytes in culture synthesize
IGF-I, and the rate of astrocyte DNA synthesis
can be reduced by antibodies against IGF-I
(Han et al., 1992), suggesting an autocrine role
for IGF-I in astrocyte growth. In the latter cells,
IGF-I also stimulates Glut-1 expression (and in
turn glucose uptake), but this action is lacking
in P21 astrocytes when the abundance of type I
IGF receptors decreases (Masters et al., 1991).
In perinatal rat astrocytes, IGF-I also stimulates
glycogen accumulation (Dringen and Ham-
precht, 1992). Astrocytes also appear to be
capable of degrading IGFs (Auletta et al., 1992).

IGF Actions on Oligodendrocytes
and in Myelination

Strong evidence supports a role for IGF-I in
the autocrine proliferation of oligodendrocyte
progenitor cells, as well as in oligodendrocyte
differentiation. IGF-I mRNA can be readily
detected in oligodendrocyte precursors puri-
fied from young rats, and appears to be less
abundant in mature oligodendrocytes (Shinar
and McMorris, 1995). Both progenitor cells and
oligodendrocytes, isolated from P1 rat cere-
brum, express functional type I IGF receptors
(McMorris et al., 1986; Masters et al., 1991). In
primary culture, IGF-I stimulates DNA synthe-
sis, stimulates an increased number of oligo-
dendrocyte progenitors (O-2A antigen positive
cells), and induces commitment of these pro-
genitors to oligodendrocyte differentiation
(McMorris and Dabois-Dalcq, 1988). Using
aggregate brain culture, IGF-I has been shown
to dramatically increase oligodendrocyte num-
ber, as well as a parallel increase in myelin con-
tent (Mozell and McMorris, 1991). A role for
IGF-lin regulating oligodendrocyte function is
supported by the finding that IGF-I can stimu-
late increased myelin basic protein (MBP) syn-
thesis in cultured oligodendrocytes, an effect
augmented by the bFGF and transferrin (both
factors have effects independent of IGF-I)

Volume 13, 1996



238

(Saneto et al., 1988). Also consistent with IGF-I's
effects on oligodendrocyte progenitor prolifera-
tion is the observation that IGF-I stimulates the
proliferation of cultured perinatal rat Schwann
cells, provided that these cells are exposed to
cAMP, which appears to act by increasing type I
IGF receptor expression (Schumacher et al., 1993).

There also is strong evidence that IGF-I
stimulates the proliferation of oligodendrocyte
progenitors in vivo (see also below). IGF-I
knockout mice have a reduction in the total
number of oligodendrocytes (Beck et al., 1995).
While in one study of IGF-I-overexpressing Tg
mice there was no apparent increase in oligo-
dendrocyte number, as judged by the percent-
age of oligodendrocytes per total cell number
(Carson et al., 1993), in another study a small
increase was observed using ISHH for proteo-
lipid protein (PLP) mRNA (Ye et al., 1995b). The
fact that transgene expression in these mice does
not begin until after birth may account for the
modest increase in oligodendrocytes, or alterna-
tively, native IGF-I's effects on oligodendrocyte
progenitor development may be near maximal.

Despite the modest increase in oligodendro-
cyte number, IGF-I Tg mice exhibit a dramatic
increase in PLP and MBP mRNA, coincident
in time with the normal peaks in expression of
these genes (Ye et al., 1995b), consequently,
total brain myelin content is increased 2.3-fold
(Carson et al., 1993) (Fig. 4 shows increased
myelin in IGF-I Tg mouse brain). These results
indicate that myelin associated protein gene
expression is dramatically stimulated by IGF-I.
The increase in myelin synthesis results in an
increase in the number of myelinated axons
and an increase in the thickness of myelin
sheaths (Ye et al., 1995b). IGF-I also appears to
stimulate the initiation of myelination, because
in IGF-1 Tg mice, axons with smaller diameters
are myelinated (Ye et al., 1995a). The influence
of IGF-I on myelination is further apparent by
the dramatic decrease in white matter in IGF-I
knockout mice (Beck et al., 1995).

Much evidence supports a role for IGF-I in
remyelination following injury. When demy-
elination is induced in mouse spinal cord explants,
IGF-I stimulated remyelination (Roth et al,,
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MT-l/IGF-I

Fig. 4. Sagittal sections of brains from IGF-I over-
expressing (MT-I/IGF-1) Tg, ICFBP-1 (MT-1/IGFBP-!) Tg,
and normal mice. Sections are stained for myelin.
The increased myelin content of IGF-I Tg brains and
decreased myelin in IGFBP-1 Tg brains compared to
normal mice is apparent.

