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Insulin receptor substrate 1 (IRS-1) is the primary cytosolic
substrate of the insulin and insulin-like growth factor-1 (IGF-
1) receptors. Following tyrosine phosphorylation IRS-1 binds
to and activates specific proteins containing SH2 domains.
Using biochemical and immunocytochemical techniques, we
have mapped the distribution of IRS-1 in the CNS of the adult
rat and compared it with that of insulin and IGF-I receptors
and phosphatidylinositol 3-kinase (Pi-3 kinase), a signaling
molecule functionally related to IRS-1. Immunoprecipitation
and Western blotting experiments demonstrate the pres-
ence of substantial amounts of IRS-1, insulin receptor, and
PI-3 kinase in the brain.

IRS-1 immunoreactivity is widely distributed in neurons
from several areas of the brain and spinal cord. The cerebral
cortex, the hippocampus, many hypothalamic and thalamic
nuclei, the basal ganglia, the cerebellar cortex, the brainstem
nuclei, and the lamina X of the spinal cord are particularly
rich of immunopositive nerve cells. In these areas most of
the neurons immunoreactive for IRS-1 are also stained by
either anti-insulin receptor or anti-IGF-I receptor antibodies
as well as PI-3 kinase antiserum. IRS-1 immunostaining was
very weak or totally absent in neurons of the olfactory buib,
the supraoptic and paraventricular nuclei, the mesence-
phalic trigeminal nucleus, and the granule cell layer of the
cerebellum, despite the fact that these areas were immu-
nolabeled with antibodies against insulin or IGF-I receptors
and/or PI-3 kinase. These results show that neurons in the
adult rat CNS are endowed with some of the components of
the early signaling pathway for growth factors of the insulin/
IGF-1 family, although IRS-1 has a distribution distinct from
that of the two receptors.

[Key words: insulin receptor substrate 1, insulin-like growth
factor I, insulin receptor kinase, insulin-like growth factor |
receptor, phosphatidylinositol 3-kinase, CNS, immunocyto-
chemistry]
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Insulin effects at the cellular level are initiated by ligand binding
to the a-subunit of the insulin receptor and activation of the
tyrosine kinase present in the 8-subunit (Massague et al., 1981;
Kasuga et al., 1982). Insulin receptor activation leads to tyrosyl
phosphorylation of a cytosolic protein with an apparent molec-
ular weight of 160-185 kDa named insulin receptor substrate
1 (IRS-1)both invivoand in vitro(White et al., 1985; Rothenberg
etal, 1991; Sun et al.,, 1991, 1992; Hadari et al., 1992; Saad et
al., 1992). IRS-1 is highly serine phosphorylated in the basal
state and undergoes rapid tyrosine phosphorylation in response
to insulin, insulin-like growth factor I (IGF-I), and, in some
cells, interleukin 4 (IL-4) (White et al., 1985; Sun et al, 1991;
Myers et al., 1993; Wang et al., 1993a,b). One mechanism by
which IRS-1 transmits insulin signaling inside the cells is bind-
ing of the molecule to SH2-SH3 containing proteins via specific
YMXM/YXXM motifs (Cantley et al., 1991; Koch et al., 1991;
Folli et al., 1992; Myers and White., 1993; Sun et al., 1993).
Among these SH2 domain proteins, one of the better charac-
terized is the regulatory subunit of phosphatidylinositol-3 kinase
(PI-3 kinase), also referred to as p85. PI-3 kinase activity is
stimulated by a variety of growth factors, including insulin, IGF-
I, NGF, epidermal growth factor (EGF), and following cellular
transformation (Whitman et al., 1985; Endeman et al., 1990;
Soltoff et al., 1992; Cantley et al., 1991; Hiles et al., 1992;
Lapetina et al., 1992; Obermeier et al., 1993). After insulin
stimulation either in vivo or in vitro, P1-3 kinase associates with
specific YMXM/YXXM motifs in IRS-1 and is activated by
this association (Sun et al., 1991, 1992; Backer et al., 1992a;
Folli et al., 1992; Hadari et al., 1992).

