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The interactions of insulin-like growth factors (IGFs) with the
type | IGF receptor are modulated by a family of high-affinity
IGF binding proteins (IGFBPs). One of these, IGFBP2, dem-
onstrates a striking spatiotemporal relationship with IGF-I
during cerebellar and retinal development. IGF-1 mRNA is
transiently expressed in large projection neurons—cere-
bellar Purkinje and retinal ganglion cells—while IGFBP2
mRNA is selectively expressed by contiguous neuroglia—
Bergmann glia in the cerebellum and Miiller cells and astro-
cytes of the nerve fiber layer in the retina. IGF-1 and IGFBP2
gene expression is not only neuroanatomically coordinated
but also temporally synchronized, peaking together during
the postnatal maturation of these structures. This pattern of
IGF system expression suggests that IGFBP2 is closely re-
lated to IGF-I’s action in the developing nervous system,

Insulin-like growth factors-I and -II (IGF-I and -II) are pleio-
trophic polypeptides that are synthesized in a variety of tissues,
including the CNS (Daughaday and Rotwein, 1989; Rechler and
Nissley, 1990; LeRoith et al., in press). IGF-II is synthesized in
the mesenchymal support structures (the meninges, vasculature,
and choroid plexus) of the brain from their embryonic devel-
opment onward, without apparent diminution (Beck et al., 1987;
Stylianopoulou et al., 1988; Bondy et al., 1990). IGF-I expres-
sion in the CNS, in contrast, is highly developmentally regulated
and is predominantly localized in large projection neurons of
sensory and cerebellar network during a brief period in their
late development (Andersson et al., 1988; Bartlett et al., 1991;
Bondy, 1991). The function of IGF-I in neural development is
still unknown, but the specific timing and cellular location of
its expression suggest that it has a role in the differentiation of
these large relay neurons (Bondy, 1991).

The actions of IGF-I are mediated by the IGF-I receptor, or
type I IGF receptor, which is a membrane-bound tyrosine ki-
nase, homologous to the insulin receptor (Czech, 1989). IGF-I
binding sites and IGF-I receptor mRNA are found in the CNS
from early development (Girbau et al., 1989; Werner et al.,
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1989; Bondy et al., 1990). CNS IGF-I receptor expression is
more extensive, both anatomically and temporally, than IGF-I
expression, but during the stage of development in which there
are high local levels of IGF-I production, there are high levels
of IGF-I receptor synthesis localized in the same centers, in-
cluding the same neurons, that synthesize IGF-I (Bondy et al.,
1992). Receptor expression, as determined by autoradiographic
demonstration of IGF-I binding sites, is concentrated in the
local dendritic fields of the IGF-I-expressing projection neurons,
for example, the molecular layer of the cerebellar cortex and
glomerular layer of the olfactory bulb (Bohannon et al., 1988;
Lesniak et al., 1988). These observations argue for a local, au-
tocrine/paracrine field of action for IGF-I in nervous system
development, in contrast to the target-derived mode of action
proposed for NGF and related trophic factors (Barde, 1989).

IGF-TI’s interaction with the IGF-I receptor is regulated by a
number of high-affinity IGF binding proteins (IGFBPs1-6;
Clemmons, 1990; Ooi, 1990). The IGFBPs are genetically re-
lated soluble proteins that bind IGFs present in extracellular
fluids. Initially, IGFBPs were regarded as passive carriers for
IGFs in the bloodstream, but recently it has become apparent
that they are synthesized in various different tissues in con-
junction with local IGF synthesis (Wood et al., 1990; Lee et al.,
1992; Chin et al., in press) and that they have complex regulatory
roles in local IGF action (Elgin et al., 1987; De Mellow and
Baxter, 1988; Jones et al., 1991). In order to elucidate further
the local circumstances of IGF-I action in the nervous system,
we have used in situ hybridization and immunohistochemistry
to evaluate cellular patterns of gene expression for IGFBPs 1
and 2 during the postnatal development of the rat brain, the
time when IGF-I expression is most significant. IGFBP1 mRNA
was not found but IGFBP2 mRNA was abundant, and it showed
a striking spatiotemporal association with IGF-I mRNA. The
present study focuses on the cerebellar cortex and retina, and
traces patterns of IGF-I, IGFBP2, and IGF-I receptor gene ex-
pression in the first weeks after birth.

