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I. INTRODUCTION

Marked pathophysiology of the microvessels, and particularly the
retinal microvessels, is a major complication of long-standing diabetes
mellitus. Diabetic retinopathy is the leading cause of adult blindness
in the United States today (37). There is an increased incidence and
accelerated appearance of diffuse vascular complications, highlighted
by thickening of the vascular basement membrane, altered vascular
permeability and retinal aneurysms (32,34,37,38,119,130).

The microvessels of the brain, retina and other organs are
continuously exposed to the body's circulating insulin. Maturity onset
diabetics often have an elevated blood insulin level (38), and juvenile
diabetics require a lifetime of insulin injections (14). Since insulin
is routinely injected, via pump or syringe, at daily doses sufficient
to lower blood glucose levels, the systemic circulation is perfused
with very high levels of insulin. In addition, the systemic circula-
tion is exposed to insulin first, instead of the liver, contrary to the
normal situation (120).

The biologic effects of insulin, 1like those of other peptide
hormones, are generally believed to begin with the interaction of
insulin with its specific receptor on the cell surface. The hormonal
effects are then mediated by some still unknown mechanisn to regulate
carbohydrate, 1ipid and protein metabolism within the cell (4,25,43,66,
67,69,77,80, 114). Insulin binding and degradation have been exten-

sively studied 1in vitro in a large nunber of tissues, and recently,
1



2
various methods have been developed to isolate the insulin receptor.
Brendel et al. (13) and Meezan et al. (88) presented a method for
jsolating bovine brain and retinal microvessels by selective sieving.
These workers have shown that these vessels are capable of oxidizing a
variety of substrates, including D-glucose. A number of investigators
have proposed the existence of an insulin receptor in the capillaries of
the cerebral cortex. Van Houten and Posner (123) visualized heavy
labeling of cerebral microvessels when rat brains were perfused with
labeled insulin. Recently, Frank and Pardridge (42) have studied
[1251]-insulin binding in isolated bovine cerebral microvessels, and
Meezan and Pillion (89) have shown that these isolated vessels respond
to insulin by increased [l14C]-glucose oxidation to [14c0,1, increased
1ipogenesis and increased cAMP-phosphodiesterase activity.

If an insulin receptor exists in microvascular tissue, then it is
possible that the pathophysiology observed in diabetes mellitus results
from a change in the normal interaction between insulin and the
receptor. The present study was initiated to determine if there is an
insulin receptor in the isolated microvessels of the cerebral cortex and
the retina. The objectives of this dissertation are as follows: 1) to
characterize the binding and degradation of [1251]-insulin in prepara-
tions of microvessels isolated from bovine cerebral cortex, porcine
cerebral cortex and bovine retina; 2) to determine whether unlabeled
jnsulin inhibits binding ina dose—dependent manner and whether the
results yield a curvilinear Scatchard plot; 3) to determine whether the
binding of [1251]-insulin is specific for insulin or whether it can be
displaced by insulin analogues or other protein hormones; 4) to compare

[1251]-insulin binding in the various microvascular preparations with
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preparations with respect to their binding capacity per mg protein and
affinity constants; and finally, 5) to covalently crosslink [1251]-
insulin to the plasma membrane insulin receptor of isolated retinal
microvessels using disuccinimidyl suberate and to isolate the resulting
1abeled hormone~-receptor complex using SDS-po]yaéry]amide gel electro-

phoresis.



II. REVIEW OF RELATED LITERATURE
Insulin
Chemistry of the Insulin Molecule

The beta cells of the islets of Langerhans Tlocated in the
endocrine pancreas synthesize insulin as a single-chain peptide, proin-
sulin (118). Proinsulin has a molecular weight of 9000 daltons and
consists of 81-86 amino acid residues. Proinsulin spontaneously folds,
allowing the formation of the proper disulfide bridges present 1in the
insulin molecule. In the Golgi apparatus, the proinsulin molecule is
cleaved. In 1977, Steiner (118) mimicked this processing with trypsin,
forming insulin, with 51 amino acid residues and a molecular weight of
6000 daltons, aﬁd C-peptide, with a molecular weight of 3000 daltons.
The C-peptide, also named connecting peptide, contains acidic amino acid
residues, and to date a physiologic role for the peptide hormone has not
yet been elucidated. Insulin consists of two peptide chains connected by
two disulfide bridges. A disulfide bridge also Jjoins two cysteine
residues within the A chain. Insulin has a well-defined three-
dimensional structure, as depicted in Figure 1. Hodgkin (61) first
reported the compact structure in 1972 using X-ray analysis. Blundell
et al. (11) further elucidated the structure using circular dichroism.
Interchain salt 1links and hydrogen bonds stabilize the molecule, in
addition to the disulfide bridges.

The insulin molecule shows very few species differences. Most

mammalian species differ only in the A-chain in the region of amino
4
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7
acid residues Ag-Ajg and in the carboxyl-terminal amino acid residue of
the B-chain. These variations are not associated with any alteration in
biological activity (118). Human, porcine and bovine insulin are
virtually identical in their three-dimensional structure and their
biological activity. The C-peptide differs considerably in 1length and

amino acid composition from species to species. Insulin occurs in vivo

as dimers and as hexameric complexes with zinc and protamine, a basic
protein (14). The complex forms of insulin are more difficult to
degrade than the monomer, with a half-life of 72 hours.

Blundell et al. (11) has identified the receptor binding regions
of the insulin molecule to include amino acid residues Al, A4, A21, Bl2,
B13, B21-26 and the tyrosine residues A-19, Bl16, and B26. By using
insulin analogues, it has been found that biological potency is
proportional to receptor binding. Proinsulin is only 20% as biological-
ly active as insulin, presumably because the C-peptide masks the insulin
receptor binding sites. The presence of arginine residues on the
carboxyl terminal end of the B-chain diminishes biological activity by
70%. Serine and tyrosine residues in the insulin molecule are important
for biological activity. No specific amino acid residue 1is absolutely
required for insulin activity (118).

The most commonly utilized radiocactive compounds are [12517- and
[1311]-iodoinsulin (47,118,132). Insulin contains 4 tyrosyl residues.
Roth (112) suggests that the desirable 1level of iodination yields 0.2
iodine atoms per tyrosyl residue, up to a maximum of 1.0 fodine atom per
molecule (monoiodoinsulin). It is necessary to minimize the relative
nunber of diiodotyrosyl groups produced by iodination to maintain

biological activity (43,112). The Chloramine T method and, more
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recently, lactoperoxidase method are routinely being used to [1251]-
radiolabel insulin. Unreacted iodide is removed from labeled insulin
using dialysis, anion exchange columns, gel filtration columns and
centrifugation of minicolumns packed with Sephadex G-25 resin (23,43,
112). Monoiodoinsulin with the 1label primarily located on the Ajg
tyrosyl residue is only half as potent as molecules with Tlabeled A1y
tyrosyl residues, in respect to both biological potency and binding
affinity, suggesting that Ajg is near the receptor binding region (47).

The normal human pancreas contains approximately 10 mg insulin.
Daily, 1-2 mg of insulin are secreted into the blood stream via
exocytosis (118). Using radioimmunoassay, normal serum levels (basal)
range from 0.2 to 0.8 ng/ml, which is equivalent to 4.3 to 19.9 U/ml or
35 to 145 x 10-12v (14,132). The secretion of insulin in response to a
carbohydrate-rich meal is rapid and closely parallels the elevation of
blood glucose levels in normal patients (132).