Insulin, IGF-I and IGF-II receptors, are widely expressed in
both the developing and adult mammalian CNS, as demon-
strated by autoradiography and immunocytochemistry (Posner
et al., 1974; Havrankova et al., 1978; Gammeltoft et al., 1985,
1990; Hill et al., 1986; Bohannon et al., 1988; Lesniak et al.,
1988; Ocrant et al., 1988; Unger et al., 1989, 1991a,b; Moss et
al., 1990; King and Baskin, 1991). Likewise, biochemical and
Northern blot analyses indicate that IRS-1 and PI-3 kinase are
also present in the CNS at high concentrations (Cohen et al.,
1990; Skolnik et al., 1991; Sun et al., 1992; Araki et al., 1993;
this study). However, the topographic and cellular distribution
of these molecules in the brain has not yet been investigated.
To shed some light on the possible role of these early compo-
nents of the insulin/IGF-I signaling pathway in the CNS, we
have mapped the distribution of IRS-1 in the rat brain and
spinal cord and compared it with the immunocytochemical lo-
calization of PI-3 kinase, insulin receptors, and IGF-I receptors.



Materials and Methods

Materials. Reagents for sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and immunoblotting were from Bio-Rad
(Richmond, CA). Protein A-Sepharose 6MB was purchased from Phar-
macia (Upsala, Sweden), '**I-protein A from ICN Biomedicals (Costa
Mesa, CA); nitrocellulose paper (BA 85, 0.2 um) from Schieicher and
Schuell (Keene, NH), sodium amobarbital (Amytal) and human recom-
binant insulin (Humulin R) from Lilly (Indianapolis, IN). All other
reagents were from Sigma Chemical Co. (St. Louis, MO).

Animals. Male rats (130-180 gm; » = 15) and mice (6-8 weeks; n =
4) were obtained from Charles River Breeding Laboratories Inc. (Wil-
mington, MA). They were fed standard rodent chow and water ad li-
bitum. All mice and five rats were used in insulin stimulation experi-
ments in vivo, the remaining rats were employed for immunocytochemical
analysis.

Antibodies. Anti-IRS-1 antibodies were raised using two synthetic
peptides (CT and NT) derived from the carboxy-terminal (TY-
ASINFQKQPEDRQ) and the amino-terminal (MASPPDTDGF-
SDVRKVGY) amino acid sequence of the rat liver IRS-1 protein (Sun
et al., 1991). They were partially purified either with a protein A-
Sepharose column (anti-CT-IRS-1 antibodies; Folli et al., 1993) or on
a peptide affinity column (anti-NT-IRS-1 antibodies; Cheatham et al.,
1993). Anti-insulin receptor (a-subunit) antibodies (Rosenzweig et al.,
1990) were from UBI (Lake Placid, NY). Anti-insulin receptor (3-sub-
unit) antibodies were raised in rabbits using a synthetic peptide derived
from the carboxy-terminal amino acid sequence (KKNGRILTLPRSNPS)
of the @-subunit of the rat insulin receptor. Anti-IGF-I receptor (8-
subunit) antibodies (a kind gift of Drs. Wang and Liu, Mount Sinai
Medical Center, New York, NY) have been previously described and
characterized (Liu et al., 1992). Polyclonal anti-phosphotyrosine anti-
bodies were raised in rabbits and affinity purified on phosphotyramine
columns, as previously described (Pang et al., 1985). The anti-rat PI-3
kinase polyclonal antiserum (raised against the 85 kDa subunit of the
enzyme) was from UBI (Lake Placid, NY).

Biochemistry: insulin stimulation in vivo. Food was withdrawn 12—
14 hr before experiments; mice and rats were anesthetized with sodium
amobarbital (15 mg/kg of body weight, i.p) and were used 10-15 min
later, The abdominal cavity was opened and 1 ml of normal saline (0.9%
NaCl) with or without 200 pg of insulin was injected into the portal
vein. The hindlimb skeletal muscles and the brain were excised re-
spectively 1.5 and 2.5 min after insulin injection and frozen in liquid
nitrogen. Frozen tissues were ground into a fine powder and immediately
homogenized in ice cold solubilization buffer (1:6 w/v) with a Polytron
PTA 208 generator (Brinkmann Instruments), as previously described
(Folli et al., 1992). Insoluble material was removed by centrifugation
at 50,000 rpm in a 70Ti rotor (Beckman) for 50 min. One milliliter
aliquots of the supernatants (protein concentration, 10 mg/ml) were
used as a sample for immunoprecipitation with anti-insulin receptor
B-subunit (0.5 ug/ml), anti-NT-IRS-1 (0.2 pg/ml), and anti-PI-3 kinase
(whole antiserum, 1:200 final dilution) antibodies and protein A-Se-
pharose. Samples were then processed for SDS-PAGE and Western
blotting as previously reported (Folli et al., 1992). Blots were finally
incubated with anti-phosphotyrosine (0.3 ug/ml), anti-insulin receptor
B-subunit (0.5 pg/ml), anti-IRS-1 (anti—-CT-IRS-1, 9 ug/ml), or anti—
PI-3 kinase antibodies (whole antiserum, 1:200 final dilution), '**I-pro-
tein A and subjected to autoradiography. Protein determination was
performed by the Bradford dye method (Bio-Rad, UK) with bovine
serum albumin as standard (Bradford, 1976).

