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Abstract

Insulinand the insulin-like growth factors (Iand II) are homologous peptides essential to normal metabolism
as well as growth. These peptide hormones are presentin the brain, and, based on biosynthetic labeling studies
as well as evidence for local gene expression, they are synthesized by nervous tissue as well as being taken up
by thebrain from the peripheral circulation. Furthermore, the presence of insulin and IGF receptorsin the brain,
onbothneuronal and glial cells, also suggests a role for these peptides in the nervous system. Thus, theseligands
affect brain electrical activity, either as neurotransmitters or as neuromodulators, altering the release and re-
uptake of other neurotransmitters.

The insulin and IGF-1and -1l receptors found in the brain exhibit a lower molecular weight than correspond-
ing receptors on peripheral tissues, primarily caused by alterations in glycosylation. Despite these alterations,
both brain insulin and IGF-I receptors exhibit tyrosine kinase activity in cell-free systems, as do their peripheral
counterparts. Brain insulin and IGF-Ireceptors are developmentally regulated, with the highest levels appear-
ing in fetal or perinatal life. However, the altered glycosylation of brain receptors does not appear until late in
fetal development. The receptors are widely distributed in the brain, but especially enriched in the circumven-
tricular organs, choroid plexus, hypothalamus, cerebellum, and olfactory bulb. These studies on the insulinand
IGF receptor in brain, add strong support to the suggestion that insulin and IGFs are important neuroactive
substances, regulating growth, development, and metabolism in the brain.

Index Entries: Insulin; insulin-like growth factors; neuropeptides; receptors; tyrosine kinase; neurons and

glial neural-derived cells.

Introduction

Insulin and the insulin-like growth factors
(IGF-1/SmC and IGF-II/MSA) appear to be
neuroactive peptides. They are readily detect-
able in various regions of the brain, as are their
specific receptors, and, importantly, they act
through these receptors to bring about bio-
effects. Convincing evidence exists supporting
the suggestion that the IGFs are synthesized in
the brain. In the case of insulin, available evi-
dence, primarily from use of cultured brain cells
in vitro, suggests, but does not prove conclu-
sively, that this peptideis also synthesized in the
central nervous system. Thus, we will begin by
summarizing evidence indicating that brain
levels of the family of insulin-related growth
factors reflect both local synthesis as well as
uptake from peripheral circulation. The reader
is referred to Table 1 for a brief summary of the
chemistry, source, nonmenclature, and binding
proteins for this family of insulin-related
growth factors.

Molecular Neurobiology

Insulin and IGFs in the Brain

Insulin in the Brain

Insulin is found in various regions of the
brain, both by radioimmunoassay of extracts,
and immunocytochemistry, with the highest
concentrations present in the olfactory bulband
hypothalamus (Havrankova et al., 1978;
Rosenzweig et al., 1980; Baskin et al., 1983a,b).
Insulin is also present in extracts of peripheral
nerves (Uvnas-Moberg et al., 1982, 1988). Insu-
lin isolated from brain is immunologically simi-
lar to pancreatic insulin and has similar bioac-
tivity (Havrankova et al., 1978). Several lines of
evidence suggest that insulin is actually synthe-
sized by the brain (LeRoith et al,, 1983, 1988).
First, the concentration of brain insulin has been
reported to be higher than that of plasma
(Havrankova et al,, 1978; Rosenzweig et al.,
1980; Agardh et al., 1986). Furthermore, in situ-
ations of experimentally induced or naturally
occurring hyper- or hypoinsulinemia, neither
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Table 1
Insulin-Related Family of Neuropeptides®
Insulin IGF-1/SmC IGF-II/MSA
~7500 ~7500; 10,000
Other name — Somatomedin C Multiplication
Stimulating
Activity
Domains B,AY B,C, A,D,Es B,C,A,D,E
in peptide
Binding proteins — 150 kDa; 25-40 kDa 150 kDa; 25-40 kDa*
Receptors Transmembrane Transmembrane Transmembrane
heterotetramer heterotetramer monomer
Major source Pancreas Liver Liver, brain in adults
Function Metabolic Mitogenesis, Unknown
neuromodulatory differentiation,
neuromodulation,
local tissue repair
pl 58 8.0-8.5 7.0

“Data taken from Perdueet al.,, 1984, Binouxet al., 1682, 1986, Ebina et al., 1985; Ullrich et al., 1985, 1986; Jansen et al., 1983;

Bell et al., 1984; Shiu and Paterson, 1988.

*Domains as revealed by sequence analysis of cDNA clones. Sequence domains code for A and B chains of mature insulin,
C-peptide is cleaved off the proinsulin molecule (Perdue et al., 1984).

‘Domain present in IGFs codes for C-peptide, which is not cleaved off the pro IGF-I molecule. D domain is an additional
peptide sequence at carboxyterminus and E domain is predicted by cDNA sequence (Jansen et al., 1983; Bell et al., 1984).

“This binding protein has greater affinity for IGF-II than for IGF-I (Binoux et al., 1982, 1986).

brain concentrations of insulin (Havrankova et
al., 1979; Agardh et al., 1986) nor insulin recep-
tors (Havrankova et al., 1979; Pacold and Black-
ard, 1979; Simon et al., 1986; Shemer et al., 1988)
are altered. These results indicate that the plas-
ma insulin does not rapidly equilibrate with the
brain insulin pool, and have been interpreted as
evidence favoring local synthesis of insulin.
Also along these lines, insulin-like material has
been detected in chick embryos before forma-
tion of a discrete pancreas (De Pablo et al., 1982).
Second, proinsulin and insulin immunoreactiv-
ity have been detected in neural-derived cells in
primary culture maintained in serum free medi-
um (Weyhenmeyer and Fellows, 1983; Raizada,
1973; Birch et al., 1984a,b; Budd et al., 1986).
Third, primary neuronal cell cultures from 1-d-
old rat brains incorporate *H-leucine into and
release, a substance that is immunoprecipitated
by anti-insulin antibody and that behaves iden-
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tically with insulin on HPLC. Furthermore, this
insulin-related material is released in response
to chemical depolarization (Clarke et al., 1986).
Primary cultures of a subset of rabbit brain neu-
rons, but not glial cells, were shown to possess
immunoreactive insulin, which was increased
when neurosecretion was inhibited (Schechter
et al., 1988). These latter studies thus strongly
support neuronal synthesis and release of insu-
lin. The best evidence for insulin synthesis by
brain is the demonstration of insulin gene ex-
pression by nervous tissue. Insulin specific
mRNA has been demonstrated in cultured pi-
tuitary cells and primary neuronal cell cultures
from rat and rabbit brain (but not glial cell cul-
tures) as well as in hypothalamic periventricu-
lar nuclei next to the ependymal lining of the
third ventricle (Budd and Pansky, 1986; Young,
1986; Clarke et al., 1987; Schechter et al., 1988).
Though these preliminary studies are very
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suggestive of insulin gene expression in neural
tissue, the possibility of cross hybridization of
the JGFs with the insulin probe used in North-
ern and in situ hybridizations cannot be fully
ruled out. The actual size of the mRNA tran-
script is still to be determined, as is the translat-
ability of the mRINA.