Materials and Methods

Pregnant rats were purchased from Taconic Farms (Germantown, NY),
and pups were obtained on the day of birth and at 5, 12, 20, and 40 d
postnatally. Rats (males only) were killed by carbon dioxide inhalation
immediately followed by decapitation. Their brains were rapidly ex-
cised, snap frozen in isopentane, and stored at —70°C. Brains were
sectioned in 15 pm thickness, thaw mounted onto poly-L-lysine—coated
slides, and stored at —70°C until use. Two to four brains were examined
in coronal and sagittal planes for each developmental time point.
Immunocytochemistry was performed by a biotin-strepavidin-horse-
radish peroxidase method described elsewhere (Hsu et al., 1981). Re-
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agents for immunocytochemistry were purchased from Vector Lab (Bur-
lingame, CA). When combined with in situ hybridization,
diethylpyrocarbonate (final concentration, 0.04%), and RNasin (180
U/ml; Promega, Madison, WI) were added to antibody, normal serum,
and avidin-biotin complex. The chromogenic substrate solutions con-
tained RNasin only. After blocking in 10% normal horse serum, tissue
sections were incubated overnight at 4°C with a 1:50 dilution of mono-
clonal antibody against vimentin (DAKO Corp., Carpinteria, CA) or a
1:5 dilution of monoclonal antibody against glial fibrillary acid protein
(GFAP; Bochringer Mannheim, Indianapolis, IN). Thereafter, tissue
sections were treated with biotinylated horse anti-mouse serum (1:200)
for 2 hr followed by a 45 min incubation with the strepavidin—peroxidase
conjugate. The antigen-antibody complex was visualized by incubation
with 3,3’'-diaminobenzidine.

The rat IGF-I, IGF-I receptor, and IGFBP2 clones used for probe
synthesis have been previously described (Bondy et al., 1990; Lee et
al., 1992). The IGF-1 probe contains 376 bases, complementary to
sequences that encode part of the A domain, the entire D and E domains,
and part of the 3’ untranslated region (Lowe et al., 1988). This probe
has little homology with either the prepro-insulin or IGF-II transcripts,
and shows no cross-hybridization (Lowe et al., 1988; Bondy et al., 1990).
The IGF receptor probe contains 265 bases complementary to 15 bases
of 5’ untranslated region and to the region encoding the signal peptide
and the first 33 amino acids of the a-subunit of the rat type I IGF
receptor (Werner et al., 1989). This particular region of the rat IGF-I
receptor is not sufficiently homologous with the rat insulin receptor to
allow any cross-hybridization between the rat type I IGF receptor probe
to rat insulin receptor mRNA (Wemer et al., 1989). The rat IGFBP2
clone is a 585 base fragment corresponding to nucleotides 502-1087,
which does not cross-hybridize to other IGFBP mRNAs (Brown et al.,
1989). The rat IGFBP1 probe (kindly provided by Dr. Guck Ooi, NIDDK)
was complementary to coding region nucleotides —120 to +1333, with
respect to the ATG start site.

35§-labeled cRNA probes were synthesized and used for in sifu hy-
bridization as previously described (Bondy, 1991), with the following
modifications. Following immunocytochemistry, tissue sections were
treated with proteinase K (1 pg/ml) for 20 min at 37°C, acetylated,
delipidated, and then preincubated at 55°C in hybridization buffer, which
was removed after 2 hr. Fresh hybridization buffer containing **S-la-
beled probes (2 x 107 cpm/ml) and dithiothreitol (100 mm) were then
applied to the sections, which were incubated overnight at 55°C, fol-
lowed by stringency washes as described previously (Bondy et al., 1990).
Sections were air dried and apposed to film for 2-5 d and then dipped
in Kodak NTB2 nuclear emulsion, stored with desiccant at 4°C for 6—
15 d, developed, and stained with cresyl violet. The level of nonspecific
signal as determined by hybridization of parallel tissue sections with a
“sense” probe synthesized from the IGF-I receptor clone was minimal,
RNase treatment of tissue sections prior to hybridization abolished the
hybridization patterns shown in this study. The IGFBP1 cRNA pro-
duced a strong hybrid signal in rat liver but did not hybridize in brain
or retina.