Immunocytochemistry. Rats were anesthetized with sodium pento-
barbitone (> 60 mg/100 gm body weight, i.p.) and perfused through the
aorta with Bouin’s solution. The brain and segments of cervical, tho-
racic, lumbar, and sacral spinal cord were dissected out, cut in pieces,
and placed in the same fixative for 6 additional hours. Following de-
hydration and wax embedding, coronal sections (8 um) representative
of the entire CNS were mounted onto poly-L-lysine—coated slides. After
inhibition of endogenous peroxidase activity and preincubation in 0.1
M phosphate-buffered saline pH 7.4 (PBS) containing 1% egg albumin
(Sigma Chemicals Co., St. Louis, MO), sections were incubated over-
night at room temperature with anti-NT-IRS-1 (1:500 affinity-purified
antiserum), anti-insulin receptor (a-subunit, 1:50), or anti-IGF-I re-
ceptor (8-subunit, 1:100) antibodies. They were subsequently processed
according to the avidin-biotin—peroxidase procedure (ABC, Vector, UK),
and the peroxidase reaction was developed using the glucose oxidase
nickel-DAB method (Shu et al., 1988). Immunocytochemical controls
consisted of (1) liquid phase adsorption of the anti-NT-IRS-1 peptide
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Figure 1. Western blot analysis of insulin receptor -subunit in anti—
insulin receptor antibody (IR-CT) immunoprecipitates (A), IRS-1 pro-
tein in anti-NT-IRS-1 antibody immunoprecipitates (B), and PI-3 ki-
nase (85 kDa subunit) in anti-PI-3 kinase antiserum immunoprecipi-
tates (C). Proteins from rat brain, skeletal muscle and liver were extracted
as described in Materials and Methods. After centrifugation, aliquots
containing the same amount of proteins were incubated with anti-in-
sulin receptor (IR-CT), anti-NT-IRS-1 or anti-PI-3 kinase antibodies
and protein A-Sepharose. Immunoprecipitated proteins were analyzed
by Western blotting with either anti-insulin receptor antibodies (IR-
CT), anti-CT-IRS-1 antibodies, or anti-PI-3 kinase antiserum and '**I-
protein A and subjected to autoradiography. Lanes 1, 4, and 6, brain;
lanes 2, 5, and 7, muscle; lanes 3 and 8, liver. IR, insulin receptor; Pf
3-K, PI-3 kinase.

affinity-purified antibody with different concentrations of the synthetic
peptide used to raise the antibody; (2) liquid phase adsorption of the
anti-NT-IRS-1 peptide affinity-purified antibody with different con-
centrations of the synthetic CT-IRS-1 peptide (Folli et al., 1993), and
synthetic Pep-80 peptide (Rothenberg et al., 1991); (3) omission of
primary antisera or their substitution with normal serum; and (4) omis-
sion of second-layer biotinylated antibodies or avidin-biotin-peroxi-
dase complex in the ABC procedure.

Results

Biochemistry

In order to examine the relative level of expression of insulin
receptor, IRS-1, and PI-3 kinase in rat brain as compared to
two classical targets of the metabolic actions of insulin, that is,
skeletal muscle and liver, immunoprecipitation was followed
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by Western blotting employing antibodies directed against the
B-subunit of the insulin receptor (Fig. 14), the IRS-1 protein
(Fig. 1B), and the 85 kDa subunit of PI-3 kinase (Fig. 1C). This
experiment suggests that all three proteins are present in adult
rat CNS at similar concentrations as compared to muscle and
liver. Western blot analysis of tyrosyl-phosphorylated proteins
in anti-insulin receptor g-subunit immunoprecipitates from rat
brain and muscle extracts confirmed that following intraportal
insulin administration, there was no increase in the phosphor-
ylation of the insulin receptor or IRS-1 in the brain, while there
was a clear stimulation of the tyrosyl-phosphorylation of these
proteins in skeletal muscle (data not shown).