The evidence cited above suggests at the least
that neurally derived cultured cells synthesize
insulin or an insulin related molecule. The issue
oflocal synthesis is clearly more controversialin
the intact brain in vivo, and circulating insulin
may also contribute to the brain content. The
circumventricular organs (CVO, which include
the subfornical organ, the organum vasculo-
sum, lamina terminalis, and the median emi-
nence) lack a blood-brain barrier (BBB), and,
thus, are directly accessed by the plasma (Phil-
lips, 1987). Infused ®]-insulin has been found to
be concentrated in the CVO (Van Houten and
Posner, 1979a; Van Houten et al., 1979, 1980).
These regions are enriched in glial cells, which
apparently restrict insulin’s subsequent move-
ment (Phillips, 1987). Insulin bound to neurons
here, however, may activate neuronal path-
ways and, thus, initiate a signal that is relayed
deeply into the brain (Baskin et al., 1987; Phil-
lips, 1987). An alternative pathway for the
transfer of plasma insulin to the brain is by its
transfer across the BBB into the cerebrospinal
fluid (Baskin et al., 1983). Such a transfer is felt
to occur by utilizing specific insulin receptors in
receptor mediated transcytosis. Thus, endothe-
lial cells of the capillary network making up the
BBB (e.g., at the choroid plexus) possess specific
insulin receptors, which bind, internalize, and
transport the ligand (Pardridge et al., 1985;
Frank et al., 1986; Baskin et al., 1986). Uptake of
plasma insulin by the CSF has been shown to oc-
cur (Baskin et al., 1983b), and, indeed, hyperin-
sulinemia in genetically obese rats or normal
human volunteers can lead to elevated CSF in-
sulin levels (Stein et al., 1983; Wallum et al,,
1987). Collectively, these latter studies indicate
thatbrain insulinis comprised of both local syn-
thesis as well as a contribution from the periph-
eral circulation.
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Insulin-Like Growth Factors
in the Brain

Evidence for IGF-I synthesis in brain is simi-
lar to that for insulin. Thus, IGF-I immunoreac-
tivity is detected in brain (Sara et al., 1982; D’Er-
cole et al., 1984; Noguchi et al., 1987; Andersson
etal., 1988), and IGF-Iand itsbinding proteinare
released from cultured pituitary explants (Bi-
noux et al., 1981). Also, both fetal and adult hu-
man brain contain a variant form of IGF-I with
a truncated N-terminus, presumably a result of
posttranslational modification (Sara et al, 1986;
Carlsson-Skwirut et al, 1986). Most impor-
tantly, IGF-I specific mRNA is readily detect-
able in various regions of brain tissue from fe-
tuses and adults (Lund et al., 1986; Murphy et
al., 1987; L.owe et al., 1987, 1988; Han et al., 1987,
1988; Rotwein et al., 1988). The olfactory bulb
and cervical thoracic spinal cord from adult rat
brain are especially rich in IGF-I mRNA (Rot-
wein et al., 1988). Neuronal and glial cell pri-
mary cultures both contain typical IGF-ImRNA
(Ballotti et al., 1987; Rotwein et al., 1988; Adamo
etal., 1988) although in situ hybridization stud-
ies will be required in order to determine which
of these cell types in the intact brain is respon-
sible for IGF-Isynthesis. Likeinsulin, IGF-Imay
also reach the brain from the peripheral circula-
tion. IGF-Ireceptorsare presentin highlevelsin
the median eminence (Bohannon et al., 1986,
1988; Lesniak et al., 1988), suggesting IGF-I up-
take into the CVO from the plasma, as well as in
the choroid plexus (Bohannon et al., 1986, 1988;
Lesniak et al., 1988), thus representing a site for
receptor mediated transcytosis across the BBB.
Furthermore, central microvessels possess IGF-
I receptors (Rosenfeld et al., 1987; Dulffy et al,
1988), which, in analogy to microcapillary insu-
lin receptors, could transport IGF-I from blood
to CSF.

IGF-II immunoreactivity is also found in the
brain (in higher levels than IGF-I), with the
highest concentrations in the anterior pituitary,
dorsomedial hypothalamus, and supraoptic
nucleus (Haselbacher et al., 1985). Higher mo-
lecular weight forms (i.e., >10 kDa) are also de-
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tectable and may represent IGF-II precursor
molecules (Haselbacher et al., 1985; Zumstein et
al., 1985), although a recent report utilizing bio-
synthetic labeling techniques, indicated that
although brain and pituitary synthesized mul-
tiple IGF-II peptides, they secreted only the
higher M forms, especially an 8.7 kDa form
(Shiu and Patterson, 1988). Brain may be a pre-
dominant source of IGF-II in the adult rat rela-
tive to other tissues based on analysis of specific
mRNA levels (Brown et al., 1986; Soares et al.,
1986). IGF-II mRNA is more uniformly distrib-
uted in various brain regions of adult rats than
is IGF-ImRNA (Rotwein etal., 1988) although in
situ hybridization reveals especially high levels
of IGF-IImRNA in the choroid plexus (Hynes et
al., 1988; Stylianopoulou et al., 1988). As men-
tioned earlier for insulin, the choroid plexus is a
major site of brain-CSF interaction, and thus
IGF-Il may enter the CSF from this region. Fur-
thermore, the human blood-brain barrier ex-
hibits an IGF-I receptor that preferentially binds
IGF-II vs IGF-I or insulin (Duffy et al., 1988).
Thus, a high rate of receptor mediated transcy-
tosis, as well as high rates of local synthesis
could form the basis for the higher level of IGF-
IT, relative to insulin or IGF-I in the CSF (Hasel-
bacher and Humbel, 1982). Both neuronal and
glial cultures from brain express IGF-I mRNA,
but only glial cultures express IGF-II mRNA
(Rotwein et al., 1988). In addition, IGF-binding
proteins of molecular size 25-40 kDa and that
have a higher affinity for IGF-II than IGF-] are
found in hypothalamus, cortex, and CSF (Bi-
noux etal.,, 1982, 1986) and are also produced by
astrocytic glial cells in culture (Han et al., 1988).
The functional relevant binding protein specific
for each tissue has yet to be determined.

Receptors for Insulin and the IGFs

Peptide hormones and neurotransmitters
bind to specific receptors on the plasma mem-
brane of the celland thereby stimulatea number
of cellularevents leading to their specific biolog-
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ical effects. As shown in Fig. 1, the insulin and
IGF-Treceptors, which are very similar in struc-
ture, are integral membrane glycoproteins com-
posed of two o subunits with apparent M,
130,000-135,000, and two B subunits with ap-
parent M_ 95,000 linked by disulphide bonds.
The acand B subunits derive from a glycoprotein
precursor of M, 190,000 and the apparent M, of
the heterotetrameric (o, 8,) receptors is 350,000~
400,000 (Massague and Czech, 1982; Kasuga et
al., 1982a; McElduff et al., 1986; Fujita-Yama-
guchi et al., 1986; Morgan et al., 1986).

The a subunit, which lies extracellularly and
is significantly glycosylated, binds the ligand.
The B subunit comprises a short extracellular
domain, a transmembrane domain, and a long
cytoplasmic domain that contains an ATP-bind-
ing site and intrinsic protein tyrosine kinase
activity, making these receptors part of the tyro-
sine kinase family of peptide growth factor re-
ceptors and oncogene products (Ebina et al.,
1985; Ullrich et al., 1985, 1986). Binding of the
ligand to the a subunit stimulates phosphoryla-
tion of the B subunit on serine and tyrosine resi-
dues (Kasuga et al., 1982b; Roth et al., 1983; Zick
et al,, 1983; Rosen et al., 1983; Petruzzelli et al.,
1984). This autophosphorylation of the p sub-
unit then Jeads to phosphorylation of cellular
substrates that may lead to the final signal trans-
fer cascade for insulin and IGF-T (Rees-Jones
and Taylor, 1985; White et al., 1985; Acciliet al,,
1986; Chou etal., 1987; Ebina etal., 1987; Morgan
and Roth, 1987; Machicao et al., 1987; Kadowaki
et al., 1987; Bernier et al., 1987; Shemer et al,,
1987a; Haring et al., 1987; Madoff et al., 1988).
The structural similarities between insulin and
IGF-I and their respective receptors form the
basis for the overlapping array of biological
responses to these peptides (Perdue et al., 1984;
Zapf et al., 1984).