In Tlaboratory animals, plasma insulin levels range from 0.5
(basal) to 3.5 ng/ml (post-prandial). Several investigators have report-
ed that peripheral tissues (brain, kidney) may contain insulin concen-
trations exceeding the plasma levels (35,55). Eng and Yalow (35) suggest
that "insulin found in the brain is due in part to that in vascular
spaces and perhaps also to that crossing the blood-brain barrier,
diffusing through the brain and then concentrating on brain receptor
sites." Havrankova et al. (55) have reported rat brain insulin
concentrations 25 times higher than plasma levels, although this finding
has been challenged by Eng and Yalow (35).

Clinically, highly purified pork or beef insulin is used to treat

diabetics (14). Insulin is an acidic protein with an isoelectric point
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of 5.3, and it is available in the crystalline form, prepared by
precipitating insulin in the presence of zinc chloride to form zinc-
insulin crystals. Regular crystalline insulin has a rapid onset of
action (30 min-1 hr) and a duration of action of 5-7 hr. A wide variety
of modified insulin conjugates are available with Tonger duration times
and variable speed of onset. The 1982 standard of potency is based on
an absolute dry weight of highly purified zinc-insulin and contains 24
units of activity per milligram (14). Not all diabetic patients require
jnsulin injections, but approximately 3.0 million Americans are

currently receiving daily injections of the hormone.

Biological Effects of Insulin

Insulin is an anabolic hormone which is extremely important in
regulating the entire body's fuel metabolism. Purified insulin has been
shown to stimulate anabolic processes and inhibit catabolic processes in
the transport and utilization of glucose, fatty acids, and amino acids
(18,25,69). The biological effects of insulin have been most
intensively studied in adipose tissue, liver, and skeletal mscle.
Currently, a large amount of research is being directed to determining
1) the exact metabolic enzymes and cellular processes affected by
insulin and 2) which other tissues also respond to insulin (28).
Processes affected by insulin may depend on the energy profile of the
tissue and the level of key enzymes and substrates within the tissue
(40, 104, 108). The biological effects of insulin appear very different
in fed and fasted states (1,48), obese and nonobese states (52,79,90,92)

and various disease states (14,22,32,107,117).



10

Insulin binds initially to the cell surface and generates a cascade
of biological effects within the cell (25,43,67,69,80). Certain biologi-
cal effects are immediate and require only a small percentage of binding
sites to be occupied. These include glucose transport (and transport of
specific nutrients) into fat cells and muscle cells. Freychet (43) has
labeled these effects "metabolic", as opposed to "trophic" effects,
which require a greater 1length of time and increased occupancy of
receptor : “tes. Trophic effects include increased protein synthesis,
increased DNA and RNA synthesis, and enzyme activation via phosphoryla-
tion or dephosphorylation. Enzymes that are activated by dephosphoryla-
tion by insulin include glycogen synthetase, pyruvate dehydrogenase, and
acetyl-Co A carboxylase (16,41,77,78). Numerous enzymes involved in
glucose metabolism and storage, 1ipid and sterol turnover, and protein
and nucleic acid turnover have increased activity resulting from
increased synthesis (45,48).

Generally, insulin increases glucose oxidation, glycogenesis, 1ipo-
genesis, proteogenesis and formation of ATP, DNA and RNA (25,67,80).
Insulin maintains the cell in an anabolic state by concomitantly
inhibiting glycogenolysis, 1lipolysis, proteolysis, ureogenesis, and
ketogenesis. Lack of insulin depresses glucose utilization, drastically
reduces protein synthesis and decreases fat synthesis, while promoting
fat wutilization. Blood glucose levels build up, ketone bodies are
elevated, and blood 1levels of 1lipoproteins are increased five fold.
These conditions combined with elevated 1evels of triglycerides, choles-
terol, and phospholipids present excellent conditions for the develop-
ment of atherosclerosis (22,34,59,119). At the other extreme, excess

levels of insulin enhance glucose transport into fat and muscle cells,

de i i i
Crease blood 1levels of amino acids, increase protein stores in



11
body tissues, and inhibit fat utilization while promoting fat synthesis
(18,21,26,39,41).

The effects of insulin are tissue-specific. Insulin effects are
mediated by a specific receptor on the cell surface and require the
presence of the appropriate enzyme system within the cell (64). Insulin
stimulates fatty acid synthesis in adipose tissue and liver, but not in
muscle since skeletal muscle does not contain enzymes for fatty acid
synthesis. In liver, anti-gluconeogenesis and glycogenesis effects are
principally observed; in adipose tissue, 1ipogenesis and antilipolytic
effects are observed; and in muscle, protein synthesis and the anti-
proteolytic effects of insulin are studied (25,43,48,80).

Insulin increases the rate of transport of glucose into skeletal
muscle and adipose tissue. Transport is not rate-limiting in liver
(80). D-glucose is transported into the cell by a stereospecific hexose
transporter within the plasma membrane. The adipocyte transporter
structure has been isolated and reconstituted using artificial phospho-
lipid vesicles (18). It is a polypeptide distinct from the insulin
receptor molecule, although it may be noncovalently associated with the
cell surface (18,26,99,115). Inside the cell, D-glucose is phosphory-
lated and is metabolized through the glycolytic pathway with production
of pyruvate (25,80). The pyruvate is converted to acetyl Co A in the
liver by pyruvate dehydrogenase (66). This enzyme is similar to
glycogen synthetase since it is also inactive when phosphorylated (78).
In the presence of insulin, the enzyme is dephosphorylated and therefore
more active, particularly in the liver. Seals énd Jarett (114) have
observed this effect of insulin on pyruvate dehydrogenase in vitro with

a mixture of isolated adipocyte plasma membranes and mitochondria.
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In many cases, insulin antagonizes effects of epinephrine and
glucagon, both of which generate their effects by activation of
adenylate cyclase and an increase 1in the Tlevel of 3'5'-adenosine
monophosphate (cyclic-AMP) (80, 128). Some of the effects of insulin
may result from decreasing cyclic-AMP levels within cells by inhibiting
adenylate cyclase or stimulating the activity of thelow K, form of
cyclic-AMP phosphodiesterase, the enzyme which converts cyclic-AMP to
adenosine monophosphate. This causes less activation of protein kinase,
which in turn causes less phosphorylation of enzymes, opposing the
effect of epinephrine and glucagon on the cell metabolism,

Insulin's effects on phosphorylation/dephosphorylation appear to be
caused by a specific rearrangement in which enzymes are phospnorylated
within the cells, not net loss of total proteins phosphorylated (77).
Several investigators, including Benjamin and Singer (4) have shown that
insulin increases phosphorylation of some major peptides in both fat and
liver, while decreasing the phosphorylation of others. Kasuga et al.
(71) have shown that insulin stimulates phosphorylation of a protein
subunit of its own receptor.