Immunocytochemistry

General considerations on IRS-1 immunolocalization

IRS-! immunoreactivity was detected in most nerve cells
throughout the CNS, but nof in all neurons of the brain and
spinal cord. IRS-1 immunostaining was usually restricted to the
neuronal perikarya (Figs. 2-4). However, in certain brain regions,
such as the cerebellar cortex and many brainstem nuclei, con-
siderable amounts of reaction product were observed in the
initial portion of the primary dendrites. This was particularly
true for large neurons, in which immunostaining was often
stronger in the dendrites than in the cell body (Fig. 44). Although
quantitative evaluations could not be performed, the staining
intensity was different between the various IRS-1-positive neu-
ronal populations; for example, it was consistently high in hip-
pocampal neurons and very faint in magnocellular supraoptic
nerve cells.

Except the ependymal cells lining the third ventricle and cells
of the choroid plexus, neurons were the only cells in the brain
and spinal cord expressing immunoreactive IRS-1. Glial cells
and other non-neuronal elements had no detectable IRS-1 pro-
tein. The specific labeling of neurons by the anti-IRS-1 anti-
serum was completely abolished after liquid phase adsorption
with its corresponding synthetic peptide.

Distribution of IRS-1 immunoreactivity in the rat CNS

Olfactory bulb. Neuronal cell bodies were usually immunone-
gative in the olfactory bulb. Faint IRS-1 staining was occasion-
ally observed in the mitral cell perikarya and in neurons of the
anterior olfactory nucleus. In the glomerular layer a fine punctate
reaction was present, likely due to the olfactory nerve terminals.

Cerebral cortex. IRS-1 immunoreactivity was detected in all
the cortical areas, but it was particularly prominent in the pir-
iform cortex. Immunoreactive nerve cells were found in all cor-
tical layers, and there was no obvious difference between layers

in the density of positive cells (Fig. 2C). The reaction product
was generally restricted to the cell bodies of the pyramidal neu-
rons but, occasionally, it was also found in the initial part of
their apical dendrites.

Hippocampus. Strong IRS-1 immunoreactivity was observed
in the hippocampus (Fig. 24,B). This staining was localized
within the cell bodies of the Ammon’s horn pyramidal neurons
(in CA1-CA3 fields) and the dentate gyrus granules (Fig. 24).
IRS-1 immunoreactivity was also present in cell bodies of scat-
tered neurons located in the polymorph layer, which likely cor-
respond to the basket cells, and interneurons of the stratum
radiatum (Fig. 2B). Therefore, nearly all of the different types
of hippocampal neurons showed expression of IRS-1.

Hypothalamus, thalamus, and epithalamus. Striking IRS-1
immunoreactivity was observed in the hypothalamic and tha-
lamic regions surrounding the third ventricle and the habenular
nuclei. In many hypothalamic nerve cells the staining was very
intense (Fig. 34). In contrast, IRS-1 immunoreactivity was at
the limit of detectability or totally absent in the supraoptic and
paraventricular nuclei. '

Basal ganglia. A fine granular reaction was consistently de-
tected in neurons of the basal ganglia.

Cerebellum. In the cerebellar cortex immunoreactivity was
restricted to the Purkinje neuron layer, with a characteristic
pattern of distribution (Fig. 3B,C). Both in parasagittal and
coronal sections, clusters of IRS-1-positive and IRS-1-negative
Purkinje neurons alternated regularly with each other (Fig. 3B),
with the immunonegative cells prevailing over those stained by
the anti-IRS-1 antiserum. The latter showed a dense, granular
staining of their cell body, which was also often detectable in
the main dendrites (Fig. 3C). IRS-1 immunostaining was also
associated with neurons located in the deep cerebellar nuclei.

Brainstem. IRS-1 immunostaining was present in a wide
number of brainstem nuclei (Fig. 44) including the solitary,
cochlear, and trapezoid body nuclei and the reticular formation.
Very faint staining was observed in sensory neurons of the tri-
geminal nucleus.