In contrast to the insulin and IGF-I receptor,
the IGF-Il receptor is a single polypeptide of Mr
250,000 without intrinsic kinase activity (Mas-
sague and Czech, 1982; Morgan et al., 1987). It
contains only one transmembrane region, a
large extracellular domain, and a relatively
small cytoplasmic domain. It bears no homol-
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Insulin Receptor IGF-i-Receptor IGF-1l/M6P-Receptor

Extracellular
Ligand Binding

Cysteine Rich l Domain
E E.~ Domains ~SE g
== _ _

a Subunits
- J Transmembrane

7 7] Tyrosine Kinase P Z Domain

A 4~ Domains ] ¥
' Cytoplasmic
B Subunits Domain

Fig. 1. Schematic representation of the insulin and IGF-I and -Il receptors. The structures of the receptors for insulin and
IGF-land -Il havebeen determined using affinity crosslinking, autophosphorylation, surface labeling, biosynthetic labeling,
and molecular cloning techniques. Asindicated, the subunit structures for the IGF-I and insulin receptors are similar. Each
has two cysteine-rich extracellular a-subunits (M_of 135 kDa, shown by hatched boxes), which bind the ligands and are them-
selves joined by disulfide bonds. Each a-subunit is joined to a g-subunit (M, = 95 kDa, shown by diagonal hatched boxes),
by disulfide bonds, in the extracellular domain. The -subunits traverse the plasma membrane and extend intracellularly,
givingriseto the transmembraneand cytoplasmicdomains, respectively. A portion of the cytoplasmic domain of theinsulin
and IGF-I receptor g-subunits possess ATD binding sites and catalytic sites, giving rise to tyrosine kinase activity. Ligand
binding to the a-subunit activates the B-subunit tyrosine kinase, causing autophosphorylation as well as tyrosine-specific
phosphorylation of substrates. As described inthe text, thebrain insulin and IGF-1 receptors differ from the peripheral type
(e.g., liver, adipocyte) primarily in having less glycosylation of a-subunits, causing them to be ~10 kDa smaller. Atthe right
side of the figure is shown a schematic of the IGF-II receptor, recently reported to be identical to the cation-independent
mannose-6-phosphate receptor. The IGF-II receptor consists of a single protein subunit oriented almost exclusively extra-
cellularly where it is comprised of 15 cysteine-rich “repeat” regions (indicated by the boxes). In region 13, thedark band rep-
resents a homology with the type-II fibronectin receptor. The IGF-II receptor has no intrinsic tyrosine kinase activity
(Adapted from Morgan et al., 1987).

ogy with either insulin or IGF-I receptors, but, ganetal., 1987; Rothetal., 1987; Tangetal., 1988;
interestingly, is identical to the mannose-6- Roth, 1988; Waheed et al., 1988). This recent
phosphate receptor, which is involved in intra- finding has added further confusion to the as-
cellular targeting of lysosomal proteins (Mor- yet-undefined role for IGF-II.
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SPECIFICITY OF LIGAND BINDING
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Fig. 2. Competition-inhibition curves for '*l-ligand binding to rat brain membranes. Competition-inhibition experi-
ments were performed on rat brain cortical membranes using '*5I-insulin (left), ***[-IGF-I (rniddle), and '*I-IGF-1I (right),
with increasing concentrations of unlabeled insulin (), IGF-I (), and IGF-II (0). Unlabeled insulin produced half-maximal
displacement of specific '*I-insulin binding at ~4 nM, whereas IGF-Il and IGF-1 at 50 and 100 nM, respectively, were required
for a similar degree of inhibition of insulin binding. Similarly, unlabeled IGF-I at 3 nM inhibited '>I-IGF-I binding by 50%,
whereas 3 nM unlabeled IGF-II produced a 50% inhibition of specific #*I-IGF-1I binding. Insulin at ~1000 nM was required
to inhibit specific '25[-JGF-I binding and at this concentration produced only a 20% reduction in specific '*I-IGF-II binding,
indicating that insulin has essentially no affinity for IGF-II receptors. Unlabeled IGF-II at 8 nM produced 50% inhibition of
specific '"*I-IGF-I binding. Therank order of the ligands in inhibiting tracer ligand binding is taken as evidence for the spe-
cificity of binding and hence the existence of separate receptors. (Adapted from Gammeltoft et al., 1985).

Receptors ligand by unlabeled hormone can be used to
or Insulin and IGFs in the Brain identify specific receptors (Fig. 2). Thus, 2I-in-
sulin specific binding is reduced 10-100 times

Despite similarities between ligand and re- more by competition with insulin than by IGF-
ceptor structure, as well as function, of the I or IGF-II, whereas '?’I-IGF-I is displaced
family of insulin-related peptides, pharmaco- equally well with unlabeled IGF-I or 1, but a
logical binding studies can be used to distin- similar degree of displacement requires a 100-
guish these receptors in the brain. Initially, fold molar excess of insulin (Gammeltoft et al.,
membranes from homogenates of whole brain 1985). I-IGF-I also binds specifically to brain
were utilized with ?*[-insulin or '»I-IGF in in membrane preparations, with unlabeled IGF-I
vitro binding assays (Havrankova et al., 1978; being required at a five-fold molar excess to
Pacold and Blackard, 1979; Gammeltoft et al,, achieve a similar level of displacement of speci-

1985; Lowe and LeRoith, 1986). In such systems fic binding as unlabeled IGF-II. Unlabeled in-
the degree of inhibition of the binding of labeled sulin is incapable of competing for **I-IGF-II

Molecular Neurobiology Volume 3, 1989
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binding sites (Gammeltoft et al.,, 1985). Such
results quantitatively indicate the degree to
which insulin and the IGFs can crossreact with
the other receptors, and, in this regard, it should
be noted that IGF-I showed only 22% of the af-
finity for the type II receptor as did IGF-IJ,
whereas IGF-II showed 45% of the affinity for
type I receptors as did IGF-I (Gammeltoft et al,,
1985). This group concluded that type I IGF re-
ceptors may be more specific than type I recep-
tors. Owing to the crossreactivity of ligand with
receptors, insulin and insulin-like growth fac-
tors often share biological responses. However,
recent evidence exists indicating that both insu-
lin and IGF-I can elicit the same response
through their own respective receptors (Vers-
pohl et al., 1988).