1995). As reviewed above, astrocytes express
IGF-I following a variety of injuries in vivo.
This astrocyte IGF-I expression also occurs in
the animal model of multiple sclerosis, EAE
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(Liu et al., 1994). Furthermore, when IGF-I is
administered systemically, the clinical conse-
quences of EAE are ameliorated and oligoden-
drocytes exhibit increased myelin associated
protein gene expression (Yao et al., 1995). The
mechanisms by which IGF-I protects against
EAE and promotes remyelination in EAE rats,
however, are not clear. IGF-I may promote pro-
liferation and/or survival of oligodendrocytes
and their precursors, and/or reduce the per-
meability of the BBB (Liu et al., 1995). The lat-
ter would limit accessibility of T lymphocytes
and soluble destructive immune factors to the
brain. Other possibilities also exist. For example,
IGF-I may influence the peripheral immune
reaction; this in turn could reduce CNS inflam-
mation, demyelination, and BBB permeability.

In Vivo IGF Actions:
Studies of Mice
with Altered IGF Expression

{GF-1 Overexpressing Transgenic Mice

Tg mice that overexpress IGF-I in the brain
under the control of the MT-I promoter exhibit
dramatically increased brain sizes (Fig. 4) with
weight increases of 25-85% greater than litter-
mate controls, depending on the line of Tg mice
and the degree of transgene expression in each
line (Mathews et al., 1988; Behringer et al.,
1990; Ye et al., 1995b; and unpublished data).
Despite the increased size, these brains exhibit
no anatomic abnormalities. In studies of the
original line of these mice, IGF-I was found to
be expressed in multiple organs. These Tg mice
exhibited somatic overgrowth (~30%) and had
elevated circulating IGF-I concentrations. Their
pituitaries had a 60% reduction in GH mRNA
and their serum contained no detectable GH
(Mathews et al., 1988), indicating that they
were partially GH deficient. These data indi-
cate that IGF-I exerts negative feedback on the
pituitary resulting in a suppression of GH syn-
thesis and secretion. The source of the IGF-I
exerting the negative feedback, however, may
not be the serum; this is because, in other lines
of IGF-I Tg mice without elevated serum IGF-I
but with significant brain IGF-I transgene
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expression, there is evidence of GH suppres-
sion (unpublished data). It seems that IGF-I
expressed in the brain, possibly in the hypo-
thalamus, is capable of modulating GH expres-
sion. Given the widespread IGF-I expression in
the brain, this may represent an important
mechanism of GH regulation.

When these IGF-I Tg mice are cross-bred
with a line of Tg mice made somatroph defi-
cient by expression of a fusion gene linking the
GH promoter and the gene for diphtheria toxin
(Behringer et al., 1990), mice carrying both
transgenes (i.e., mice that express near-normal
IGF-I despite an absence of GH secretion) also
exhibited increased brain growth. Addition-
ally, GH-overexpressing Tg mice do not exhibit
an increase in brain size; thus, there is little
question that the increase in brain growth is a
result of IGF-I overexpression. On the other
hand, GH may have some influence on brain
growth, because GH-deficient mice have sig-
nificantly smaller brains then do normal mice,
and it is possible that this GH action is medi-
ated by IGF-1.

The brain growth of Tg mice with IGF-I
overexpression is owing to increases both in
cell number, as evidenced by increased DNA
content (Behringer et al., 1990), and in myelina-
tion (Carson et al., 1993; Ye et al., 1995b). In
MT-1driven IGF-I Tg mice there is enlargement
of all brain regions with the cerebral cortex
being the most enlarged, followed by the hip-
pocampus, diencephalon, brain stem, and cer-
ebellum (Ye et al., 1995b). While the relative
size increases of these brain regions may reflect
in part their sensitivity to the actions of IGF-I,
the degree of regional transgene expression
appears to be a major factor, because the mag-
nitude of transgene expression in each region
corresponds well to the degree of overgrowth
(Ye etal., 1995b). Furthermore, in IGF-I Tg mice
created with a different promoter in which
transgene expression is greatest in the cerebel-
lum (Ye et al., 1996), the cerebellum is the most
enlarged region (twofold increases in weight;
see below). Olfactory bulb is not significantly
enlarged in IGF-I Tg mice. This structure, how-
ever, expresses endogenous IGF-I at high abun-
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dance throughout life (see below); therefore, the
effects of IGF-I may be maximal under normal
homeostatic conditions. These data indicate
that IGF-I has the capacity to stimulate the
growth of most, if not all, brain areas. Our stud-
ies of the cytoarchitecture of the S1 somatosen-
sory cortex in IGF-I Tg mice indicate that IGF-I
stimulates an increase in neuron cell body size
and neuritic outgrowth (Gutierrez-Ospina et
al., 1996). Specifically, we evaluated the poste-
rior medial barrel subfield in IGF-1 Tg mice. We
found that, while neuron number was only
increased modestly (~25%), the volume of this
structure was increased as much as twofold in
some lines of Tg mice. Neuron cell body size
was increased ~33%, but most of the increased
size was owing to increases in neuropil (again
as much as twofold), indicating that the vol-
ume devoted to axons, dendrites, and their
connections was markedly increased.