Spinal cord. Scattered IRS-1-immunoreactive nerve cells were
observed throughout the spinal gray matter at all segmental
levels investigated. Their main location was in laminae V-VI
and X (Fig. 4B). However, immunoreactive neurons were oc-
casionally detected in the dorsal horn (laminae I-III) and in
laminae VII-IX of the ventral horn. Motoneurons accounted
for most of the immunoreactive cells in this area of the spinal
cord.

Retina. IRS-1 immunoreactivity was observed in the ganglion
celllayer and, to a lesser extent, in the inner nuclear layer. Within

—

Figure 2.

IRS-1 immunoreactivity in the brain. Strong IRS-1 staining is visible in neuronal perikarya of the hippocampus (4, B) and cerebral

cortex (C), while dendrites are usually free of label. Most of the cells in the dentate gyrus granular layer (4, g/), as well as pyramidal cells in the
Ammon’s horn (4, B, ca), are immunoreactive; some immunopositive cells are also visible in the polymorph layer (4, po) and in the stratum
radiatum (B, sr, arrows). IRS-1-immunoreactive pyramidal neurons (frontal cortex, C) occur in all cortical layers. Magnification: 4, 170x; B and
C, 270x%.

Figure 3. IRS-1 immunoreactivity in the brain. 4, Strong IRS-1 staining in the cell bodies and processes of most (but not all) neurons in the
ventral hypothalamus. B and C, In the cerebellar cortex, the immunoreactivity is associated with clusters of Purkinje neurons (B, arrows). These
clusters are separated by many neurons of the same type that appear immunonegative (C, arrowheads); the granular layer (g/) appears free of label.
Magnification: 4, 340x; B, 180x; C, 460 x.

Figure 4. IRS-1 immunoreactivity in the brainstem (4), spinal cord (B), and retina (C). In the brainstem (4), IRS-1 staining is preferentially
localized in the cell bodies and dendrites of large/medium sized neurons; frequently it is confined in the proximal part of large dendrites (inser).
B, Many IRS-1-positive neurons are visible in lamina X of the spinal cord gray matter, around the central canal (asterisk). In the retina (C),
immunoreactivity is mainly associated with large-sized retinal ganglion cells within the ganglion cell layer (gc/). A punctate reaction is also visible
in the inner plexiform layer (ip/). Magnification: 4, 340 x (inset, 510x); B, 450x; C, 1650x.
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the former, staining was associated with the cell bodies of retinal
ganglion cells, mainly of large diameter (Fig. 4C). In the inner
nuclear layer a faint IRS-1 positivity was present in some ama-
crine and bipolar cells.

Distribution of insulin receptor, IGF-I receptor, and PI-3
kinase in the rat CNS

In most of the areas investigated, a good correlation between
the distribution of IRS-1 and insulin receptor immunoreactiv-
ities was found, with almost overlapping patterns within the
cerebral cortex, hippocampus, and brainstem (Fig. 5). Only mi-
nor differences in the distribution of insulin receptor immu-
nostaining were observed, such as, for example, in the cerebral
cortex, where staining for the insulin receptor was particularly
evident within layer IV and the hippocampus, where insulin
receptor immunoreactivity was very weak in the dentate gyrus.
In other regions of the brain, on the other hand, significant
differences in the localization of IRS-1 and insulin receptor
immunoreactivities were observed. The latter was very strong
in the olfactory bulb and the hypothalamic supraoptic nucleus,
which, as described above, contained little or no detectable IRS-
1. In the thalamus, hypothalamic nuclei and septal nuclei, in-
sulin receptor immunostaining was preferentially associated with
axons and terminals, rather than with the neuronal perikarya.
In the cerebellar cortex, Purkinje neurons were only weakly
reactive after incubation with anti—insulin receptor antibodies.

The distributions of IGF-I receptor and PI-3 kinase immu-
noreactivities were very similar and overlapped that of IRS-1
in the cerebral cortex (Fig. 5C,E) and hippocampus. As for the
insulin receptor, staining was particularly prominent in cortical
layer IV. In the hippocampus, IGF1-receptor immunoreactivity
was stronger in the Ammon’s horn than in the dentate gyrus.
In the cerebellar cortex, IGF-I receptor and PI-3 kinase im-
munoreactivities were detected in almost all Purkinje neurons,
without the characteristic pattern observed after incubation with
the anti-IRS-1 antiserum (Fig. 5D,F). Moreover, weak IGF-I
receptor staining was detected in the granular layer (Fig. 5D).
Differences in the pattern of distribution of IGF-I receptor, PI-3
kinase and IRS-1 immunoreactivities were not obviously. ap-
parent in the brainstem and spinal cord. These results are sum-
marized in Table 1.