In addition to demonstrating appropriate af-
finity for insulin and the IGFs, brain insulin re-
ceptors behave identically to their peripheral
counterparts in terms of time, temperature, and
pH dependence of the binding (Havrankova et
al., 1978; Pacold and Blackard, 1979). However,
there are specific differences between insulin
receptor binding in brain preparations vs peri-
pheral preparations. Thus, the affinity of brain
insulin receptors for certain insulin analogs has
been reported to be higher than that of periph-
eral receptors (Gammeltoft et al., 1984). Insulin
is capable of down-regulating glial cell insulin
receptors, but it has no such effect on neuronal
cell receptors (Raizada et al., 1987). In fact, one
report utilizing cortical cell preparations from
mice indicated that a high ambient insulin con-
centration actually increased insulin receptor
number (Van Schravendijk et al., 1984). Fur-
thermore, “negative cooperativity,” the mech-
anism by which the binding of insulin to its
receptor progressively lowers the affinity of in-
sulin receptors, was found to be absent in rat
brain insulin receptors (Gammeltoft et al., 1984;
VanSchravendijk etal., 1984). Despite these im-
portant distinctions, classical pharmacological
binding studies indicate that specific insulin
and IGF-I and -II receptors exist in the brain.
Further confirmation of their presence in the
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brain has come from the use of antibodies speci-
ficforinsulin and IGF-Iand -l receptors, used in
conjunction with affinity crosslinking and auto-
phosphorylation experiments, as described
below (Heidenreich et al., 1983; Gammeltoft et
al., 1985; Lowe et al., 1986; McElduff et al., 1987,
1988).

Structure of Brain Insulin
and IGF Receptors

Using membrane preparations from whole
brain, chemical, and photoaffinity crosslinking
of labeled ligand has been used to determine the
size of the ligand binding subunit on reducing
SDS-PAGE gels. Despite the initial impression
from binding studies that brain insulin- and
IGF-I-receptor a subunits were similar to their
peripheral, nonneural counterparts, more re-
cent studies have identified certain distinctive
aspects. Thus, the specific brain insulin- and
IGF-I-receptor a subunits were found to be ap-
proximately 10 kDa smaller than those expres-
sed on nonneural tissues, e.g., liver and adipose
(Fig. 3; Yip et al., 1980; Heidenreich et al., 1983,
1986; Hendricks et al., 1984a; Ciaraldi et al.,
1985; Gammeltoft et al,, 1985, Lowe and
LeRoith, 1986; Lowe et al., 1986, McElduff et al,,
1988). Studies using exo- and endoglycosidases
suggest that the main difference between brain
receptors and their peripheral counterparts lies
in their carbohydrate residues. Thus, neura-
minidase, which cleaves terminal sialic acid
residues and thereby increases the mobility of
the crosslinked liver receptor a subunits on gels,
fails to affect brain insulin and IGF-I receptors
(Fig. 4; Hendricks et al., 1984a; Heidenreich and
Brandenberg, 1986; Lowe et al., 1986; Heiden-
reichetal., 1986; McElduffetal., 1988). This sug-
gests that brain insulin receptors and IGF-I
receptors may differ from those in other tissues
in that they either do not express terminal sialic
acid residues or, alternatively, they express
polysialic acid residues that are neuraminicase
resistant. Endoglycosidase H and F digestion
suggest that brain receptors, like their periph-
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CROSSLINKING OF 125 INSULIN TO THE
INSULIN RECEPTOR OF GUINEA PIG BRAIN
AND LIVER MEMBRANES

200kd —

116kd — -

92kd —

66kd —

45kd —

Fig. 3. Crosslinking of 1?[-insulin to the insulin receptor of guinea pig brain and liver membranes. Crude microsomal
membranes from guinea pig brain (lane a) and liver (lane b) were crosslinked to '*l-insulin using disuccinimidyl suberate
as described in Lowe and LeRoith (1986), solubilized and run on SDS/PAGE gels under reducing conditions. Auto-
radiography of the gels revealed that the *]-insulin binding a-subunit of brain was approximately 10 kDa smaller than that
of liver (as indicated by the arrow). Similar differences between brain and peripheral insulin receptor a-subunits have been
observed in mammalian, avian, reptilian, and amphibian species.

eral counterparts, contain high mannose and
complex carbohydrate residues that are N-
linked. Total removal of N-linked glycosylation
with Endo F results in brain a-subunits with
similar Mr as peripheral a-subunits (Heiden-
reich and Brandenberg, 1986; Heidenreichetal,,
1986; McElduff et al., 1988). These results are
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consistent with the genetic analysis suggesting
that the insulin and IGF-I receptors are each ex-
pressed from a single gene (Ullrich et al., 1985,
1986). However, tissue specific mRINA splicing
variants explaining these differences have not
been excluded. Thus, the differences in size be-
tween a-subunits in brain and periphery lies
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LIVER BRAIN
Mr x 102 A B C D E F
g v
200- & 4

116—

92—

Cold Insulin
Neuraminidase

| by ‘

Fig. 4. The effect of neuraminidase digestion on a-subunit size of insulin receptor from liver and brain. '*I-insulin was
crosslinked to crude membranes from rat liver (lanes A, B, C) and brain (lanes D, E, F) using DSS. The crosslinked complexes
were then incubated in a buffer either without (lanes B and E) or with (lanes C and F) neuraminidase. After enzymatic di-
gestion, samples were solubilized and run on SDS/PAGE gels under reducing conditions. The resultant autoradiogram re-
veals that neuraminidase digestion lowered the apparent M, of liver receptor a-subunits by 10 kDa (compare lanes B and C)
and was without effect on brain a-subunits (compare lanes E and F). Furthermore, comparison of lane C with lanes E and
F reveals that neuraminidase digestion of liver receptors reduced their apparent size to those of brain a-subunits, indicating
glycosylation differences (specifically sialation) as an explanation for the difference in molecular weight of brain and per-

ipheral insulin receptor a-subunits.

primarily in the degree of glycosylation, and is
probably not owing to differences in the protein
core structure (Heidenreich and Brandenberg,
1986; Heidenreich et al., 1986; McElduff et al.,
1988). Brain IGF-II receptors also are smaller
than their peripheral counterparts and prelim-
inary studies suggest that the low apparent M, is
the result of alterations in N-linked glycosyla-
tion (McElduff et al., 1987).

Insulin and IGF-I receptors can be partially
purified from brain membranes by solubiliza-
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tion followed by affinity chromatography over
wheat germ agglutinin agarose. When such
preparations are incubated with Mn** and 3P-
ATP, the B subunit is autophosphorylated
(Rees-Jones et al., 1984) and can be visualized by
SDS-PAGE. Theapparent M, of the brain B-sub-
unit thus observed is generally only 2-3 kDa
smaller than its peripheral nonneural counter-
parts (Fig. 5; Lowe and LeRoith, 1986). The
reasons for this difference have not been deter-
mined. However, in light of the results of alter-
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AUTOPHOSPHORYLATION OF THE INSULIN RECEPTOR
FROM GUINEA PIG BRAIN AND
LIVER

Fig. 5. Autophosphorylation of the insulin receptor from guinea pig brain and liver. Membranes from guinea pig brain
and liver were solubilized and insulin receptors were partially purified on wheat germ agglutinin (WGA) —agarose columns.
Thelectin purified preparation were incubated without () and with (+) 100 nM insulin for 30 min at 22°C and then *?P-ATP,
Mn**, and vanadate were added and phosphorylation was conducted for 10 min. Reaction mixtures were denatured and
run on SDS/PAGE gels under reducing conditions. Asindicated by thearrow to theright, insulin stimulated autophospho-
rylation of the 95 kDa receptor p-subunit in liver preparations, while the g-subunit of brain showed an apparent M, 0£92kDa

(reproduced from Lowe and LeRoith, 1986).

ations in the o-subunit glycosylation, these
smaller differences in the § subunit are consis-
tent with the cause lying in the carbohydrate
moiety of the glycoprotein, since the § subunit
has a relatively smaller extracellular domain
with fewer N-linked glycosylation sites com-
pared with the o subunit (Fig. 1; Ebina et al.,
1985).