Transgenic Mice with Ablated IGF-1 Expression
and Reduced IGF-1 Function

Whereas most mice with ablated IGF-I die in
the immediate postnatal period, some survive
(5-50%), depending on the background strain
into which they are bred (Liu et al., 1993;
Powell-Braxton et al., 1993). Those that survive
have very small brains (~60% of normal) that
are morphologically normal (Beck et al., 1995).
These brains are characterized by a paucity of
white matter owing to markedly decreased
myelination and an apparent decrease in the
number of axons. These findings are consistent
with IGF-I promoting oligodendrocyte number
and neuritic outgrowth, both of which are find-
ings in IGF-I overexpressing Tg mice. Deple-
tions in specific neuron populations also were
found (the volume of the granular cell layer of
the dentate gyrus was small, and striatal
parvalbumin-containing neurons were reduced
in number). It is difficult, however, to know
whether IGF-I is an absolute requirement for
the differentiation of these neurons. The absence
of IGF-1 expression may create a milieu that
hinders their development, thus having an
indirect role in their development. On the other
hand, IGF-I could have roles that are not appar-
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ent in these knockout mice, if other factors can
subserve IGF-I's function when it is absent.
Tg mice with ectopic brain expression of
IGFBP-1, an inhibitor of IGF actions, also have
small brains and exhibit many of the features
seen in IGF-I knockout mice (Fig. 4) (Dai et al.,
1994; D’Ercole et al., 1994). The transgene car-
ried by these mice is driven by MT-1 and is not
expressed until after birth; consequently, the
brain growth retardation is first apparent in the
second week of postnatal life, coincident with
the peak time of IGF-I expression in brain
(Rotwein et al., 1988). Other IGFBP-1 Tg mice
in which the transgene is driven by a promoter
that is expressed in utero have even smaller
brains (Rajkumar et al., 1995). The characteris-
tics of the brain in these mice, however, have
yet to be studied. Consistent with blunted IGF-I
actions, these Tg mice have a reduction in total
brain DNA and protein content, and reduced
myelination (Ye et al., 1995b). Neuron density
in these mice, as in IGF-I knockout mice (Liu et
al., 1993), is increased, indicating a decrease in
neuropil and thus a probable decrease in neu-
ritic outgrowth (Gutierrez-Ospina et al., 1996).

Knockout Mice with Altered IGF-Related Gene
Expression

Mice carrying homozygously disrupted type I
IGF receptor genes invariably die at birth (Liu
et al., 1993). They have small brains with histo-
logic features similar to IGF-I knockout mice,
but detailed studies of brain histology are lack-
ing. Knockout mice that do not express IGF-II
have normal sized brains without apparent
abnormality, and the same is the case for mice
lacking the type II IGF receptor. Neither IGF-II
nor the type II IGF receptor seems to be essential
for brain growth and development. Mice lacking
IRS-1, one substrate for type I IGF receptor phos-
phorylation (i.e., a potential mediator of IGF-I
signaling), have somewhat small brains, demon-
strate degeneration of some pyramidal neurons
in the cerebral cortex, and exhibit aggregation of
cerebellar Purkinje cells (Folli et al., 1995). These
findings might mean that insulin is important to
the survival of these cells or that IGF actions are
mediated by IRS-1 in these cells.
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IGF Actions in Specific Brain Regions

In some brain regions, a significant body of
evidence points to important roles for the IGFs
in development and/or function. Data on these
specific regions is reviewed below. IGFs, how-
ever, may be equally or more important to the
growth and development of other areas where
studies have not been pursued. The cerebral
cortex represents such a region. For example,
parietal cortex explants exhibit remarkable
growth when grafted intraocularly and treated
with truncated IGF-I, a form not bound by
IGFBPs (Giacobini et al., 1990). As mentioned,
the cerebral cortex is the most overgrown region
in the brains of IGF-I overexpressing mice
(Ye et al., 1995b). The cortical mantle of these
Tg mice is thicker than in normals (see Fig. 5).
In addition, the pyramidal cell bodies appear
increased in size, neuron density is reduced,
and, concomitantly, neuropil is increased. In
contrast, IGFBP-1 Tg mice with decreased IGF
availability have thinner cortical mantles,
apparently smaller neurons that are densely
packed, and increased neuropil. These findings
show that IGF-I stimulates cortical growth, and
they suggest that elaboration of axons and den-
drites may be an essential part of this growth.