Discussion

Protein tyrosine kinases can be subdivided into two large fam-
ilies: the transmembrane growth factor receptors family and the
cytosolic nonreceptor family. These proteins are commonly re-
garded as fundamental components of mitogenic pathways and
are highly expressed in non-nervous tissues where they appear
to play a crucial role in the control of cell growth and metabolism
in both physiologic and pathologic states (Cantley et al., 1991).
Nevertheless, many observations indicate the presence of sub-
stantial amount of tyrosine kinase activity in the CNS, which
is typically composed of nonproliferating cells (Nairn et al.,
1985; Hunter, 1987). Using the biochemical and immunocy-
tochemical approach, this study describes the presence and cel-

—
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Table 1. Correlation between the immunocytochemical distribution
of IRS-1 and other components of the insulin/IGF-I signaling
pathway, in the rat CNS

CNS Insulin IGF-1 PI-3
regions/nuclei IRS-1 receptor receptor  kinase
Olfactory bulb No Yes No No
Cerebral cortex® Yes Yes Yes Yes
Hypothalamus?®/thala-

mus Yes Yes¢ No Yes
SON/PVN magnocellu-

lar neurons No No Yes Yes
Basal ganglia Yes Yes Yes Yes
Cerebellar cortex

Purkinje cell layer Yes Yes? Yes? Yes?

Granule cell layer No No Yes Yes
Deep cerebellar nuclei Yes Yes No Yes
Brainstem® Yes Yes Yes Yes
Mesencephalic trigemi-

nal nucleus No No Yes Yes
Spinal cord Yes Yes Yes Yes
Retina Yes ND ND Yes

Yes, presence of immunoreactivity; no, absence of immunoreactivity or very weak
immunolabeling; ND, not done. IRS-1, insulin receptor substrate-1; IGF-I, in-
sulin-like growth factor I; PI-3 kinase, phosphatidylinositol-3 kinase; SON, su-~
praoptic nucleus; PVN, paraventricular nucleus.

¢ Differences were observed in layer IV (see text).

® Other than SON/PVN magnocellular neurons.

< Immunostaining was associated with fibers rather than cell bodies.
4 Staining was observed in all Purkinje neurons.

¢ Other than the mesencephalic trigeminal nucleus.

lular localization of IRS-1 and PI-3 kinase in the rat brain and
spinal cord and confirms the existence of insulin and IGF-I
receptors in the CNS (Posner et al., 1974; Havrankova et al.,
1978; Gammeltoft etal., 1985, 1990; Hill et al., 1986; Bohannon
et al., 1988; Lesniak et al., 1988; Ocrant et al., 1988; Unger et
al., 1989, 1991a,b; Moss et al., 1990; King and Baskin, 1991).
The unique nature of the distribution of IRS-1 in the rat CNS
and the possible functional implications of our findings, which
suggest that several neuronal populations are capable of re-
sponding in vivo to insulin, IGF-1, and, possibly, other growth
factor stimulation, deserve further consideration.

Our biochemical and immunocytochemical results demon-
strate that IRS-1 is widely distributed in the rat brain and spinal
cord. In particular IRS-1 protein expression data are in agree-
ment with the results obtained from quantitative PCR of IRS-1
mRNA from human fetal tissues (Araki et al., 1993). High levels
of immunoreactivity are found in the cerebral and cerebellar
cortices, the hippocampus and several brainstem nuclei. It is of
interest that within some of these areas, such as the cerebral
cortex, IRS-1 seems to be detectable, although at different levels,
in virtually all neurons. Conversely, in other regions of the CNS,
such as the cerebellum, the molecule is clearly limited to certain
neuronal subpopulations. The nerve cells that are positive for

Figure 5. Immunoreactivity for the insulin (4, B) and IGF-I (C, D) receptors, and PI-3 kinase (E, F) in some of the brain regions that are highly
immunoreactive for IRS-1. In the cerebral cortex (4, C, E), immunoreactivity to the three antigens is visible in the cytoplasm of pyramidal neurons.
In the hippocampus (B), a strong staining for insulin receptor is present in the cell bodies of the Ammon’s horn pyramidal neurons. In the cerebellar
cortex, the perikarya of Purkinje neurons and granule cells are immunoreactive for IGF-I (D) and PI-3 kinase (F), Magnification: 4, C, D, F, 280 x;

B, 235x; E, 335x.
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IRS-1-immunoreactive material, however, are involved with
different functions and are known to be neurochemically het-
erogeneous (see, e.g., Brodal, 1993).