Molecular Neurobiology

Ontogeny and Phylogeny of Brain
Insulin and IGF-1 Recepftors

In order to determine the universality of the
differences in M, of brain insulin and IGF-I re-
ceptors, ontogenetic and phylogenetic studies
have been performed. Brain insulin receptor
concentration increased during fetal develop-
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ment in rat, rabbit, and chick brains, with peaks
ininsulinreceptor binding described in the peri-
natal period (Kappy and Raizada, 1982; Kappy
et al., 1984; Hendricks et al., 1984b; Devaskar et
al., 1986; Lowe et al., 1986; Brennan, 1987). IGF-
I receptors in the brain appeared to peak earlier
in fetal development (Sara et al., 1983; Bassas et
al,, 1985), a finding that may be related to the
role of IGF-Iin stimulating growthand develop-
ment of brain cells (neurons and glia). Interest-
ingly, insulin receptor binding on chick retinal
cells decreased during embryonic development
(Peterson et al., 1986). The insulin receptor a-
subunit of rat brain is similar in size to the peri-
pheral type at 16 d fetal gestation, with the
smaller a-subunit size becoming apparent late
in gestation (19-20 d fetuses) and remaining so
into neonatal and adult life (Lowe et al., 1986;
Brennan, 1987). Theshift in molecularsize of the
a~subunit during development appears to be a
result of a loss of sjalic acid residues, based on
glycosidase studies (Brennan, 1987). In chicks,
the a-subunit size difference between brain and
peripheral receptors was seen throughout de-
velopment (Bassas et al., 1987). Phylogenetic
conservation of the unique brain receptors
strengthens the concept of functional impor-
tance. In studies of multiple species, including
mammals, aves, amphibian, and reptiles, the
unique smaller a-subunit of brain insulin recep-
tors was found (Lowe et al., 1986; Simon et al.,
1986; Shemer et al., 1986, 1987b; Hart et al., 1987;
Bassas et al., 1987). However, in spite of the
lower M, brain insulin-receptor «-subunit, all
the species studied had functional coupling of
brain insulin receptor o- and p-subunits, dem-
onstrated by insulin-stimulatable autophosph-
orylation of the 95kDa receptor B-subunit, as
well as tyrosine kinase activity toward exogen-
ous substrates (Lowe et al., 1986; Simon et al.,
1986; Shemer et al., 1986; Hart et al., 1987).

Regional Localization of Brain
Insulin and IGF Receptors

The brain is a complex organ in terms of re-
gional localization of specific function as well as
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cell type. Thus, studies on the binding and
structure of insulin and IGF receptors, as out-
lined above, using membranes from whole
brain homogenates are limited in what infor-
mation concerning brain insulin and IGF-I
physiology they convey.

Three approaches to determine more finely
the distribution of insulin and IGF receptors in
the brain, their structural nuances, and their
possibleactions, have been utilized. First, mem-
branes have been prepared from discrete, dis-
sected brainregions, and in vitro binding assays
performed. Such studies have indicated that in-
sulin receptors are widely but unevenly distrib-
uted in the brain, with highest concentrationsin
the hypothalamus and olfactory bulb (Havran-
kova et al, 1978; Pacold and Blackard, 1979;
Goodyer et al., 1984). IGF-I and -1 specific re-
ceptors have also been determined from mem-
brane binding assays using dissected brain
regions. These receptors generally are present
in higher concentrations than insulin receptors
and show slight differences in distribution
(Gammeltoft et al, 1985). Thus, IGF-I receptors
are highest in olfactory bulb followed by hippo-
campus, amygdala, cerebral cortex, and cere-
bellum, whereas IGF-II receptors were similar
in these regions (Gammeltoft et al., 1985). The
pituitary gland is especially rich in IGF-II recep-
tors as determined by in vitro binding assays
(Goodyer et al., 1984). An even finer resolution
of the distribution of insulin and IGF receptors
hasbeen accomplished via the use of brainslices
in quantitative autoradiographic assay of '»°[-
ligand binding sites (Table 2). Suchstudies have
indicated that the highest concentrations of in-
sulin and IGF-I receptors are in the olfactory
bulb and choroid plexus, and arealso fairly high
in cerebellum and amygdala (Hill et al., 1986;
Baskin et al., 1986; Corp et al., 1986; Lesniak et
al., 1988; Bohannon et al., 1986, 1988). Insulin
receptor localization, as determined by autora-
diography, is typical of other neuropeptide re-
ceptor localization, and, importantly, the high
insulin receptor concentration in the olfactory-
limbic regions may allow for communication of
the insulin effects (neurotransmission or neuro-
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Table 2
Regional Localization of Brain Insulin and IGF-1 and -1l Receptors as Determined by Autoradiography

Insulin [GF-1 IGF-II
Choroid plexus +++47 o+ ot
Olfactory bulb +4+4++ 4+ ++4
Median eminence +¢ ++++ At
Hypothalamus ++ +++ ++
Cerebral cortex ++ ++ ++
Cerebellum +4+¢ S ++
Amygdala ++ ++ ++
Hippocampus ++ +++ 4+
Thalamus ++ +4+ ++
Anterior pituitary -f - 4

‘Data compiled from Hill et al., 1986; Baskin et al., 1986, Bohannon ct al., 1986, 1988; Corp et al., 1986; Lesniak ct al., 1988.

b++++ = Highest concentration.
“+++ = High.

4++ = Moderate.

‘+ = Lower concentration.

{- = Extremely low or not present.

modulation), since the regions exhibit extensive
neuronal interconnections with other brain
regions regulating known behavioral modali-
ties (Hill et al., 1986; Lesniak et al., 1988). IGF-1I
receptors are high in these regions (Lesniak et
al.,, 1988; Ocrant et al., 1988), but are also high in
the median eminence (Lesniak et al., 1988) (one
of the CVOs; see above), as are IGF-I receptors
(Bohannon et al,, 1986). Lesniak et al., (1988),
have concluded that the overall distribution of
insulin and IGF-1 and -l receptors is similar, al-
though within a given region different layers
may show a different distribution of receptors.
Asan example, within the olfactory bulb, the ol-
factory nerve contained IGF-I receptors but no
insulin or IGF-II receptors (Lesniak et al., 1988).
Studies with anti-IGF-II receptor antibodies
used in immunohistochemistry have addition-
ally confirmed high levels of IGF-II receptors in
all lobes of the pituitary gland (Valentino et al,,
1988). These autoradiographic studies have
also suggested that receptors are located on
perikarya and are especially abundant in re-
gions rich in dendrites. In vitro binding studies
have also demonstrated specific insulin recep-
tors in brain synaptosomes (Raizada et al,
1988).

Molecular Neurobiology

These techniques thus suggest that insulin
(and IGF-I) receptors are located on neurons,
but they lack adequate resolution to define spe-
cifically brain cell types possessing receptors.
Thus, the third method, use of cultured cells, has
become increasingly important in determining
not only location of receptor, but structure and
biological consequence of receptor activation.
Cultured cells that have been utilized include
primary neuronal and astrocytic glial cells,
cultured endothelial cells, retinal cells, and
transformed cells of neural origin, such as neu-
roblastomas.