Insulin is dinvolved in regqulating nutrient supply and utilization
at the tissue level in ruminants as well as in other mammalian species
(104). Since little glucose is derived from the gastrointestinal tract
in cows, due to microbial fermentation in the rumen, acetate 1is the
primary substrate for energy storage and oxidation. Insulin has been
demonstrated to have effects on glucose oxidation (15 to 45% increases)
and acetate oxidation 1in isolated bovine fat cells (39). Studies of
bovine diabetic fat yield differences, since acetyl Co A carboxylase may

not require insulin. However, the effect of insulin on bovine fat cells
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is similar to that in other mammals 1in that the overall effect is to
increase triglyceride deposition in adipose tissue by increasing glucose
uptake, increasing a-glycerophosphate availability, and increasing lipo-
protein 1lipase activity. Gluconeogenic pathways utilize propionate,
lactate, glycerol and amino acids to provide'glucose. Insulin may not
have many direct effects on bovine hepatic metabolism. Prior et al.
(104) conclude that the primary effects of insulin are on nonhepatic
carbohydrate, lipid, and amino acid metabolism in the ruminant.

Pillion et al. (100) have recently investigated the effect of
insulin on isolated bovine cerebral microvessels. This laboratory has
observed a direct effect of physiological doses of insulin on [14C]-
D-glucose oxidation to [14C0o] and neutral fats. Insulin also stimulates
the Tow Ky form of cyclic 3'5' adenosine monophosphate phosphodiester-
ase. Similar results have since been obtained in isolated bovine

retinal microvessels and cerebral microvessels from neonatal pigs (54).

Mechanism of Insulin Action

Despite numerous years of intensive investigation, the exact
mechanisn of insulin action is still unknown. Several possible mecha-
nisms of actionon the various tissues have been proposed. The
currently favored hypothesis 1is that the insulin molecule exerts its
effect primarily on the cell membrane and that a second messenger is
released or activated which produces the intracellular effects of
insulin.,  This hypothesis was first proposed by Sutherland (120) and is
analogous to the adenylate cyclase-peptide hormone mechanism of action.

To date, several investigators (66,77,114) have isolated chemical
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mediators which have certain intracellular effects. It is as yet
uncertain whether these chemical substances (peptides with molecular
weights of approximately 1000 daltons) represent the true second
messenger or just a specific activator of the particular enzyme studied,
(i.e., glycogen synthase phosphoprotein phosphatase or mitochondrial
pyruvate dehydrogenase). The second hypothesis is the "internalization"
concept. For many years it was widely believed that insulin with a
molecular weight of nearly 6000 did not enter the target cell. In this
hypothesis, the insulin molecule may interact with the plasma membrane
and enter the cell, perhaps via endocytosis, where it can bind with the
various cell organelles directly (50,126). Several investigators
(5,50,62,126) have presented evidence for the presence of insulin within
the cell by means of autoradiography and fluoroscein labeling.

Although recent evidence supports the internalization concept in
that Tabeled insulin has been demonstrated to accumuiate intracellularly
within the lysosomes, Golgi regions, nuclei and the endoplasmic reticu-
lum of fibroblasts, hepatocytes, adipocytes and lymphocytes (70), this
hypothesis is still quite controversial. Intracellular high affinity
sites may be distinct from those on the plasma membrane, and internali-
~zation of insulin may just be a step in the degradation process and not
a requirement for idnsulin's action. Recently, Czech (26) has presented
evidence that the plasma membrane may physically invaginate within
adipocytes, masking binding sites, and these sites may appear to be
associated with the Golgi apparatus rather than the plasma membrane, due
to cell fractionation techniques.

A variation of the first hypothesis proposes that insulin reacts

with the plasma membranes of the target cell via a receptor site and
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activates a protease which releases a peptide which is either a part of
the insulin molecule, the receptor-insulin complex, or an internal
protein associated with the receptor molecule (26). This protein would
then act as a "second messenger" to exert the actions of insulin on the
target cell, resulting in the phosphorylation/dephosphorylation of key

enzymes in the cytoplasm (80).

Insulin Receptor

Definition of Receptor

A receptor is a recognition site which selectively binds a ligand,
in this a case, the insulin molecule, and produces biological effects
associated with the ligand. The receptor is a macromolecule associated
with the membrane, cytoplasm or nucleus (23,69). Not all binding sites
are true receptors. Insulin binds to a wide variety of ;ubstances, for
example, glass and talc. Any cellular component may be referred to as a
receptor if it meets several well-defined requirements (48). 1) There
must be a finite, saturable number of binding sites per cell. 2) The
ligand must bind reversibly through a specific molecular interaction.
3) The ligand must bind with high affinity, appropriate for the
physiological concentrations of the 1ligand and 4) bind with a specifi-
city proportional to the biological activity of the ligand. 5) Lastly,
binding should be tissue specific and produce a specific biological

effect.
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Binding

Insulin binding has been observed in a wide variety of tissues, in
many different species and under a wide variety of physiological
conditions and disease states. The various tissues in which insulin
binding has been studied include the three most recognized target
tissues, fat, 1liver, and muscle. Other tissues investigated include
mammary gland, placenta, kidney, central nervous system, blood, lung and
heart. Insulin binding has been investigated in turkey erythrocytes,
cultured chicken 1liver and embryonic heart cells, rat intestinal
epithelial cells, human erythrocytes, mononuclear cells, IM-9 lympho-
cytes, 3T3-L1 fibroblasts, and cultured human colonic cancer cells.
Among the various physiological states in which insulin binding has been
studied are pregnancy, aging, embryonic, perinatal, physical exercise,
fed, fasting, and obesity. Pathological states include hyperglycenmia,
hyperthyroid, hyperinsulinemia, uremia, acromegaly, ataxia telangiecta-
sia, acanthosis nigricans, hyperlipemia, and of course diabetes (10,14,
22,31,32,63,82, 107,113,117).

Insulin receptor binding has been studied extansively with tissue
homogenates (55,70,121,124), 1isolated cells (1,5,21,31,36,51,62 78,
81,92,93,117,122), cultured cells (6,10,44,103, 105,125,137) and cell
membrane and particdlate preparations (1,108,118,121,126). Intact cells
can be obtained from cell culture or from isolation techniques involving
mechanical disruption or enzymatic digestion. The hormone binding
studies using intact cells are of primary importance since these cells
may be metabolically active. Binding can, therefore, be correlated with

hormonal biological response. Binding to whole cells has the
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disadVantage of 1increased side reactions, heterogeneity of cell types
and increased degradation of the ligand. Particulate fractions increase
receptor concentration, but isolation procedures may disrupt receptors
and may only be representive of plasma membranes. Receptors may have
altered affinity of binding from intact cells. Hormone receptors have
been shown to maintain their activity after solubilization with deter-
gents such as dodecyl sulfate and Triton X-100 (3,46,49,53,101).
Solubilization increases concentration of receptors, but detergents may
also disrupt protein conformations, causing decreased specificity and
affinity. Ligands may also associate with micelles, which may distort
hormone-receptor interactions (46,49).

The hormone receptor interaction involves noncovalent binding, such
as hydrogen bonding, hydrophobic interactions, and van der Waals forces.
The circulation consists of a hydrophilic aqueous environment. The
insulin receptor is embedded in the plasma membrane and has hydrophobic
regions which attract the hydrophobic regions on the hormone's surface.
These interactions drive the reaction. The receptor must have appro-
priate groups specifically placed to allow hydrogen bonds to form
between the 1igand and its receptor. These electrostatic interactions
result in what is described in the literature as "affinity binding."
The ratio of the rate of association to the rate of dissociation at
equilibriun is called the equilibriun association constant (K3). It is
equivalent to the reciprocal of the equilibriun dissociation constant
(Kq)s which can be defined as the concentration of hormone required to
saturate one half of the total number of receptors (the binding

capacity) (43).
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Conformational changes influence the sensitivity of the hormone-
receptor interaction. Binding studies carried out in vitro with
radiolabeled hormones 1illustrate that this interaction varies with pH,
ionic strength, time, temperature and possibly .occupanqy (negative
cooperativity or site-site interaction) (29,30,45,46,110).