Previous studies have mapped the distribution of insulin and
1GF-1receptors in the rat brain using immunocytochemical and/
or autoradiographic techniques (Posner et al., 1974; Havran-
kova et al., 1978; Gammeltoft et al., 1985, 1990; Hill et al.,
1986; Bohannon et al., 1988; King and Baskin, 1991; Lesniak
et al., 1988; Ocrant et al., 1988; Unger et al., 1989, 1991a,b;
Moss et al., 1990). Therefore, we decided to restrict our analysis
to the areas of the CNS that were immunoreactive for IRS-1,
rather than performing a complete map of these antigens; like-
wise, we used the same approach to analyze the distribution of
PI-3 kinase, although no data are available in the literature
concerning the localization of this molecule in the rat nervous
system. This decision was dictated by the consideration that
our main goal was to correlate the distribution of the above
antigens with that of IRS-1. Our results on the distribution of
these receptors are in substantial agreement with the studies
quoted above and indicate that in a wide number of neurons
from different regions of the rat brain there is a good correlation
between the distribution of insulin and IGF-I receptors and that
of IRS-1. In addition, we have identified IRS-1-immunoreac-
tive nerve cells that express either the insulin or IGF-I receptors
and PI-3 kinase and thus appear to be endowed with the major
components of the insulin/IGF-I intracellular signaling path-
way.

Recently, the crucial effects of insulin-like growth factors in
the regulation of embryonic and postnatal growth have been
demonstrated in mouse embryos carrying null mutations of the
genes encoding IGF-I, IGF-I1, and IGF-I receptor (Baker et al.,
1993). While the concept that neurons require functionally ac-
tive cellular signaling machinery to respond to growth factors
during development and early postnatal life appears to be an
obvious consequence of the growth factor paradigm, the func-
tional significance of most neurons within the adu/t CNS, which
are endowed with some of the molecular structures to respond
to the growth factors of the insulin/IGF-I family is more difficult
to explain. Although the source of brain insulin is still under
debate, a growing body of evidence suggests that brain insulin
comes from peripheral uptake, through a receptor-mediated ac-
tive transport across the blood-brain barrier or via the circum-
ventricular organs (see Unger et al., 1991a, for review). On the
other hand, IGF-I and IGF-II have been shown to be produced
locally, although at different developmental stages, and recep-
tors for both molecules are present in the adult rat CNS (Gam-
meltoft et al., 1985, 1990). Thus, a major role for IRS-1 and its
associated signaling proteins may be as mediators of a paracrine
response to IGF-I or IGF-II, although the exact nature of such
a response is still unclear.

Our immunoprecipitation and Western blotting experiments
in the brain show that acute insulin administration into the
portal vein does not lead to tyrosyl phosphorylation of either
the insulin receptor 8-subunit or IRS-1. These data are in agree-
ment with the notion that insulin levels in the cerebrospinal
fluid do not change after a meal and that persistent peripheral
hyperinsulinemia is necessary to alter the brain/plasma ratio of
the hormone (Schwartz et al., 1990, 1992). Whatever the source
and mechanisms through which insulin gains access to neurons,
its main effect in vivo seems to consist in the neurochemical
regulation of feeding behavior (Lauteriot et al., 1990).

The wide distribution of IRS-1 and insulin and IGF-I recep-

tors in the CNS, as demonstrated in this and other studies (see
above), indicates that neurons that are likely to respond in vivo
to growth factors of the insulin/IGF-I family are not limited to
the brain areas concerned with central autonomic regulation of
food intake. Therefore, additional roles for insulin/IGF-I in the
adult brain can be postulated.