Primary Neuronal and Glial Cells

Neuronal and glial cells from fetal and neona-
tal rats have been studied in primary culture
systems (Table 3). Specific high affinity insulin
and IGF-I receptors are expressed by each type
of cell (Lowe et al.,, 1986; Shemer et al., 1987¢;
Burgess et al., 1987; Ballotti et al., 1987; Masters
et al.,, 1987). The Mr of the receptors o subunit
for both insulin and IGF-I are almost 10 kDa
smaller in neuronal than glial cells, suggesting
that neuronal cells express brain-type receptors,
whereas glial receptors more closely resemble
peripheral (ie., liver and adipose) receptors
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Table 3
Comparison of Insulin and IGF-I Receptors in Primary Cultures of Rat Neuronal and Glial Cells®
Neuronal cells Glial cells
Insulin IGF-1 Insulin IGF-1

a-Subunit (kDa) 118 kDa 125 kDa 130 kDa 135 kDa
B-Subunit (kDa) 91 kDa 91 kDa (105 kDa) 95 kDa 95 kDa (105 kDa)
Tyrosine kinase

activity + + + +
Neuromodulation + - - -
Glucose transport - - + (+)
Thymidine

incorporation (+¥ + (+) +

“Data in Table compiled from Clarke et al., 1984; Boyd et al., 1985; Lowe et al., 1986; Shemer et al., 1987¢, 1989; Ballotti et

al., 1987; Burgess et al., 1987.

*g-subunit sizes determined by in vitro autophosphorylation assays using lectin purified receptor preparations. Values
in parentheses represent additional g-subunit subtype, as determined by ligand stimulated phosphorylations inintact cells.

¢+ = Stimulation by the respective ligand.
% = No effect.

“(+) = Stimulation by the respective ligand through the other ligands’ receptor.

(Table 4) (Lowe et al., 1986; Shemer et al., 1987;
Burgess et al., 1987; Masters et al., 1987; Ballotti
et al,, 1987). Despite these differences in M,
both cells have functional receptors, as demon-
strated by ligand induced autophosphorylation
of the receptor B-subunit in both cell free mem-
brane preparations as well as in intact cell phos-
phorylation experiments (Lowe et al., 1936;
Masters et al., 1987; Shemer et al., 1987¢, 1989;
Ballottietal., 1987). These latter studies have al-
lowed for the determination of IGF-I receptor
subunit subtypes. Thus, the IGF-I receptor ex-
presses two p-subunit subtypes of 95 and 105
kDa, possibly owing to altered glycosylation of
the protein (Fig. 6, see also Ota et al., 1988b). In-
terestingly, the neuronal cells’ biological re-
sponse to insulin differs from that of glial cells;
insulin inhibits norepinephrine reuptake in the
neuronal cells, whereas glial cells show an insu-
lin-stimulable glucose uptake (Boyd et al., 1985;
Clarke etal., 1984; Masters etal., 1987). IGF-], on
the other hand, stimulates *H-thymidine or uri-
dine incorporation in both neuronal and glial
cells (Shemer et al., 1987; Burgess et al., 1987;
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Ballotti et al., 1987). Insulin at high concentra-
tions can accomplish this by acting through the
IGF-I receptor. The finding that insulin and
IGF-I can stimulate the same biological re-
sponses through their own receptors in Hep G2
cells (Verspohl et al., 1988), however, suggests
the possibility of the same effect in brain cells.

IGF-I1 receptors have been demonstrated on
fetal rat astroglial cells, with an apparent size of
250 kDa (Ballotti et al., 1987; Ocrant et al., 1988).
Furthermore, recent immunohistochemical
studies have revealed that IGF-II receptors are
present on only a small number of hypothal-
amic neurons, whereas astrocytes from this re-
gion are rich in these receptors (Ocrant et al,,
1988).

Other Neural Derived Cells

Isolated brain microvessels (endothelial
cells), which make up the BBB and, as related
earlier, may mediate insulin uptake by CSF
from plasma, exhibit typical insulin and IGF-I
receptor binding (Rosenfeld et al., 1987; Duffy et
al., 1988). Their a-subunits exhibit molecular
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Biological Actions of Insulin and IGFs (I and II} in the Central and Peripheral Nervous Systems

Metabolic and Neuromodulatory Actions of Insulin

Action
Alters neuronal firing rates

Promotes electrical coupling

Inhibits norepinephrine reuptake

Stimulates tryptophane transport
and serotonin biosynthesis and uptake

Maintains Na+/K+ pump in synaptosomes

Down regulates glial cell o-adrenergic
receptors

Stimulates synaptogenesis

Increases choline acetyltransferase
activity

Increases glucose uptake in glial cells

Activates pyruvate dehydrogenase

Stimulates protein, fatty acid, sulfolipid,
and cholesterol synthesis

Central action to lower plasma glucose
and free fatty acid levels

Promotes neurite outgrowth and survival

References

Palovcik et al., 1984;
Sakaguchi and Bray, 1987
Wolinsky et al., 1985
Boyd et al., 1985; Masters et al., 1987
Kwok and Jurio, 1987; Raizada et al., 1987

Dunlop et al., 1987; Bojorge et al., 1987
Richards et al., 1987

Puro and Agardh, 1984
Kyriakis et al., 1987

Clarke et al., 1984

Rinaudo et al., 1987

van der Pal et al., 1987,
Aiezenman and deVellis, 1987

Coimbra and Migliorini, 1986;
Amir and Shechter, 1987

Recio-Pinto et al., 1986

Table 4B

Biological Actions of Insulin and IGFs (I and II) in the Central and Peripheral Nervous Systems

Action
Alteration of feeding behavior

Mitogenesis in oligodendrocytes
and astrocytes
Promotes glial cell development

Mitogenesis in sympathetic
neuroblasts

Mitogenesis in primary neuronal cells
and neuroblastomas

Potentiates acetylcholine release
from brain slices

Promotes neurite outgrowth and
neuronal cell survivatl

Inhibition of pituitary GH secretion

Reference

Porte and Woods, 1981; Tannenbaum
et al., 1983

Shemer et al., 1987¢
Burgess et al., 1987; Ballotti et al., 1987

McMorris et al., 1986; van der Pal et al.,
1988

Di Cicco-Bloom and Black, 1988

Shemer et al., 1987¢; Mattsson et al.,
1986; Ota et al., 1988¢
Nilsson et al., 1988

Recio-Pinto and Ishii, 1984; Aizenman
and deVellis, 1987

Yamashita and Melmed, 1986
Rosenfeld and Hoffman, 1987
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Fig. 6. Stimulation of receptor p-subunit phosphorylation by insulin and IGF-I in intact neuronal and glialcells. Primary
cultures of neuronal and glial cells from 1-d-old rat brain were incubated in serum- and phosphate-free medium containing
32P-orthophosphate in order to label intracellular ATP pools. Buffer (lane A), or increasing concentrations of insulin (lanes
B, C, D)or IGF-I (lanes E, F, G) were added for 1 min, after which cells were solubilized and insulin and IGF-I receptors par-
tially purified by WGA affinity chromatography. The column effluents were immunoprecipitated using anti-phosphotyro-
sine antibody and then electrophoresed on SDS/PAGE gels. In neuronal cells (left panel), insulin stimulated 2P incorp-
oration primarily into a 95 kDa protein (p-subunit) with some incorporation into a 105 kDa protein. In glial cells (right panel),
insulin stimulated *?P incorporation into a 95 kDa 3-subunit. IGF-1, onthe other hand, stimulated 3?P incorporation into two
phosphoproteins from both cells types, one of 95 kDa and one of 105 kDa (indicated by arrows). Thus, neuronal and glial
cell IGF-I receptor -subunits consist of two subtypes of 95 and 105 kDa (reproduced from Shemer et al., 1989).