The hormone-receptor interaction, also called affinity binding, is
the result of weak, noncovalent bonding in a dynamic equilibrium
(27,43,48). It is important that measurement procedures not interfere
with the equilibriun. Numerous methods are used to separate bound
insulin from free insulin, including centrifugation, centrifugation
through an oil layer, various millipore filtrations, chromatography, gel
filtration, and charcoal absorption (9,27,43,45,48,102,109). The resid-
ual, non-saturable binding of [1251]-hormone that occurs in the presence
of a large excess of unlabeled hormone is called non-specific binding.
Specific binding is defined as total minus non-specific binding.

Insulin binding can be inhibited by insulin analogues, and the
degree of inhibition of binding is related to the biological potency of
the analogue. The insulin-receptor interaction results in a curvilinear
Scatchard plot which has been interpreted two ways. The curvilinear
plot can be resolved into two linear components-one representing a high
affinity--low capacity binding site and the other a low affinity--high
capacity binding site (21,26,40,93,106). In the two site model, the
slope of a line tangent to the curvilinear line derived from Scatchard
analysis of binding data (B/F versus Bound) corresponds to Ka or 1/Kq.
The intercept of the tangent 1ine with the abscissa or x-axis is defined

as the binding capacity. Alternatively, negative cooperativity explains
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the curvilinear result (29,30,46,110). This hypothesis states that
insulin binding to one receptor decreases the affinity of the surround-
ing receptors for insulin. In either case, the affinity should be in
the range of the physiologically active concentrations in the blood to

be a true reflection of insulin-receptor interactions (97,109,127).

Insulin Degradation

The liver is the primary site of insulin degradation and removes
approximately 45% of the insulin that passes through the portal system.
The second most important site of insulin metabolism is the kidney,
which extracts 40% of the insulin molecules that transverse it via the
systemic circulation (43). Until recently it was not recognized that
degradation may be necessary for the biological action of insulin at the
target cells (51,75,118).

Insulin degradation has been measured with a variety of different
techniques. The most rapid method consists of precipitation of intact
hormone in 5 % w/v trichloroacetic acid (TCA) (20). Radioimmunoassay is
more reliable, but much more tedious. Fragments of the hormone which
precipitate with TCA may have no biological activity. Degradation can
also be measured by absorption to talc, rebinding to 1iver membranes and
gel chromatography (43).

Several tissues have been reported to contain enzymatic activities
that degrade insulin (51,75,118,124). Freychet has reported that insulin
degradation appears to be independent of binding to the 1liver plasma
membrane (43). He based this conclusion on the following experimental

resul ts. Labeled desalanine-desasparagine insulin (d-d-insulin) is
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is degraded to the same extent as insulin, although it has an affinity
only 2% that of intact insulin for the receptor. Freychet found no
relationship between the bioactivity of insulin analogues and their
ability to prevent degradation of insulin. Also, depending on the
tissue studied, the ratio of binding to degradation differs greatly. He
and other investigators (51) also found wide variation between the
optimum pH, temperature and ionic strength for insulin binding as
compared for insulin degradation,

Conversely, Steiner reported in 1977 that binding and degradation
of insulin are closely related (118). He found that insulin binds
rapidly to isolated rat hepatocytes and degradation products begin to
appear linearly with time after a lag of 7-9 minutes. Increasing doses
of unlabeled insulin depress the amount of labeled insulin degraded. He
report thaf retention and degradation of labeled insulin 1is directly
related to binding in both perfused liver and rat hepatocytes (122). 1In
liver perfusion experiments he found that labeled proinsulin and labeled
d-d-insulin are degraded to a very small extent. He report that
d-d-insulin is degraded as well as insulin by an isolated insulin-
degrading enzyme and by plasma membranes isolated from rat liver (118).

It is difficult to correlate degradation studies from different
tissues and different 1laboratories, due to the many experimental
variables that appear to influence degradation studies. To begin with,
there is a difference in the sensitivity of the various methods used to
measure degradation. Early studies measuring degradation overlooked the
leakage of degradative activity from cells into the incubation media,

resulting 1in non-receptor or non-bound hormone degradation. More
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recently, numerous investigators have shown in various tissues that the
rate of degradation is influenced by changes in pH, temperature, time,
presence of albumin, and preincubation with dinsulin (43 ,124).
Receptor-mediated degradation is changed under all conditions known to

influence binding.

Isolation of the Insulin Receptor

Numerous investigators, including Cuatrecasas (23,24) Ginsberg et
al. (46), Gould et al. (49), Harrison et al. (52), Lang et al. (75, 76)
and Maturo and Hollenberg (85), have attempted to isolate the insulin
receptor from crude soluble membrane preparations using affinity chroma-
tography. They described physical characteristics of the receptor and
determined that the insulin receptor is an ellipsoid globular glycopro-
tein. Cuatrecasas (23,24) used DEAE cellulose columns, insulin-agarose
affinity columns amd concanavalin A-agarose affinity columns to purify
the receptor some 6,000-fold. Jacobs and Cuatrecasas (64), using
affinity chromatography, found that the insulin receptor elutes as a
single component, with Stokes radii of 38 & and 72 A and an isoelectric
point of 4.0. Ginsberg et al. (46) and Gould et al. (49) in 1979
attempted reconstitution of the receptor into lipid vesicles. They
found that the 1ipid environment is important in modifying the insulin-
receptor interaction,

Recently, the physical structure of the insulin receptor has been
elucidated by a number of groups using different experimental
approaches, such as covalent cross-linking of [1251]-insulin to its
receptor (27,72,83,84,98,101,103), photoaffinity 1labeling (3,6,73,133-

135) and immunoprecipitation of the insulin receptor (57,64,65,75,76).
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Cuatrecasas and Jacobs (64) and Jacobs et al. (65) have successfully
labeled a single band on SDS-PAGE in both placenta and liver using
anti-receptor antibodies, estimating the molecular weight of the recep-
tor at about 310,000 daltons. Investigators using all three methods
have found that the insulin receptor is an integral membrane glycopro-
tein composed of two major subunits, with molecular weights of 90,000
and 130,000 daltons (27). A few reports (57,73) demonstrate the presence
of high molecular weight species of 600,000 and 1,000,000 daltons in the
absence of reducing agents and these presumably represent aggregates of
the insulin receptor complexes. |
Pilch and Czech (98) first reported the use of disuccinimidyl
suberate to covalently attach [1251]-insulin to its receptor in rat
adipocytes and rat liver (98). This affinity 1labeling procedure has
been applied to other tissues by several other investigators. Massague
and Czech (83) and Massague et al. (84) characterized the insulin
receptor in rat adipoqytes and rat liver cells and extended this method
to crosslink other related 1ligands (EGF, IGF, MSA) to their specific
receptors. Recently, Kasuga et al. (71,72) characterized the insulin
and insulin-like growth factor receptors in IM-9 hunan lymphocytes.
Pollet et al. (101, 103) have also characterized the insulin receptor in
IM-9 human lymphocytes. Basically, the method of Pilch and Czech
consists of preparing plasma membranes from the various tissues,
allowing the membranes to bind [1251]-insulin, covalently crosslinking
receptors in the membranes to the labeled insulin using disuccinimidyl
suberate (DSS), quenching the reaction, and analyzing the results under
reducing and nonreducing conditions using dodecyl sulfate-polyacrylamide

gel electrophoresis.
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Czech (27) has proposed the following model of the insulin
receptor:  the receptor consists of an a8y composition, with the «
subunit having a molecular weight of 125,000 daltons and the g subunit
having a molecular weight of 90,000 daltons. The g subunit is very
susceptible to proteolytic cleavage, forming a B; subunit with a
molecular weight of 40,000 daltons. Massague et al. (83,84) have
isolated three forms of nonreduced receptor complexes which they
subsequently reduced and identified as (aB)2, (a8)(aBy) and (agy)s in
adipocyte plasma membranes. These data support the model and demon-
strate the presence of disulfide bridges between the two a« 8 subunits
and between the o and 87 subunits. They have also been able to
reassociate the subunits following removal of reducing agents with
dialysis and using oxidizing conditions. This demonstrates that the
insulin receptor does not require any intermediate form for correct
disulfide bridges to re-form (25).