IGF Actions in the Cerebellum

A growing number of studies point to roles
for IGF-I in the growth and function of the cer-
ebellum. IGF-I appears to be expressed exclu-
sively by Purkinje cells during postnatal
development (Bondy and Lee, 1993). IGF-I
mRNA extracted from whole rat cerebellum
peaks in the first week of postnatal life, and
then decreases gradually, but continues to be
expressed in the adult cerebellum (Torres-
Aleman et al., 1994). Consistent with this
observation is the finding that immunoreactive
IGF-1 is readily observed in migrating neuro-
glial cells in the inner portion of the external
granular layer and in Purkinje cells, with peak
immunostaining observed during the first 2 wk
of postnatal life (Andersson et al., 1988). IGF-I
has been localized to the endoplasmic reticu-
lum and to microvesicular bodies of mature
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MT-VIGF-1 NORMAL MT-VIGFBP-I

Fig. 5. Sagittal sections of nissle-stained cerebral
cortices in IGF-l overexpressing (MT-I/IGF-I) Tg,
IGFBP-1 (MT-I/IGFBP-I) Tg, and normal. Compared
to normal, the cortex of IGF-l overexpressing Tg mice
is thicker, has a decreased neuronal density, and
more neuropil. IGFBP-1 Tg mice have a thinner cor-
tex with more densely packed neurons.

Purkinje cells (Aguado et al., 1992). IGF-I ex-
tracted from rat cerebellum increases in early
postnatal life, peaking at about P4 (Torres-
Aleman et al., 1994). The highest cerebellar
IGF-1, however, is observed in adults (Torres-
Aleman et al., 1994). Because IGF-I mRNA ex-
pression in adult cerebellum is relatively low,
the high IGF-I content is likely the result of or-
thograde Purkinje cell transport from the infe-
rior olive (Nieto-Bona et al., 1993).

The type I IGF receptor also is well expres-
sed in cerebellum during development (Torres-
Aleman et al., 1994). Type I IGF receptor
abundance, as judged both by expression of
mRNA and quantification of binding, is high
during late gestation, decreases gradually in
the first 2 wk of life, and thereafter remains
stable (Torres-Aleman et al., 1994). While type
I IGF receptors are likely expressed by all cer-
ebellar cells, they are especially abundant in
the molecular and external granular layers of the
cerebellum (Werther et al., 1990). At least two
IGFBPs, IGFBP-2 and IGFBP-5, are expressed
in the cerebellum, and their peak expression
appears to be in the first 2 wk of postnatal life
(Bondy and Lee, 1993; Torres-Aleman et al.,
1994). ISHH reveals that IGFBP-5 is expressed
in the external granular layer (Bondy and Lee,
1993), where it may accumulate IGF-I and

Volume 13, 1996



242

modulate its actions. IGFBP-2 is expressed by
astroglia predominately those in the Purkinje
cell layer.

Studies of cultured cerebellar cells derived
from P15 rats (Torres-Aleman et al., 1992) have
demonstrated that IGF-I dramatically promotes
the survival of Purkinje cells (a sevenfold increase
in Purkinje cell number, compared to control
cultures, without significant changes in thymi-
dine incorporation). Because Purkinje cells
synthesize IGF-, it appears that IGF-I acts in
an autocrine fashion to enhance their survival.
In a similar study of cultured embryonic
cerebellar cells, IGF-I was found to promote
neuritic outgrowth as well as cell survival
(Torres-Aleman et al., 1994). Both effects were
blocked by an antibody to the type 1 IGF recep-
tor. In cultured cerebellar granular neurons,
IGF-I inhibits the apoptosis induced by expo-
sure to low K* (D’Mello et al., 1993) and also
sensitizes these neurons to excitatory, toxic
effects of glutamate (Calissano et al., 1993), pre-
sumably by inducing NMDA receptors (Calis-
sano et al., 1993).

Studies of Tg mice that overexpress IGF-I
in the cerebellum indicate that IGF-I exerts
similar growth-promoting actions in vivo (Ye
etal., 1996). These Tg mice carry a fusion gene
linking the mouse IGF-II 5' flanking region to
a human IGF-1cDNA, and express the transgene
from late in gestation. The expression of the
transgene increases postnatally, reaching a
peak at 2-3 wk that is maintained throughout
life. Cerebelli in these Tg mice are twice the
normal size by 50 d of age and exhibit no his-
tologic abnormalities. The increased size is
owing, at least in part, to increased cell num-
ber, because DNA content is similarly increased.
Increases in the number of granule cells
account for much of the increase in cell num-
ber, as they are 92% greater in number than
those in their littermates. Increased granule
progenitor cell proliferation, as judged by
BrdU incorporation, occurs during the second
week of life, and there is no apparent prolon-
gation in the time of granule progenitor pro-
liferation, because the external granular layer
disappears at the same time in Tg mice as in
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their normal littermates. The increased prolif-
eration, however, is modest; thus the large
increase in the number of granule cells may
be partly owing to IGF-I promotion of gran-
ule cell survival. The number of Purkinje
cells also is modestly increased (~20%). Given
that the transgene is only well-expressed post-
natally, well after the time of Purkinje pro-
genitor proliferation, this effect likely also is
secondary to enhanced survival. The increased
size of the molecular layer indicates other
growth-promoting effects of IGF-I in the
cerebellum.