Results

IGF-I mRNA is first detected on the day of birth and accu-
mulates to high levels in Purkinje cells during the postnatal
maturation of the cerebellar cortex, reaching a peak at about
postnatal day 12 (D12), after which there is a gradual decline
(Fig. 1). IGFBP2 mRNA also is present in the postnatal cere-
bellar cortex, appearing slightly after IGF-I and peaking, like
IGF-], near the end of the second week, after which it diminishes
to nearly undetectable levels by the end of the third week (Fig.
1). IGFBP2 mRNA appears to be concentrated in the Purkinje
cell layer, but its distribution is more diffuse than that of IGF-
I. On closer inspection, it is apparent that, while IGF-I mRNA
is discretely localized in Purkinje cell bodies, IGFBP2 mRNA
is concentrated in smaller cells adjacent to the Purkinje cell layer
(Fig. 2). IGF-I receptor mRNA is present in Purkinje cells and
in most other cellular elements of the cerebellar cortex as well
(Fig. 2). IGFBP2 mRNA is also abundant in the meninges
throughout development and maturity (Fig. 1).

Patterns of IGF-I and IGFBP2 gene expression are similar in

the maturing retina, where IGF-1 mRNA is concentrated in the
ganglion cell layer, and IGFBP2 mRNA is concentrated in the
adjacent nerve fiber layer (Fig. 3). IGF-I mRNA is first detected
in the ganglion cell layer a few days prior to birth, while IGFBP2
mRNA is first detected just 1 d before birth (on the 20th day
of gestation) at which time it is confined to a small group of
cells in the nerve fiber layer close to the optic disk (results not
shown). At the time of birth, IGFBP2 mRNA-expressing cells
extend from the optic disk about one-half of the distance to the
ora serrata (Fig. 3) and by postnatal day 9 cover the entire retina
(data not shown). By postnatal day 16, IGFBP2 mRNA is no
longer detectable in the retina and IGF-I mRNA is greatly di-
minished (not shown).

Immunocytochemical detection of GFAP was combined with
in situ hybridization of IGFBP2 mRNA in the postnatal day 12
cerebellar cortex (Fig. 44,B). Radial Bergmann fibers show dis-
tinct GFAP staining, and IGFBP2 mRNA is concentrated at
the base of these fibers (Fig. 44), where the faintly GFAP-pos-
itive perikarya of the Bergmann glia are found (Fig. 4B). Since
GFAP immunoreactivity is not reliably detected in retinal neu-
roglia, while vimentin is present in both immature astrocytes
and Miiller cells, we used an anti-vimentin antibody to identify
neuroglia in the postnatal day 12 retina. Fusiform astrocytes
and their processes surrounding axon fascicles of the nerve fiber
layer show intense vimentin immunoreactivity while the slender
radial fibers and Miiller cells from which they arise demonstrate
faint immunostaining (Fig. 4C,D). IGF-I mRNA is localized in
ganglion cells, which are contacted by both astrocyte and Miiller
processes (Fig. 4C). IGFBP2 mRNA is concentrated in vimen-
tin-positive astrocytes of the nerve fiber layer and is also lo-
calized in isolated cells in the inner nuclear layer (Fig. 4D). These
cells are evenly spaced in the inner nuclear layer and show faint
vimentin immunoreactivity, suggesting that they are Miiller glial
cells.