Massague, Pilch and Czech (84) have discovered that most of the
crosslinking occurs through the B chain of insulin. Since most [1251]-
label is on the A chain of insulin, it is crucial to use a reducing
agent such as dithiothreitol in Tow concentrations to prevent reducing
the interchain disulfide bonds holding the insulin molecule together.
Using dithiothreitol, at two different concentrations, they have been
able to selectively reduce disulfide bridges within the receptor
molecule and dissociate the subunits.

The 130,000 dalton subunit may possess the principal insulin
binding site since it 1is heavily Tlabeled in affinity labeling experi-
ments run under reducing conditions. Pollet et al. (103) have presented

results demonstrating that two subunits are required for insulin
binding.
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Photoaffinity probes have been prepared which covalently bind to
the receptor through different segments of the insulin molecule (135).
The experimental results of Yip et al. (133-135) support Czech's model
with a few modifications. Yip proposes that the binding site for one
insulin molecule is composed of the « (130,000) subunit, the g (90,000,
with a 40,000 distinct section) subunit and another 8 (40,000) subunit.
In Czech's model, two different insulin binding sites are postulated,
one binding site for each B subunit.

Numerous tissues have been studied using these various techniques.
Investigators have isolated and characterized the insulin receptor in
rat liver (4,23,24,27,65,83,84, 98,131,135), rat adipocytes (23,57,65,
83,84), human placenta {55,65) IM-9 human 1lymphocytes (6,71,72,75,76,
101,103), and several other tissues. Jacobs et al. (65) have also used
photoaffinity 1abeling to isolate the receptor in turkey erythrocytes.
Kuehn et al. (73) have similarly used photoaffinity labeling with
porcine liver membranes. Im et al. (62) have isolated the insulin
receptor in adult rat myocytes using column chromatography. Yip et al.
(133) have reported two 1labeled insulin receptor subunits in rat
adrenals, lungs, heart, and testes, using photoaffinity labeling techni-
ques. They found only one intermediate size labeled subunit in brain
membranes. With this exception, all investigators basically agree on
the proposed structure of the insulin receptor and few species or tissue

differences have been observed.
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Microvascular Tissue

The Blood-Brain Barrier

The capillary endothelium of the brain functions as a selective
barrier even for small molecules. This is in contrast to the character-
istics of the capillary endothelium in the rest of the mammalian
tissues, with the exception of the eye and the testis. In most tissues
blood constituents freely diffuse into the interstitial space (7). The
cerebral microvasculature is composed of a continuous endothelium with
tight Jjunctions between individual cells, which 1is responsible for
maintaining the blood-brain barrier. The endothelial cells contain large
numbers of mitochondria and are responsible for regulating brain
metabolism (136). The neuronal microenvironment is regulated by the
extraordinary capillary surface through specific transport systems,
pinocytotic vesicles, and vascular permeability. There is some evidence
that different transport systems exist on the luminal and the anti-
luninal (abluminal) surfaces of the cerebral endothelium (8,33,95).
Transport systems may operate at different rates and specificity on each
side of the cell, resulting in the transport of substances through the
blood-brain barrier,

The endothelial cells in the capillaries possess cylindrical forms
with a diameter barely wide enough for a single erythrocyte to squeeze
through. A viable, open lumen is maintained by the endothelial cells
adhering tightly to the encircling basement membranes (16,137). The
cells normally supply a nonthrombogenic surface on the luminal side so
platelets and plasma proteins do not adhere. Investigators (6,86) have
shown that these endothelial cells also secrete prostacyclin and other

vasoactive agents which further prevent platelet aggregation. HMaurer et
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al. (87) have shown the bovine cerebral microvessels metabolize endoge-
nous arachidonic acid to form prostaglandins and prostacyclin, which may
be important for modulating the tone and reactivity of small cerebral

blood vessels.

Isolated Microvessels

In 1974, Brendel et al. (13) and Meezan et al. (88) published a
method for isolating metabolically active preparations of bovine brain
and retinal microvessels using mild homogenization and selective
sieving, as outlined in the methods section of this dissertation. They
found that these preparations oxidize a variety of substrates under
physiological conditions and can be maintained metabolically active for
at least five hours. Vessels isolated according to their procedure
range from 6 to 80 um in diameter and generally remain associated with
mul tiple branches and bifurcations. The isolated microvessels are
described by Meezan et al. (88) to appear visually as a twisted
aggregation of very fine thread-1ike tubules.

Carlson et al. (17) examined the ultrastructure and performed a
biochemical analysis of basement membrane material isolated using Triton
X-100 and deoxycholate both from brain and retinal microvessels. They
found that the ultrastructure of the isolated basement membrane closely
resembles the in vivo ultrastructure of the microvessels, with the
exception that the cells are lacking.

The 1isolated bovine retinal and cerebral microvessels are not
distinguishable from each other with a light microscope. Using the
electron microscope, both types of microvessels appear to be composed of

a central lumen enclosed by endothelial cells, which are in turn
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enclosed by one or more 1layers of intramural pericytes surrounded by a
500-1000 & thick sheath of basement membrane. This basement membrane
serves as a support structure and permeability barrier. It is composad
of equimolar amounts of glucose and galactose, with smaller amounts of
other sugars and high contents of amino acids, such as glycine, proline,
hydroxyproline, and glutamic acid (17). Bovine brain microvessels
appear to have a basement membrane with a somewhat 1ower sugar content
than other basement membrane preparations (17).

Since Meezan et al. (88) published their method in 1974, isolated
brain microvessels have been studied by several investigators using a
variety of isolation techniques and experimental animals. Hjelle et al.
(60) isolated microvessels from rat, rabbit and bovine brains. Head et
al. (56) have also examined brain microvessels in monkeys, chickens,
guinea pigs and sheep. Head et al. (56,60) assayed the histamine and
catecholamine contents in the various cerebral microvessel preparations.
They found evidence for the presence of mast cells associated with
isolated cerebral microvessels. The norepinephrine content 1in rat
microvessels was found to be fourfold higher than normal rat plasma
levels.