Other evidence of IGF-I's role in cerebellar
development comes from studies of mutant
mice. In Lurcher mutant mice, there appears to
be decreased IGF-I binding in the molecular
layer of the cerebellum and defective tyrosine
kinase phosphorylation in response to IGF-I
(Vig et al., 1994), suggesting that the type I IGF
receptor is abnormally expressed in the cer-
ebellum of these mice. A similar defect may exist
in patients with olivopontocerebellar atrophy.
In the Weaver mutant mouse, IGFBP-5 expres-
sion is increased in the external germinal layer
of the cerebellum (Lee et al., 1995). Because
IGFBPs modulate IGF activity, it was postu-
lated that IGFBP-5, synthesized by granule
progenitors, inhibits IGF-I's interaction with
these cells, leading to increased apoptosis and
consequently a markedly reduced number of
granule cells (and in turn a reduced number of
Purkinje cells). While this is an attractive hypo-
thesis, direct actions of IGFBP-5 that are inde-
pendent of IGF-I also are possible, as are other
mechanisms of disease in these mutant mice.
Finally, when fetal cerebellar explants are
grafted into mice with hereditary cerebello-
olivary atrophy, the engrafted cells express
IGF-I, and the ataxia and some of the other
behavioral abnormalities in the mice are improved
(Zhang et al., 1996).

In addition to IGF-I's effects on cerebellar
growth, IGF-I clearly has neuromodulatory
actions. Administration of IGF-I to the cerebellar
cortex through a microdialysis probe inhibits
glutamate-stimulated, but not KCl-stimulated,
y-aminobutyric acid (GABA) release (Castro-

Volume 13, 1996



Insulin-Like Growth Factors and the CNS

Alamancos and Torres-Aleman, 1993). Electri-
cal stimulation of the inferior olive stimulates
IGF-Irelease and inhibits GABA release. These
effects of IGF-I appear to be mediated by pro-
tein kinase C and nitric oxide (Castro-Ala-
mancos et al., 1996). When inhibitors of each,
stauroporine and a nitric oxide synthetase
inhibitor, are administered in vivo by microdi-
alysis, IGF-I's long-term depression of gluta-
mate-induced GABA release (but not its
short-term effect) is negated, whereas when
activators of each are administered with
glutamate, the short depressive effect of IGF-I
is mimicked. When both inhibitors are given
together, however, both short- and long-term
IGF-I effects are ablated.

Motor learning also may be mediated by
IGF-I to some extent (Castro-Alamancos and
Torres-Aleman, 1994). When antisense oligo-
nucleotides, known to be capable of blocking
IGF-I synthesis, are instilled in the inferior
olive (a source of cerebellar IGF-I) conditioned
eye-blink learning is abolished. This manipu-
lation, however, has no effect on the retention
of this response once it is learned. While the
mechanisms of these IGF-I actions have not
been extensively explored, a number of other
IGF-I actions on cerebellar cells may in part
explain these effects. For example, IGF-I is
known to stimulate calbindin-28D in Purkinje
cells (Nieto-Bona et al., 1995) and to induce func-
tional AMPA /kainate receptors in granule cells
(Zona et al., 1995).