In vitro studies have proved that cultured neurons and neu-
roblastoma cell lines are capable of responding to insulin and
IGF-I in terms of cell growth and metabolic effects in a manner
similar to non-neural cells (Shemer et al., 1987a,b; Heidenreich
etal, 1991; Ungeret al., 1991a). Other experiments have shown
effects on neurite outgrowth (Ang et al., 1993) and synaptoge-
nesis (Puro and Agardh, 1984). All of these actions result in
morphologic remodeling of neural connections, which, under
physiologic conditions, are known to occur only in a few areas
of the intact adult CNS (see, e.g., Theodosis and Poulain, 1993).
It has been recently reported that the coadministration of IGF-I
and glutamate into the cerebellar cortex and the deep cerebellar
nuclei greatly depresses the release of GABA, which normally
follows a glutamate pulse and that electrical stimulation of the
inferior olivary complex significantly raises IGF-I levels in the
cerebellar cortex (Castro-Alamancos and Torres-Aleman, 1993).
More recent findings suggest that the responsiveness of cere-
bellar granule cells to glutamate in vivo might be epigenetically
regulated by IGF-I (Calissano et al., 1993). Taken together these
data indicate a role for IGF-I in modulating the neural activity
within certain areas of the mature CNS.

From our work it also appears that there is heterogeneous
expression of IRS-1 in the Purkinje cells of the cerebellum that
follows a sagittal banding. By contrast, all of these neurons are
immunoreactive for insulin receptors, IGF-I receptors and PI-3
kinase. A possible explanation for this finding is that IRS-1 is
removed from the cell when the latter is not functionally active
and therefore the molecule is no longer required. In keeping
with this assumption, electrophysiological and anatomical ev-
1dence has shown that the olivocerebellar and the corticonuclear
pathways are arranged into sagittal projection zones and are
activated in sagittal bands (Armstrong et al., 1982; Chan-Palay
et al., 1982). Alternatively, it is also possible that in neurons
that do not contain IRS-1, the enzyme PI-3 kinase associates
directly with the insulin and IGF-I receptors or with other adap-
tor molecules as demonstrated in other cell types (Backer et al.,
1992b; Lapetina et al., 1992; Yonezawa et al., 1992).

Finally, it is important to emphasize that from our results a
number of neurons that express IRS-1 do not appear to contain
either insulin or IGF-I receptors. A possible explanation for this
finding is that IRS-1 may be an intracellular substrate for re-
ceptors belonging to different families of growth factors. Al-
though such a possibility has already been demonstrated in
hematopoietic cell lines, in which IL-4 has been shown to use
IRS-1, or an IRS-1-like molecule, as an intracellular substrate
(Wang et al., 1993a,b), it appears that a growth factor dependent
tyrosine-phosphorylated 100 kDa protein other than IRS-1 as-
sociates with the PI-3 kinase SH2 domain following activation
of the NGF and FGF receptors in the brain (Chao, 1992; Saltiel
and Ohmici, 1993). In keeping with the above results, we ob-
served in this study some neurons, which were PI-3 kinase
immunoreactive but did not express IRS-1.

It is also of interest that both SHPTP2 and GRB2, which are
highly expressed in the mammalian CNS and in other tissues
(Freeman et al., 1992; Lowenstein et al., 1992), bind to specific
phosphorylated YIDL and YVNI of IRS-1, different from the



motifs that bind to PI-3 kinase (Sun et al., 1993). Thus, it is
tempting to hypothesize that intracellular signaling pathways
activated by phosphorylated IRS-1 may be different between
the various subpopulations of immunoreactive neurons.

In conclusion, this study demonstrates that a large number
of neurons in the adult CNS are endowed with many of the
early components of the signal transduction pathway for recep-
tor tyrosine kinases of the insulin/IGF-1 growth factor family,
although in a few areas of the brain the expression of IRS-1 and
PI-3 kinase does not parallel the distribution of the insulin and/
or IGF-I receptors. These results highlight the importance of
correctly understanding the functional significance of receptor
tyrosine kinases in cells that are postmitotic and undergoing
terminal differentiation. Protein tyrosine kinases have been tra-
ditionaily regarded as cell-transforming agents, but a growing
body of evidence suggests that in the adult brain they are more
likely to be involved in sculpting and maintaining the synaptic
circuitry and architecture of the mature nervous system (Chao,
1992; Grant et al., 1992; Saitiel and Ohmici, 1993).
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