Drewes and Lidinsky (33) have studied the isolated canine brain
capillary endothelial membrane. Endothelial cells have versatile sub-
strate requirements and are very metabolically active. They conclude
that these cells may play a key role in brain metabolism (33). Agreeing
with Betz et al. (8), Orewes and Lidinsky used 1abeled membrane markers
to show that the luminal and abluminal endothelial cell surfaces have a
different biochemical composition (33). Mrsulja and Djuricic (91) have

isolated the cerebral capillaries from gerbils and rats and found
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them to have high levels of glutamyl transpeptidase and alkaline
phosphatase. They have studied forty-four enzymes and found that many
enzymes have different specific activities in the brain capillaries
compared to those in the brain parenchyma. Hexokinase, lactate dehydro-
genase, adenosine triphosphatase and guanosine triphosphatase are among
the enzymes showing differences. Their findings (91) suggest that 1)
gluconeogenesis occurs in cerebral capillaries, 2) that compared to
brain parenchyma, endothelial cells are less oxygen dependent and do not
produce much energy, 3) that the glycolytic pathway is active in
endothelial cells, and 4) that the pentose phosphate shuﬁt has a
relatively high activityAin capillaries. Endothelial cells possess both
hexokinase and glucose 6-phosphatase and these enzymes may aid transport
of glucose across the blood-brain barrier. Mrsulja and Djuricic (91)
also noted that compared to the brain tissue itself, brain capillaries
are less sensitive to direct ischemic injury.

Endothelial cells of the cerebral microvasculature contain enzymes
which may be involved in permeability of the blood-brain barrier (95).
Joo et al. (68) demonstrated the presence of adenylate cyclase and he
discussed its significance as a hormonally sensitive enzyme which may be
involved in the regulation of capillary permeability. Baca and Palmer
(2) report a similar finding in a capillary-enriched fraction from rat
cerebral cortex,

Several investigators (53,91) have described the neuronal and
sympathetic innervation of cerebral microvessels. Mrsulja and Djuricic
(91) detected large amounts of enzymes capable of degrading monoamines
and norepinephrine and postu]éte that the microvasculature may play a

rale 1in preventing biogenic amines from entering the brain from the
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blood. Alternatively, these enzymes in the microvessels may prevent
leakage of neurotransmitter substances from the brain into the blood
(91). Hartman et al. (53) have used histofluorescent and physical
techniques to conclude that brain microvessels appear to be innervated
by the central adrenergic system. Coupled with adenylate cyclase,
a-adrenergic receptors have been demonstrated in isolated brain micro-
vessels. Hartman et al. (53) support the concept of central adrenergic
system control of capillary permeability and blood flow through direct
innervation of capillary endothelial cells, pericytes or smooth muscie
cells.

Betz et al. (7) have studied hexose transport and phosphorylation
in isolated rat brain capillaries. They found that these capillaries
have a glucose transport system with properties similar to those

observed for the blood-brain barrier in vivo, and these investigators

suggest that the isolated microvessels represent an excellent p;epara-
tion in which to experimentally investigate sugar transport mechanisms.
Under physiological conditions, Betz et al. (8) found a sizable pool of
free glucose in the endothelial cells of isolated rat cerebral micro-
vessels, indicating that phosphorylation is not required for glucose
transport across capillaries. These investigators determined that
glucose is transported across the cerebral microvessels by way of a Nat
independent, facilitated diffusion system similar to that in erythro-
cytes.

Many researchers (2,7,8,13,17,33,53,56,60,68,87,91,95) agree that
the isolated cerebral and retinal microvessels have all the character-

jstics of a functional blood-barrier and present an excellent oppor-

tunity to study the blood-brain barrier in vitro.
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Insulin In Microvascular Tissue

Eng and Yalow (35) have measured the insulin concentrations of
various mammalian tissues, such as brain, kidney, heart and plasma.
These investigators found that insulin 1levels in the brains of large
animals did not exceed plasma 1évels, whereas rat brains have an insulin
concentration larger than that found in the plasma. These investigators
have suggested that insulin found in the brain is due to plasma in brain
vascular spaces and possibly from diffusion of insulin into the brain
parenchyma.

Havrankova et al. (55) had originally reported rat brain insulin
values of greater than 25 times the level in plasma. These investiga-
tors speculated that peripheral tissues may retain the ability to
synthesize insulin, and this speculation led to many hypotheses,
including that some cells may produce their own supply of insulin which
would down-reguiate the plasma membrane insulin receptors. This hypo-
thesis was particularly postulated for brain tissue since this tissue
had the highest observed insulin levels and very few measurable insulin
effects have been observed. In the past year Havrankova et al. (55)
have revised their reported values for rat brain insulin levels so that
their values are more in line with the results of Eng and Yalow (35).
Whether there 1is actually a significant elevation in brain insulin
levels in other mammalian species is currently unknown.

The role of insulin in the brain has been investigated in a number
of different systems in recent years (94,,105,111,121,123,). It has
been proposed that insulin may alter capillary permeability and blood
flow through the brain (28,121), may alter amino acid transport (95,

,96,111), may regulate levels of prostaglandins (87), or may regulate
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brain development (94,105,111). Several researchers (26,58) have
proposed that insulin increases the total amount of glucose taken up by
the brain.  Others have shown insulin directly affects brain metabolism
(19,111). Roger and Fellows (111) have demonstrated a direct effect of
insulin on ornithine decarboxylase activity in neonatal rat brains.
Catalan et al. (19) recently showed that insulin increases acetyl-
cholinesterase activity in rat brain. Verlangieri and Sestito (125)
have demonstrated an effect of insulin on ascorbic acid uptake in heart
endothelial cells and postulated that the same effect may be present in
other tissues, such as cerebral and retinal capillary endothelial
cells.

Insulin is not required for glucose uptake by cerebral cells,
although Daniel et al. (28) have found that insulin does have an effect
on the metabolism of glucose by the brain. The normal blood level of
glucose is from 70 to 110 mg/dl. In one day, the brain uses 150 gm of
glucose compared to 50 grams used by blood cells and 50 grams by the
neart skeletal musc]es and other tissues in a normal adult human male
after an overnight fast (38). Daniel et al. (28) found that insulin
A apparently sustains the cerebral glucose uptake induced by high glucose
Tevels, although not affecting the rate of glucose uptake. From their
study in hypoglycemic rats, they concluded that insulin caused the brain
cells to use glucose to form glycogen and other substances, such as
non-essential amino acids. These investigators concluded that insulin
stimulates brain glucose metabolism but not glucose transport across the
blood brain barrier.

Hertz et al. (58) have demonstrated, using an indicator dilution

method, that insulin may influence glucose transfer across the human
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blood-brain barrier. This effect, which may be similar to the effect of
insulin on the glucose carrier in heart muscle, is not demonstrable in
isolated microvessels since both luminal and abluminal sides of the
vessels are in contact with the solution and no net uptake is observed
within the vascular cells. They found an increase in glucose extraction
in vivo along with an increase in unidirectional glucose flux (58).

Several investigators have found insulin receptors in various
regions of the brain. Szabo and Szabo (121) were among the first to
demonstrate the presence of insulin receptors in the central nervous
system. Havrankova et al. (55) and Pacold and Blackard (94) indepen-
dently characterized the widespread distribution of insulin recéptors in
the rat brain. Pacold and Blackard (94) did not find any difference in
insulin binding to brain homogenates from streptozotocin diabetic rats
compared to normal rats. They measured insulin binding in cerebral
homogenates composed of synaptosomes, myelin, and mitochondria. Raizada
et al. {105) have cultured fetal rat brain cells and demonstrated the
presence of insulin binding and biological response in these neuronal
cells. Several investigators (55,94) have studied insulin's effect on
the ventromedial hypothalamic nucleus and 1lateral hypothalamic area.
These regions of the central nervous system are insulin-sensitive and
appear to regulate systemic blood glucose levels. They may exert an
effect on glucose metabolism in the 1iver. The evidence accumulated to
date, therefore, suggests that insulin may also bind to sites 1in the
brain other than the microvessels.