Discussion

We have shown that IGF-I mRNA is selectively concentrated
in projection neurons and IGFBP2 mRNA in contiguous neu-
roglia and that their expression is synchronized during cerebellar
and retinal maturation. The identification of the IGFBP2 gene-
expressing cells as neuroglia is based upon their neuroanatom-
ical location and intermediate filament staining properties. The
distinctive, para-Purkinje position of the IGFBP2 mRNA—con-
taining cells is identical to that of Bergmann radial glia in the
developing cerebellar cortex (Bignami and Dahl, 1973; Das,
1976). Other GFAP-positive astroglial cells of the cerebellar
cortex, more distant from the Purkinje cell layer, did not dem-
onstrate IGFBP2 gene expression. In retina, the IGFBP2 mRNA-
containing cells include both radial Miiller glia and fibrous as-
trocytes of the nerve fiber layer. The former are identified by
their characteristic distribution in the inner nuclear layer and
vimentin immunoreactivity. The IGFBP2 mRNA-expressing
cells of the nerve fiber layer are identified as astrocytes on the
basis of their morphology and vimentin immunostaining, which
is seen in immature astrocytes (Schnitzer et al., 1981) and be-
cause their ontogeny is identical to that reported for this cell
type (Dixon and Eng, 1981; Ling et al., 1989). Our in vivo
observations on astroglial IGFBP2 gene expression are sup-
ported by a number of studies showing IGFBP2 production by
cultured astroglia (Han et al., 1988; Loret et al., 1991; Olson et
al,, 1991).

The high-affinity IGFBPs are integrally involved in IGF-I's
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Figure 1.

IGF system gene expression in the developing cerebellar cortex shown by in situ hybridization histochemistry. The top and bottom

panels show dark-field illuminated, low-power micrographs of IGFBP2 and IGF-I mRNA hybrids in serial sections from anatomically matched,
postnatal day 1 (D1), 12 (D12), and 20 (D20) cerebellar folia. Middle panels show corresponding bright-field illuminations. The hybridization signal
appears as clusters of white grains in the dark field. IGFBP2 mRNA is abundant in the meninges covering the cerebellar surface (and external
granule cell layer on D1 and D12) from birth onward, without apparent diminution. The binding protein mRNA also appears, transiently, in glial
cells adjacent to Purkinje neurons, which contain IGF-I mRNA. The time course is described more fully in the text. These sections were hybridized
and washed in the same incubation and exposed and developed together to allow comparison of the signal density over the succeeding developmental
stages. eg, External granule cell layer; ig, internal granule cell layer; rne, meninges; pc, Purkinje cell layer. Scale bar, 100 um.

biological mechanism of action, although the precise nature of
the IGFBP modulatory role is still unclear. IGFBPs demonstrate
both inhibition and potentiation of IGF-stimulated signal trans-
duction in vitro, with the divergent results explained variously
by concentration or “order of addition™ effects, and by potential
multimerization or phosphorylation of the IGFBPs (Elgin et al.,
1987; De Mellow and Baxter, 1988; Jones et al., 1991). A num-
ber of IGFBPs, including IGFBP2, contain RGD sequences,
raising the possibility that they may bind to integrin-type re-

ceptors and thus target IGFs to particular sites or participate in
the local organization of ligands at the cell surface.

Previous studies have shown that IGF-I immunoreactivity is
localized in Purkinje cells (Hansson et al., 1988; Aguado et al.,
1992) and ganglion cells (Andersson et al., 1988) during the
same developmental time period in which we detect IGF-I
mRNA. Ultrastructural analysis shows that IGF-I immuno-
reactivity is concentrated in rough endoplasmic reticulum (RER)
and multivesicular bodies or lysosomes localized in Purkinje
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day 12. A and B, D and E, (7 and H are paired bright and dark fields, and C, F, and [ are high-magnification micrographs of hybridization patterns
for the different mRNAs. eg, external granule cell layer; ig, internal granule cell layer; ml, molecular layer; arrowheads point to individual Purkinje

cells. Scale bars: 25 um for C, F, and I; 50 um for all others.

soma and principle dendrites and is not found in neurosecretory
vesicles or axons (Aguado et al., 1992). These observations pro-
vide support for the view that IGF-I is subject to constitutive
release from neuronal soma and dendrites near synthetic sites
in the RER, and argue against axonal transport and regulated
secretion, which require packaging of the peptide in classical
secretory vesicles. The finding of IGF-I immunoreactivity in
Purkinje lysosomes could represent peptide-receptor complexes
that have been internalized after ligand binding, and hence pro-
vides indirect evidence for an autocrine mode of action by IGF-I.