IGF Actions in the Hypothalamus

The hypothalamus in the rat expresses IGF-I,
type I IGF receptors, and several IGFBPs (Pons
et al., 1991). Type I IGF receptors are most
abundant during late fetal life, as are several
IGFBPs. IGF-I, type I IGF receptors, and
IGFBPs are expressed throughout life, making
it likely that IGF-I exerts actions important
both to the developing and mature hypothala-
mus, and that IGFBPs modulate these actions.
Studies of cultured embryonic rat hypotha-
lamic cells indicate that IGF-I stimulates neu-
ron survival and differentiation and astroglial
proliferation (Torres-Aleman et al., 1990a,
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1990b; Pons et al., 1991). In both mixed and
neuron-rich hypothalamic cultures, IGF-I
markedly increases the number of neurite-
bearing cells (two- to fivefold, depending on
the time in culture), and it increases DNA syn-
thesis in astroglia (Torres-Aleman et al., 1990b).
IGF-I's promotion of neuronal survival is addi-
tive to that of bFGF (Torres-Aleman et al.,
1990a). Because bFGF increases neuronal
release of IGF-Iinto culture media, the number
of type I IGF receptors, and the abundance of
media IGFBPs, it seems possible that the actions
of bFGF on hypothalamic neurons are medi-
ated, atleast in part, by IGF-1 (Pons and Torres-
Aleman, 1992). IGF-I also could be responsible
for some estrogen effects on the hypothalamus,
because estradiol increases the expression of
type I IGF receptors and some IGFBPs in
embryonic rat hypothalamic cultures (Pons
and Torres-Aleman, 1993). IGF-I also appears
to be protective for hypothalamic neurons,
because it ameliorates calcium-mediated neu-
ronal damage caused by hypoglycemia (Cheng
and Mattson, 1992) and oxidative stress (Sortino
and Canonico, 1996).

In the mature hypothalamus, IGF-I plays an
important role in the feedback regulation of
GH expression and release. IGF-I negatively
regulates the GH-releasing factor (Bourguig-
non et al., 1993; Ferndndez-Ydzquez et al., 1993;
Urchiyama et al., 1994) and increases soma-
tostatin synthesis and release (Aguila et al.,
1993; Ratajczak et al., 1994); it also appears to
directly influence pituitary somatotroph syn-
thesis and/or release of GH (Harel and Tan-
nenbaum, 1992b). In vitro studies of cultured
rat hypothalami suggest that IGF-I's major
effects are at the level of the hypothalamus
(Becker et al., 1995). IGF-II, but apparently not
IGF-], suppresses neuropeptide Y release from
the paraventricular nucleus (Sahu et al., 1995),
suggesting that IGF-II, like insulin, has effects
on food intake.

IGF Actions in the Olffactory Bulb

IGF-], together with bFGF, permits the sur-
vival of P1 rat olfactory bulb in primary
explant culture (Werther et al., 1993). Pro-
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longed culture of these explants with IGF-I
increases the number of neurofilament-stain-
ing cells, presumably neurons, to nearly that
of olfactory bulbs allowed to develop for the
same time in vivo. IGF-I, however, has more
marked effects on glial cell number, such that
the number of glial cells is about threefold
more than in olfactory bulbs remaining in
vivo for the same time (Russo and Werther,
1994). A truncated form of IGF-I, des(1-3)
IGF-1, which binds to IGFBPs poorly, had
more marked effects, a finding consistent with
the finding that olfactory bulb expresses
three IGFBPs: IGFBP-2, -4, and -5 (Russo et
al., 1994). While addition of bFGF to these
explants did not enhance IGF-I’s effects on cell
number, it appeared to improve the cellular
organization in the mitral layer.

The Role of IGFs in CNS
and Peripheral Nerve Injury

It is becoming increasingly evident that IGF-I,
and possibly IGF-II, has neuroprotective
actions and a role in repair following CNS
insult, as well as in nerve regeneration. IGF-I
is expressed in astrocytes following a variety
of in vivo CNS injuries (see above). In each of
these situations, mature astrocytes, in which
IGF-I mRNA is not detectable under basal
conditions (Garcia-Estrada et al., 1992), are
induced to express IGF-1. Hypoxic-ischemic
injury, induced in 3-wk-old rats by unilateral
carotid artery ligation followed by exposure
to 8% O,, has been the most well-studied
model of IGF’s role in injury. In the first 24 h
following hypoxic~ischemic injury, mRNAs
for IGF-I (Lee et al., 1996), IGFBP-2 and -5
(Gluckman et al., 1992; Beilharz et al., 1993;
Lee et al., 1996), IGFBP-4 (Beilharz et al.,
1993), and type I IGF receptor (Lee et al., 1996)
decline in the thalamus, hippocampus, and
cortex on the lesioned side (Lee et al., 1996).
After 3 d, however, the IGF-I and IGFBP-5
mRNAs are induced in reactive astrocytes on
the side of the lesion (Gluckman et al., 1992;
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Beilharz et al., 1993; Lee et al., 1996), while the
apparent abundance of IGFBP-2 and type I
IGF receptor mRNA remain suppressed (Lee
et al., 1996). At later times following injury,
IGF-II (5-7 d post injury; Beilharz et al., 1995)
and IGFBP-2 mRNA (7-10 d post injury;
Klempt et al., 1993) also increased. IGFBP-3
mRNA, which may not be expressed in brain
under basal conditions, appears to be induced
3-5 d after injury (Gluckman et al., 1992).