Van Houten and Posner (123) demonstrated insulin binding to pigeon
and monkey brains in vivo and using autoradiography, presented the first

clearcut evidence that 1insulin binds to cerebral microvessels.
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They found that the majority of the specific insulin binding sites in
the brain were localized around small blood vessels. These microvessels
are composed of endothelial cells, intramural pericytes and basement
membrane. Several investigators have measured insulin binding in
endothelial cells. Bergeron et al. (5) demonstrated insulin binding to
hepatocytes and liver endothelium by whole body perfusion with [1251]-
insulin and fixing the liver in situ. They used electron microscopic
autoradiography to examine the hepatocyte plasma-lemma and determined
the presence of 10° receptors per cell (5). With increased perfusion
times, the label appears to be internalized. In control experiments,
when excess unlabeled insulin was co-injected with the [1251]-insulin,
they found a localization of label primarily over endothelial cells and
also inside vesicles and dense bodies within these hepatic endothelial
cells. Bergeron et al. (5)' suggest that this Jlocalization of labeled
insulin does not represent nonspecific binding, but that the luminal
surface of endothelial cells may contain a low affinity insulin
receptor. Peacock, Bar and Goldsmitn (96) found that bovine cultured
endothelial cells from the pulmonary and systemic circulation have
insulin receptors. Arterial endothelial cells bind more insulin per
cell than cells prepared from pulmonary veins. These results suggest
that idinsulin receptors in microvascular tissue wmay be located on the
endothelial cells.

In 1981, Meezan and Pillion (89) presented findings directly
demonstrating that cerebral and retinal microvessels respond to insulin.
D-glucose oxidation and conversion to 1lipids were stimulated by the
addition of physiological levels of insulin to isolated bovine cerebral

and retinal microvessels. The low Km form of cyclic-AMP
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phosphodiesterase activity was also increased in a dose-dependent manner
by the addition of insulin.

Frank and Pardridge (42) have confirmed the results presented in
this dissertation that isolated bovine cerebral microvessels do specifi-
cally bind [1251]-insulin and that Scatchard analysis of the binding
data yields a curvilinear plot. In addition, insulin has been shown to
dissociate from the cerebral microvessels more rapidly with dilution in
the presence of excess unlabeled insulin than with dilution alone.

Yip et al. (133) have utilized photoaffinity probes to crosslink
insulin to 1its receptor in brain tissue. They report only one labeled
subunit of approximately 115,000 daltons 1in brain tissue, compared to
two subunits for all other tissues they studied. They did not
rigorously characterize the type of cells from which they prepared their
brain membranes, so it is difficult to generalize from their results.

Despite recent controversy, it is widely accepted that insulin is
present in the brain and insulin has a demonstrable effect on brain
glucose metabolism. Insulin receptors have been identified throughout

the central nervous system, particularly in the cerebral microvessels.

Vascular Complications in Diabetes Mellitus

Chronic vascular complications of diabetics can be subdivided into
three classes: 1) hyperglycemia; 2) small vessel disease (microangiopa-
thy); 3) large vessel disease (macroangiopathy).

Hyperglycemia is believed to be the cause of diabetic neuropathy.
Generally, investigators support the hypothesis that better control of
serun glucose levels will result in Tess neuropathy and will also

ameliorate the vascular complications of diabetes. In spite of recent
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advances with insulin pumps, no diabetic is as well controlled as the
normal individual. Recently, hyperglycemia has been assessed by the
measurement of hemoglobin Aj. to determine the degree of control of
carbohydrate metabolism (34). Excess blood sugar results 1in abnormal
glycosylation of hemoglobin and a wide variety of cellular components
(32). Hyperglycemia has been linked to fibrotic changes in connective
tissue and mscle, impaired phagocytosis and spread of infections.
Hyperglycemia also increases edema in tissues, such as the eye and the
nerves, and increases sorbitol levels from conversion of glucose by
aldose reductase via the polyol pathway. These conditions lead to the
various comlications seen in diabetic patients: arthritis, infections,
lens damage, and neuropathy. The impaired sensation in the extremities
due to neuropathy, coupled with the increase in spread of infections,
leads to gangrene with eventual amputation of the extremities (38,130).

Small vessel disease in diabetics includes diabetic retinopathy and
nephropathy. Nephropathy involves glomerulosclerosis, atherosclerosis
of efferent arterioles and pyelonephritis (34). The leading cause of
death for juvenile onset diabetics is diabetic nephropathy.

Retinopathy 1is characterized by regional ischemia, sustained
increased capillary permeability, edema, new vessel formation
(neovascularization), hemorrhage, thickening of the basement membrane,
and changes 1in the morphology of endothelial cells and pericytes
(34,37). The visual ability 1is gradually impaired in the majority of
diabetics, especially juvenile onset diabetics with a history of the
disease for over twenty years. It has been found that good control with
diet, exercise and appropriate drug therapy may slow down the
progression of the microangiopathy, but a recent paper states that even

the insulin pump is unable to reverse the condition (122).
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Zetter (137) has observed differences in cultured endothelial cells
from large and small blood vessels, particularly in regard "to their
nutritional requirements and their responses to growth and migration
stimuli." Endothelial cell damage or death is a common factor in both
macro- and microangiopathy observed in diabetic patients.

Endothelial cell damage 1in 1arge blood vessels is hypothesized to
expose platelets to basement membrane material, releasing factors from
the platelets and promoting formation of atherosclerotic plaques
(119,136). Retinopathy and other diabetic microangiopathy is
characterized by endothelial cell atrophy in microvessels, oily
exudates, and abnormal neovascularization. Also, basement membranes
appear thickened and permeability is altered in diabetic
microangiopathy. Damage to the endothelial cell is highlighted as a
major primary complication (34).

The earliest pathological changes observed in diabetic
proliferative retinopathy are microaneurisms and breakdown in the blood
retina barrier (14, 34). Ten percent of the 4 million diabetics in the
United States today have proliferative retinopathy. Approximately 2
million have retinopathy.

In diabetic animals, there are high circulating levels of glucose
and frequently during ketoacidotic states, high circulating Tlevels of
ketone bodies (92,130). The blood-brain barrier may require greater
energy to prevent increased amounts of these substrates from passing
from the blood to the brain, thus putting added stress on the 1level of
metabolic activity of the endothelial cells. It is speculated that
diabetic endothelial cells may contain fewer mitochondria than normal

and this may be the primary defect that leads to endothelial cell damage
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and death. The presence of exogenous insulin may stimulate angiogene-
sis, which leads to the state observed during diabetic retinopathy
(117).

The third class of vascular complications is large vessel disease,
or macroangiopathy, involving the brain, heart and the peripheral blood
vessels. Diabetics have a much greater incidence and greater degree of
atherosclerosis, of impaired brain and heart function and myocardial
jnfarction. Both male and female diabetics are equally 1likely to
qevelop heart disease at an early age (34,38).