The locus of IGF-I action in the developing cerebellar cortex
and retina will be determined by the anatomical site of IGF-I
secretion and by local IGF-I receptor and IGFBP distribution.
We have shown that IGF-I receptor mRNA is synthesized by
Purkinje and ganglion cells as well as many other neural and

glial cell types. Ligand-binding studies have shown that IGF-I
binding sites are concentrated in the cerebellar molecular layer
and retinal nuclear and internal plexiform layers—regions in
which Purkinje and ganglion cell dendrites abound (Bohannon
et al., 1988; Lesniak et al., 1988; Ocrant et al., 1989). Hence,
it is highly likely that some of the IGF-I binding sites in these
synaptic layers reside on Purkinje and ganglion cell dendrites,
suggesting that IGF-I released from these cells may act in an
autocrine manner. Additionally, since IGF-I receptor mRNA
is also present in cerebellar granule cells, it is likely that some
IGF-I binding sites in the molecular layer belong to the granule
cell axons, and that IGF-I released from Purkinje cells may act
in a paracrine fashion upon granule cell axonal receptors.

The production of IGFBP2 mRNA by neuroglia in physical
contact with Purkinje and ganglion cell soma and dendrites
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Figure 3. Ocular IGF system gene expression at the time of birth. IGF-I receptor hybridization signal (B) is detected at relatively low levels,
compared with that for the secreted peptides IGF-1 (C) and IGFBP2 (D). It is present in most ocular tissues, including the anterior lens epithelium
(arrowheads), ganglion cell and nerve fiber layers, and other retinal cell layers. The Nissl staining is so intense in the deeper retinal layers, however,
that the dark-field signal is almost completely quenched, and the grains are difficult to photograph even in high-magnification bright field, IGF-I
mRNA is concentrated in the ganglion cell layer (C and E) and is also abundant in the iris. IGFBP2 mRNA is concentrated in the retinal nerve

fiber layer, and is also highly abundant in the corneal and ciliary process epithelium. COR, cornea; CP, ciliary process; GL, ganglion cell layer;
NFL, nerve fiber layer. Scale bars: 4-D, 4.5 mm; £ and F, 25 um.
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Figure 4. Combination immunocytochemistry for glial intermediate filaments and in situ hybridization in the postnatal day 12 cerebellar cortex
(4 and B) and retina (C and D). 4 and B, GFAP immunostaining and IGFBP2 in situ hybridization is shown in low- (4) and high- (B) magnification
double-exposure photomicrographs superimposing a bright-field image focused on the tissue plane and a red-filtered dark-field image focused on
the emulsion plane. Exposed silver grains in the emulsion overlying the tissue appear red using this technique. The GFAP immunostain is brown,
and cells are counterstained with cresyl violet. GFAP is detected in the radial Bergmann fibers (arrowheads) traversing the molecular layer (m/).
Granule cells, stained purple, are seen positioned along these fibers. IGFBP2 mRNA hybrids are concentrated in cells from which these fibers arise
that are faintly GFAP positive (solid arrows in B) and located next to the large Purkinje cells (open arrows). IGFBP2 mRNA is highly abundant
in the meninges covering the cerebellar surface, seen in the upper left corner of A. C and D, Vimentin immunostaining was used to identify glial
cells of the retina and combined with in situ hybridization for IGF-I (C) and IGFBP2 (D) mRNAs. These are double-exposure photomicrographs
combining bright-field and epifluorescence images so that the hybridization signal is visualized as green grains. Vimentin-positive astrocytes and
their processes surround fascicles of ganglion cell axons in the nerve fiber layer (nf). IGF-I mRNA (C) is concentrated in ganglion cell bodies (sofid
arrows), stained violet-blue, and perhaps in their dendrites extending some distance into the inner plexiform layer (ip). IGFBP2 mRNA (D) is
concentrated in the vimentin-positive cells of the nerve fiber and ganglion cell layers and in faintly vimentin-positive cells located in the inner
nuclear layer (in) from which the retinal radial fibers appear to originate (open arrows). Scale bars: 25 um for A; 62 pm for B; 37 pm for C and D.