weights on SDS-PAGE similar to peripheral, 1984). Peripheral nerves, such as the superior
nonbrain receptors. IGF-II receptor size ap- cervical ganglion and trigeminal ganglion as
pears to be similar on brain microvessels and well as the adrenal medulla, exhibit a-subunits
brain cell membranes (Rosenfeld etal., 1987). In of ~130kDa, i.e., of the “liver” or peripheral type
contrast, the retina, including the photorecep- (Waldbillig and LeRoith, 1987; Heidenreich,

tive rod outer segments, express a mixture of in- 1987). Taken together, these results suggest
sulin receptors, some with the peripheral type strongly that only central neurons, and not glial
a-subunit and some with the brain type, i.e., 10 cells, endothelial cells, or peripheral nerves, ex-
kDa smaller (Waldbillig et al., 1987a, b). In con- hibit altered receptor a-subunit glycosylation,
trast, IGF-I receptor a-subunits on rod outer as reflected by lower Mr on reducing gels.

segments migrateidentically with rat liver plas-

ma membrane receptor a-subunits, suggesting ¢ :

that the IGF-I recepIt)ors on these cells a%e of the Transformed Cell Lines

“peripheral” type (Zick et al., 1987). Primary Insulin and IGF-I receptors have been stud-
cultures of rat pituitary cells exhibit specific in- ied on several neural-derived clonal cell lines.
sulin and IGF-I-and -II receptor binding, and, The human neuroblastoma cell line SK-N-SH
like pituitary membrane preparations, IGF-1I and SK-N-MC express specific insulin and IGF-
specific binding predominates (Rosenfeld et al., Ireceptors (Ota et al., 1988a, ¢). SK-N-MC insu-
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lin receptor a-subunits were found to have an
Mr of 124 kDa, while that of the IGF-I receptor
was found to be 132 kDa. SK-N-SH insulin-re-
ceptor and IGF-1 receptors o-subunits were
found to have Mr of 120 kDa and 126 kDa, re-
spectively. These differences were found to re-
flect differences in glycosylation. Thus, neura-
minidase digestion reduced the Mr of SK-N-MC
insulin receptor a-subunits to 120 kDa and did
not alter SK-N-SH o-subunit size, suggesting
differences in terminal sialation (Ota et al.,
1988a). Thus, these cell lines behave much asdo
whole brain preparations in terms of unique
(smaller) insulin and IGF-I receptor a-subunits.
In the mouse hybridoma cell line NG-108 (de-
rived from mouse neuroblastoma N18 and rat
glioma C6 cell lines), the insulin receptor a-sub-
unit was 134 kDa, similar to the peripheral type
size, and neuraminidase digestion also reduced
the a-subunit to 120 kDa (Ota et al., 1988a).
Heidenreich and Gilmore (1985) found that a
number of clonal neuroblastoma and glioma
cell lines possessed the “peripheral” type insu-
lin receptor a-subunit, whose electrophoretic
mobility could be increased by neuraminidase
digestion. N-linked glycosylation in these cell
lines was demonstrated by a reduced size fol-
lowing endoglycosidase Hand F digestion. The
rat and mouse cell lines have also been used to
study differences in B-subunit glycosylation.
Thus, IGF-I receptor B-subunits in N-18, NG-
108, and C6 cells consisted of subtypes of 105
and 95 kDa, whereas insulin receptor B-sub-
units were of a single subtype of 95 kDa (Ota et
al., 1988b). The difference in Mr between the
IGF-I receptor B-subunit subtypes was found to
be primarily a result of differences in glycosyla-
tion based on glycosidase and V8 protease map-
ping studies (Fig. 7; Ota et al., 1988b). Despite
these differences, receptors in all cell types ex-
hibited B-subunit autophosphorylation and li-
gand stimulated tyrosine kinase activity (Ota et
al., 1988a,b,c). The phosphorylation of insulin
and IGF-I receptors in intact N-18 neuroblasto-
ma cells has also been studied (Shemer et al,,
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1987a). Thus, after metabolic labeling of intra-
cellular ATP pools with *P, intact cells were
stimulated with insulin or IGF-I. Extracts pre-
pared from the cells when immunoprecipitated
with anti-insulin receptor antibodies B10 and
B2, as well as antiphosphotyrosine antibody
and run on SDS/PAGE, confirmed that in these
intact cells, insulin rapidly (within 20 s) stimu-
lated phosphorylation of its receptor B-subunit
with an Mr of 95 kDa, whereas IGF-I stimulated
autophosphorylation of its two $-subunit sub-
types of 95 and 105 kDa (Fig. 8). More impor-
tant, the use of antiphosphotyrosine antibody
indicated that insulin and IGF-I stimulated the
phosphorylation of a 185 kDa phosphoprotein.
This phosphoprotein was not structurally re-
lated to the insulin or IGF-I receptors nor to the
epidermal growth factor or platelet derived
growth factor receptors, as indicated by the use
of appropriate antibodies (Fig. 8). Direct phos-
phoamino acid analysis of the insulin and IGF-
I stimulated 95 and 185 kDa phosphoproteins
showed that the ligands stimulated 3*P incorpo-
ration into serine and tyrosine residues (Fig. 9).
Thus, it appears to be an endogenous substrate
for the insulin and IGF-I receptor kinases in
thesecells. A 185 kDa phosphoproteinsubstrate
for the insulin and IGF-I receptor kinase had
previously been described in nonneural intact
cells (White et al., 1985; Kadowaki et al., 1987),
and its existence in neuroblastoma cells sug-
gests that it may represent an ubiquitous sub-
strate forinsulinand IGF-Ireceptorkinases, and
that certain early components of the signal
transduction pathway for insulin and IGF-] bio-
effects may be similar in the central nervoussys-
tem and the periphery.

Biological Action of Insulin
and IGFs in the Nervous System
In classic target tissues, insulin has been con-

sidered to be of prime importance in the uptake
of plasma glucose and amino acids. These func-
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Fig.7. Glycopeptidase F digestion of B-subunit (95 kDa) and pp105 from N-18 neuroblastoma cells. Wheat germ purified
insulinand IGF-Ireceptors from N-18 cells were incubated with insulin or IGF-Ias indicated for 30 minat 22°Cand then phos-
phorylation was carried out by adding Mn** and *?P-ATP. Samples were denatured and run on SDS/PAGE gels under re-
ducing conditions. The bands corresponding to the 95 and 105 kDa phosphoproteins were excised and incubated without
() or with (+) glycopeptidase F. The digests were then re-electrophoresed. The resulting autoradiogram is shown. Ascan
be seen, complete removal of glycosylation reduced the apparent molecular size of both the 95 kDa p-subunit and pp105 to
~85 kDa, indicating that glycosylation differences and not protein backbone differences explain the different M, s of the IGF-

I B-subunit subtypes (reproduced from Ota et al., 1988b).

tions lead to insulin-induced peripheral utiliza-
tion of these substrates. Thus, insulin promotes
the uptake of glucose and its conversion into
glycogen lipid, protein, and energy. The IGFs,
on the other hand, have been thought of primar-
ily as regulators of growth and development.
The brain, unlike the periphery, has been
thought of as insensitive to the metabolic action
of insulin. However, insulin and the IGFs exert
important biological effects in the central and
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peripheral nervous system. These effects are
summarized in Table 4.