The pattern of IGF-I and IGFBP expression
following hypoxic-ischemic injury suggests a
role for IGF-I in repair or rescue that is modu-
lated by IGFBPs. Evidence for this comes from
studies showing that administration of IGF-I
intraventricularly 2 h after hypoxic—ischemic
insult is neuroprotective in that neuron loss is
reduced in the dentate gyrus and lateral cortex
(Gluckman et al., 1992). In a similar experi-
ment, hypoxic-ischemic injury was induced in
late-gestation fetal sheep and IGF-I was instil-
led in the lateral ventricle 2 h later (Johnston et
al., 1996). IGF-1(1 ug) reduced neuron loss in a
number of brain regions, including the cortex,
hippocampus, and striatum 5 h later. This treat-
ment also delayed the onset of seizures and
reduced their incidence. Tenfold lower doses
of IGF-I were less effective, and, interestingly,
tenfold higher doses were ineffective. Experi-
ments in mature rats with hypoxic-ischemic
lesions show that IGF-I administered in the
ventricle appears to traverse rapidly into the
injured areas along white-matter tracts and
through perivascular spaces (Guan et al., 1996),
and, thus, IGF-I appears to be widely available
to injured brain tissue.

Much evidence demonstrates an involve-
ment of the IGFs in peripheral nerve regenera-
tion (Ishii et al., 1994). IGF-I immunoreactivity
can be localized to human and rat sciatic neu-
rons (Hansson et al., 1989; Kerkhoff et al.,
1994). IGF-T has been identified in sciatic nerve
axons within 2 h of a crush injury (Hansson et
al., 1987). Both IGF-I and IGF-Il mRNAs increase
following sciatic nerve crush injury and dimin-
ish following regeneration, but remain elevated
if regeneration is prevented by nerve transection
(Glazner et al., 1994). Schwann cells appear to
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be the major, if not the sole, site of IGF-I mRINA
expression (Pu et al., 1995). The increase in IGF-I
mRNA is associated temporally with the pro-
liferation of Schwann cells and the regenera-
tion of axons. In contrast, the increase in IGF-II
mRNA expression following crush injury occurs
more distally near the innervated muscle, and
the time-course of its expression is later, sug-
gesting that IGF-1 and IGF-II serve different
functions during regeneration. Schwann cells
also appear to be a major site of IGF-II expres-
sion. The muscle denervated by sciatic nerve
injury, however, also expresses IGF mRNAs
(IGF-1I > IGF-I) (Glazner et al., 1994). Direct
evidence for the involvement of the IGF in sci-
atic nerve repair comes from the findings that
both local (Near et al., 1992; Svenningsen et al.,
1994) and systemic (Contreras et al., 1995)
administration of IGFs hasten regeneration.
IGF-I also appears to enhance the regeneration
of cultured adult rat sensory neurons (Ferny-
hough, 1993), but not that of sympathoadrenal
projection neurons, where it appears to antago-
nize survival promoting effects of bFGF (Blot-
tner and Baumgarten, 1992). In addition, both
local and systemic IGF-I administration can
ameliorate the deleterious effects of diabetes
on sensory nerve regeneration (Ishii and
Lupien, 1995).

Muscle-derived IGFs are likely important
both to muscle innervation and to peripheral
nerve regeneration. Muscle expression of IGF-I
mRNA and protein increases either after botu-
linum toxin-induced paralysis or after dener-
vation (Caroni and Schneider, 1994). There also
is evidence that IGF-I may be involved in sig-
naling between muscle and spinal motoneurons,
because IGF-I mRNA decreases in neonatal rat
muscle at the time of synapse elimination
(Caroni and Becker, 1992). Further evidence of
IGF-I signaling comes from the finding that
immunoreactive IGF-I increases in peripheral
nerve, following exposure to vibration (Hans-
son et al.,, 1988). Finally, direct intramuscular
injection of IGFs stimulates peripheral nerve
sprouting (Caroni and Grandes, 1990); this action
is blocked by IGFBP-4 and IGFBP-5 (Caroni et
al., 1994).