provides further support for the view that IGF-I action is local.
IGFBP2 is presumably secreted from these neuroglia in vivo as
it is secreted from neuroglia in vitro (Han et al., 1988; Loret et
al., 1991; Olson et al., 1991). IGFBP2 present in the extracellular
space surrounding the cells from which it is released may bind
the IGF-I secreted from Purkinje and retinal ganglion cells and
thus prevent IGF-I from effectively binding to astroglial IGF-I
receptors—and potentially deflecting or diverting its action to-
ward growing dendritic or axonal processes. Alternatively, it is
possible that IGFBP2 is not free in the extracellular space but
is distributed upon the surface of cells or cell processes bearing
integrin receptors, and in this context may target IGF-I to par-

ticular membrane sites and thus regulate IGF-I's interaction
with specific targets. Resolution of these important issues re-
quires immunocytochemical analysis of IGFBP2 and IGF-I lo-
calization at the ultrastructural level.

Bergmann and Miiller cells have been intensively studied in
their role as radial glia—specialized astroglial cells involved in
the guidance of migrating neurons to their mature neuroana-
tomical destination (Rakic, 1981; Hatten, 1990). In the cere-
bellar cortex, Bergmann fibers form a scaffolding along which
granule cells move from external to internal granule cell layers
(see Fig. 44), and in the retina, Miiller cell processes are thought
to guide neuroblasts from the germinal zone to their positions




in the laminar neural retina. Recently, it has been suggested that
Purkinje cells may influence Bergmann glial cell metabolism,
as reflected by glycerol-3-phosphate dehydrogenase immuno-
reactivity (Fisher and Mullen, 1988). The present observations
provide additional support for the existence of specific bio-
chemical relationships between Bergmann and Miiller glia and
nonmigrating neurons during development. The coordinated
expression of IGF-I by projection neurons and IGFBP2 by con-
tiguous radial glia seems unlikely to be associated with the glial
cells’ role in guidance of neural migration. While in the cere-
bellar cortex the timing of IGF system gene expression parallels
the course of granule cell migration fairly well, this is not the
case in the retina, where migration is over at the time of IGF-1
peak expression, nor is it true in other brain regions, such as
the thalamus, where IGF-I and IGFBP2 expression is similarly
coordinated during postnatal development (W.-H. Lee, K. M.
Michels, and C. A. Bondy, unpublished observations). Fur-
thermore, IGFBP2 mRNA is also expressed by retinal nerve
astrocytes that are not radial glia and are not implicated in
neuronal migration. The primary interaction during the process
of neural migration appears to be between radial glial fibers and
migratory neurons (Rakic, 1981; Hatten, 1990), whereas we
have presented evidence for a developmental relationship be-
tween postmigratory projection neurons and adjacent astroglia,
which may or may not also be radial glia.

IGF-I promotes DNA synthesis in cultured astroglia, and
exogenous IGFBP2 inhibits this effect (Han et al., 1988). It is
possible that during the course of normal development, in sit-
vations where astroglia are localized immediately adjacent to
IGF-I-producing neurons, astroglial IGFBP2 production is
stimulated in order to shield the glial cells against IGF-I’s mi-
togenic effects—so that the glia can continue to perform their
differentiated functions. In the setting of CNS injury, such as
vascular infarction or toxic demyelination where there is a re-
active gliosis, or proliferation of astrocytes, IGF-I is produced
in abundance by involved astrocytes (Komoly et al., 1992; Lee
et al., 1992). IGFBP2, however, is not expressed by astrocytes
in this situation (Lee et al., 1992), suggesting that IGF-L, in the
absence of IGFBP2, may stimulate astrocytic proliferation.

In order to understand the autocrine/paracrine roles of growth
factors in cell—cell interactions during the genesis and differ-
entiation of the CNS, it is essential to have a clear picture of
which cells are producing the secreted growth factors and which
cells are expressing the receptor(s) and binding proteins in vivo—
and to know when these components are expressed, with respect
to different developmental processes. Our studies are aimed at
elucidating the spatiotemporal framework in which IGF-I is
involved in cell—cell interactions during differentiation of the
nervous system. This study has established that IGFBP2 gene
expression is temporally and anatomically coordinated with that
of IGF-I during cerebellar and retinal development, thus im-
plicating IGFBP2 as a key modulator of IGF-I action in CNS
development.
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