Insulin affects the metabolism of the brain by
stimulating glucose uptake into glial cells, acti-
vating pyruvate dehydrogenase as well as stim-
ulation of protein and lipid synthesis (Clarke et
al., 1984; Rinaudo et al., 1987; Aizenman and de
Vellis, 1987; Van der Pal et al., 1988). These ef-
fects are seen using nanomolar concentrations
of insulin and, thus, are probably mediated by
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Fig.8. Insulin and IGF-I stimulated protein phosphorylation in intact N-18 mouse neuroblastoma cells. Left Panel: N-
18 mouse neuroblastoma cells were incubated with P orthophosphate for 2 h in otherwise phosphate-free and serum-free
medium, in order to label intracellular ATP pools. Cells were then incubated without (lane A) or with increasing
concentrations of insulin (lanes B, C, D) or IGF-I (lanes E, F) for 1 min. Cells were then solubilized, and whole cell extracts
were immunoprecipitated with antiphosphotyrosine antibody. The immunoprecipitates were electrophoresed on SDS/
PAGE gels under reducing conditions. Insulin stimulated *?P incorporation into a 95 kDa phosphoprotein (8-subunit),
whereas IGF-I stimulated 32P incorporation into 95 and 105 kDa phosphoproteins (8-subunit subtypes). Also, as shownby
the arow, insulin and IGF-I stimulated 3?P incorporation into a 185 kDa phosphoprotein in these N-18 cells. As seenin the
right panel, insulin (lane B) and IGF-I (lane C) but not EGF or PDGF (lanes D, E) stimulated phosphorylation of pp185,
identifying it as a specific endogenous substrate for insulin and IGF-I receptor kinases in these neuroblastoma cells (repro-
duced from Shewer et al. 1987a).
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Fig.9. Phosphoamino acid analysis of 95 kDa B-subunit and pp185 in intact N-18 neuroblastoma cells. N-18 cells were
metabolically labeled with 32P, stimulateed with hormones and processed, as described in the legend to Fig. 8. Bands repre-
senting the 95 kDa p-subunit (left panel) and the 185kDa phosphoprotein substrate (right panel) were excised, proteins in
the gel pieces were hydrolyzed, and phosphoamino acids isolated by ion-exchange chromatography and separated by thin
layer electrophoresis. Insulin and IGF-I stimulated *?P incorporation into tyrosine and serine residues and to a lesser extent,
threonine residues of both their receptor g-subunits and pp185 (reproduced from Shewer et al. 1987a).
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insulin receptors. However, Van der Pal et al,,
(1988), found that IGF-I could mimic insulin ac-
tions on sulfolipid metabolism and specific
enzyme activities at lower doses than were opti-
mal for insulin, which suggests that these ac-
tions could be mediated by IGF-I receptors. In
addition to these metabolic effects, insulin may
play an important role as a neuromodulator or
neurotransmitter in the central and peripheral
nervous system. Thus, it alters neuronal firing
rates (Palovcik et al., 1984; Sakaguchi and Bray,
1987), promotes electrical coupling (Wolinsky
etal., 1985), and affects other neurotransmitters.
Included in the latter are inhibition of norepi-
nephrine reuptake, increased tryptophan and
serotonin biosynthesis and transport, and
maintenance of synaptosomal Na/K pump ac-
tivity (Boyd et al., 1985; Raizada et al,, 1987;
Kwokand Juorioetal., 1987; Bojorgeetal., 1987).
In cultured chick retinal neurons, insulin stimu-
lation of choline acetyl transferase activity was
correlated with insulin receptor binding (Kyr-
iakis et al., 1987). The role of insulin in growth
and development includes increased synapto-
genesis and neurite formation (Puro and
Agardh, 1984; Recio-Pinto and Ishii, 1984; Re-
cio-Pinto et al., 1984, 1986).

The IGFs, on the other hand, are primarily in-
volved in growth and development (Table 4;
McMorris et al., 1986; DiCicco-Bloom and Black,
1988), though IGF-I may affect certain metabolic
functions, e.g., satiety, either acting through the
insulin receptors or via its own receptor (Tan-
nenbaum et al., 1983). Growth and develop-
ment promoting actions are generally observed
at much higher concentrations of insulin as op-
posed to IGF-], leading to the suggestion thatin-
sulin affects these processes through the IGF-I
receptor (McMorris et al. 1986, Ballotti et al,
1987). BothIGFs play animportant role ininhib-
iting GH secretion at the level of the pituitary
and hypothalamus (Rosenfeld etal., 1984, 1987),
which may represent a physiological negative
feedback loop. Although IGF-II may be an
important growth factor in fetal brain, as in
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other fetal tissues, Ballotti et al. (1987), using
cultured astroglial cells, have suggested that the
mitogenicactions of insulinand both IGFs occur
through type I receptors. Thus, despite the
presence of an IGF-II receptor protein molecule
in the brain (Ocrant et al., 1988; Valentino et al.,
1988), itis as yet to be determined if this receptor
is involved in signal transduction. Also, as has
been discussed by Recio-Pinto and Ishii (1988),
crossreactivity of receptor for insulin and the
IGFs with pharmacological concentrations of
the three ligands may explain overlapping bio-
logical functions, although physiological con-
centrations of each ligand stimulated neurite
outgrowth.

As discussed earlier, insulin and IGF-I recep-
tors in the brain differ from their peripheral
counterparts chiefly in expressing less glycosy-
lation. Inspite of this difference, the brain recep-
tors exhibit normal tyrosine kinase activity, and
phosphorylate an endogenous substrate com-
mon to peripheral cell types. Thus, both growth
promoting and metabolic effects of insulin and
IGF-1in the brain are essentially similar to their
peripheral actions. However, unique actions of
this family of growth factors on brain may lie in
aneurotransmitter /neuromodulatory role, and
the mechanisms whereby these unique func-
tions are propogated requires further investiga-
tion.

Summary

It is apparent from the foregoing review that
insulin and the IGFs (I and II) are present in the
brain, and that their presence reflects both up-
take from the plasma as well as endogenous
synthesis. Insulin and IGF-I and -II receptors
are present in the brain, on both neuronal and
glial cells, as well as brain vasculature, and the
neuronal receptors exhibit smaller sized a-sub-
units owing to altered glycosylation than those
on classical targets. These receptors are es-
pecially concentrated on the hypothalamus, ol-

Volume 3, 1989



92

factory bulb, and cerebellum, and are generally
higher in the perinate than in the adult. Despite
slight differences in structure, these receptors
possess typical B-subunit autophosphorylation
and tyrosine kinase activity and in transformed
neural cell lines, phosphorylate a common
ubiquitous endogenous substrate. The ligands
mediate growth and development (primarily
through IGF-I receptors) as well as metabolic
function (primarily through insulin receptors).
Furthermore, the ligands may further serve as
neuromodulators or neurotransmitters and,
thus, exert behavioral effects. Itis apparent that
the brain, which was traditionally thought not
to be an insulin target tissue, possesses the re-
quisite “machinery” for insulin and IGF-Isignal
transduction, and that these signals are essential
to the growth, development, and normal func-
tioning of the brain.
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