Molecular Neurobiology

245

The Role of IGFs
in CNS Tumorigenesis

Some evidence exists to suggest that aberra-
tions in IGF expression or function are involved
in brain tumorigenesis. The rat glioma cell line
C6 has been shown to express IGF-I and type I
and II IGF receptors (Kiess et al., 1989), and
there is evidence that IGF-I acts in an autocrine
fashion to stimulate its growth (Lowe et al,,
1992). These cells form tumors when injected
subcutaneously into rats; however, when IGF-I
expression is ablated by transfection with an
antisense transgene, C6 cells become incapable
of forming tumors in vivo (Trojan et al., 1992).
The simplest interpretation of this result is that
the high IGF-T expression by Cé6 cells stimulates
their in vivo growth. Other experiments sug-
gest, however, that other mechanisms may be
involved (Trojan et al., 1993). When the non-
IGF-I synthesizing C6 cells are injected into
glioblastomas in rats, CD8+ lymphocytes invade
the tumor and cause it to regress. Thus, IGF-I's
influence on the immune system may be as or
more important to tumor formation than is its
capacity to stimulate mitosis. Evidence that
IGF-I may be involved in human brain tumors
comes from several findings: that human
gliomas often express abundant type I IGF
receptors (Merrill and Edwards, 1990); that
IGF-1, and sometimes IGF-II, can be detected
in brain tumor cysts (Glick et al., 1991); and
that IGFBP-2 is often elevated in the cere-
brospinal fluid of children with solid brain
tumors (Muller et al., 1994). High IGF-1 expres-
sion also has been found in human tumors of
neuroectodermal origin (Yee et al., 1990), and
IGF-II may stimulate the growth of some
human neuroblastomas (El-Badry et al., 1991).

Clinical Implications

Clinical trials of IGF-I in a variety of endo-
crinopathies (such as GH resistance, GH gene
defects, and some forms of diabetes mellitus)
are ongoing; they have shown IGF-I to be a use-
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ful therapeutic agent (Bondy et al., 1994). The
multiple actions of the IGFs (especially IGF-I)
on neural cells suggest that the therapeutic use
of IGFs also could be beneficial in a number of
human neurologic diseases. Therapeutic trials
of hIGF-1in Amyotrophic Lateral Sclerosis (ALS)
are ongoing, and preliminary results indicate
that the systemic administration of IGF-I is
beneficial (Festoff et al., 1995). Because ALS
involves motoneurons in both the central and
peripheral nervous system, it is important to
know the site(s) where IGF-I exerts its benefi-
cial effects in ALS. Beneficial IGF-I effects could
come from its actions on the musculature (as
has been shown in the Wobbler mouse [Hantai
et al., 1995], a mutant mouse with lower moto-
neuron disease) or from its neuroprotective
effects on peripheral nerves. Because IGF-I
crosses the BBB in rats to some extent (Rein-
hardt and Bondy, 1994), protective actions of
IGF-I on CNS motoneurons are possible. Direct
delivery of IGF-I to the'CNS, however, seems
more likely to provide optimal therapy for the
CNS component of ALS and for neurologic dis-
orders primarily involving the CNS.

IGF-I's capacity to promote myelination
makes it attractive in the treatment of demyeli-
nating diseases and, together with other
neurotrophins, in the treatment of a wide vari-
ety of degenerative neurologic disorders. Per-
haps the greatest potential therapeutic use of
the IGF-I, however, is in the promotion of
repair following injury (see above).

Some Directions for Future Research

Although IGF-I has been shown to exert
multiple actions on neurons, such as promot-
ing the proliferation and/or survival of mul-
tiple neuronal populations and stimulating
neuritic outgrowth, little is known about the
consequences of these actions. For example,
does IGF-I stimulation of neuron growth in
vivo result in more axons and dendrites?... in
more synapses? If the answers to these questions
are yes, as appears to be the case, the questions
become: “What is the result of the increase in
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neuronal connections? Is nerve conduction veloc-
ity faster? Is information transmission faster?
Is more information transmitted, and is it more
integrated and/or more discriminating? Is
behavior affected?” Few studies of IGF-I's
influence on behavior have been reported.
However, there is some indication that IGF-I
has behavioral effects. Intracerebral IGF-I
administration to rat pups during the first
week of life increases the frequency of ultra-
sonic calls (Santucci et al., 1994). As mentioned,
there is strong evidence that IGF-I enhances
motor learning (Castro-Alamancos and Torres-
Aleman, 1994). Overexpression of IGF-I1in Tg
mice results in a marked decrease in ethanol-
induced sleep; on the other hand, IGFBP-1 Tg
mice with decreased IGF bioavailability exhibit
an increase in ethanol-induced sleep (Pucilowski
et al., 1996).

The mechanisms of IGF actions in the CNS
are far from understood. Although it is clear
that type I IGF receptors are involved in trans-
mitting IGF signals, these receptors appear to
be modified in the CNS, and neither the nature
of the modifications nor their significance is
clear. In addition, it seems possible that hybrid
receptors composed of the type I IGF receptor
and either the insulin receptor, the insulin-
receptor related receptor, or both could partici-
pate in IGF signal transduction. Furthermore,
the steps involved in the intracellular signal-
ing cascade of the IGFs have not been defined,
nor has the extent of gene expression stimu-
lated by IGF signaling been determined. Other
important questions regarding IGF actions in
the CNS include: whether and how IGFs inter-
act with other neurotrophins and the precise
role of IGFBPs in modulating IGF actions.
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