It is postulated that high glucose Tevels may increase oxygen
consumption and dilate vascular tissues. When patients with high
glucose 1levels are treated with endogenous insulin, Tlipogenesis may
result in the deposition of 1lipids in Tlarge vessels (119). In recent
studies (34), it appears that atherosclerosis has no direct relationship
to the degree of severity or duration of diabetes mellitus. Athero-
sclerosis does not appear to be directly caused by hyperglycemia alone.
The concept of insulin having a direct effect on the vascular system may
be very relevant to atherosclerosis (119) since there is experimental
evidence that insulin plays an important role in regulation of plasma
1ipid transport. Since insulin has become available for treatment,
frequency of atherosclerosis has become more prominent as a complica-
tion. It is currently not known whether this is directly due to insulin
or just that other complications such as ketoacidosis and infection have
been diminished and 1ife-expectancy thereby increased.

Although water does not freely diffuse across brain capillaries,
serun osmolality changes result in water movement into or out of brain

tissue. Altered capillary permeability may result in cerebral edema.

Hartman et al. (54) support the hypothesis that the central adrenergic
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system may maintain brain fluid homeostasis by directly regulating blood
flow and vascular permeability of the cerebral microvessels. Normal
plasna osmolality is approximately 288 mosmol/L. Conscious behavior is
directly altered by increased plasma osmolarity. Coma wusually is
observed in patients with plasma osmolarity levels above 400 mosmol/L
(34,38,116,130).

In patients who died in diabetic coma, vascular ischaemic damage
with deposits of 1ipid was prominent within the brain, suggesting
abnormalities in the clotting system. Several investigators, including
Colwell (22), have suggested that platelets are more adhesive in
.diabetes due to increased prostacyclin synthesis to aggregation stimuli.
Diabetics also have a lower blood fibrinolytic activity and an increase
in serum viscosity. Especially in older diabetics, a sudden change in
mental status or evidence of dehydration may denote the onset of a
hyperosnolar non-ketotic coma. Cerebral hyperosmotic coma may possibly
result in cerebral edema (130), lactic acidosis, disseminated intravas-
cular coagulation and infection, along with hypoglycemia and hypokale-
mia. Infusing a hypertonic solution through the brain for 20-30 sec may
disrupt the blood-brain barrier by widening the endothelial cell tight
junctions. Permeability is transiently increased and conscious behavior

is temporarily altered along with brain edema and metabolic dysfunction.

The presence of insulin receptors in the cerebral microvascular
system is of considerable interest, since there is a possibi]ity that
insulin has a direct effect on vascular permeability and responsiveness
to osmotic changes. It is still uncertain whether diabetic coma results

from nyperglycemia, hypoinsulemia or a combination of effects (38,130).
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Abnormal vascular metabolism may result from too Tittle as well as

too much insulin.  Since prior to insulin therapy, diabetics did not
Tive Tong enough to manifest angiopathic complications, it is stil}
problematic whether good control prevents diabetic complications 1in
addition to its positive effects on longevity or whether good control,
with its accompanying intermittent periods of hyperinsulinemia, actually

promotes vascular complications (120).



III. MATERIALS AND METHODS
Animals

Brains and eyes of adult male and female cattle (Polar iMeats
and Lockers) were dissected within 15 minutes of slaughter and
transported to the 1laboratory on ice. Adult male and female rats
(Sprague Dawley, Southern Animal Farm) were housed in the U.A.B.
Volker Hall animal care facility, three to a cage, with water and
food available ad 1libitun. Neonatal male and female pigs (Bagwell
Farm) were transported live to the laboratory where they were sacrificed

by cardiac puncture and the brains removed within 20 min.

Chemicals

Chemicals used in these experiments included: [1251]-monoiodinated
insulin from New England Nuclear, purified porcine insulin (Iletin II)
from E1i Lilly, A and B chain insulin from Sigma, prolactin from
National Institute of Arthritis, Metabolism, and Digestive Diseases and
hunan Chorionic Gonadotropin (A.P.L.) from Ayerst Laboratories. Bovine
serun albumin, fraction V, was obtained from Sigma, dimethyl sulfoxide
from Fisher, dinonylphthalate oil from Eastman Kodak Co. and Curtin
Matheson Scientific, dibutylphthalate oil from Aldrich Chemical Co. and
disuccinimidyl suberate from Pierce Chemical Co. PPO (2,5
diphenyloxazole) and POPOP (1,4 bis[2-(5-phenyloxazolyl)]-benzene) and

dithiothreitol were obtained from Sigma Chemical Co.
40
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Tissue Isolation

Bovine and porcine cerebral microvessels were isolated according to
the procedure of Brendel et al. (13). First, the pial membrane and
surface blood vessels were removed and the gray matter carefully scraped
off with a metal spatula. The gray matter containing a minimal amount
of white matter, from the cerebral cortex, was placed in ice cold
Krebs-Ringer phosphate buffer (KRP), pH 7.4, with 0.01% bovine serum
albumin {BSA). The tissue was then homogenized with a loose-fitting
tapered Teflon pestle in a hand-held smooth glass homogenizer with 10
up-down strokes, filtered through a nylon sieve with openings of 153 um,
rehomogenized with 10 more strokes and refiltered through the 153 um
nylon sieve. The brain microvessels were then “combed" off the sieve
with fine forceps and washed in a small amount of buffer before being
minced with scissors and aliquoted into assay tubes.

Retinal microvessels were similarly prepared from cow eyes
according to the procedure of Meezan et al. (88). After orbit was
removed and retina exposed, a fine pair of forceps was used to gently
scrape off the retina and place it into a plastic tube containing ice
cold KRP buffer, pH 7.4, with 0.01% BSA. The tissue was rinsed several
times in buffer to remove any dark pigment. The tissue was then
homogenized in a glass homogenizer as above. Following homogenizing and
filtering, the isolated microvessels were transferred to a small beaker

and minced with scissors.
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Membrane Preparation

A_membrane preparation was made using the technique of Carter-Su et
al. (18). Tissues were resuspended in 10 m¥ Tris-1 mM EDTA buffer, pH
8.0, containing 0.25 M sucrose and disrupted using a hand-held glass
homogenizer with a tight fitting teflon pestle or a tissue sonicator.
The solution was centrifuged at 2,000 xg to remove whole cells and
vessels and the supernatant was then spun at 30,000 xg to pellet the
crude plasma membrane fraction. The tissue pellet was resuspended in 10

mM Tris-1 mM EDTA, pH 8.0, and stored in the freezer at -20°C.

[1251]-1nsulin Binding Assay

[1251]-insulin binding to vascular tissue was determined by
centrifugation through oil. Isolated microvessels were centrifuged at
12,500 xg and resuspended in 0.2 ml of assay buffer consisting of KRP
buffer, pH 7.76, containing 1% BSA and 1 mM D-glucose. [12513-9nsulin
binding was measured in the presence of 1.0-2.0 ng/ml [1251]-insulin and
varying concentrations of unlabeled insulin (0.5-5000 ng/ml) at 22°C for
75 minutes with various isolated vascular tissues (100-200 ug protein
per tube). Binding was terminated by adding 500 ul dinonylphthalate/
dibutylphthalate oil (1:2) and immediately centrifuging at 12,500 xg in
a Beckman microfuge for two minutes. An aliquot of 0.05 ml of the
supernatant was counted to determine CPM Free [12571]-insulin remaining
in the medium and the percentage degradation was determined from a
similar aliquot. The residual supernatant and oil was aspirated and the
cut-off microfuge tube tip containing the tissue pellet was counted in

order to determine CPM Bound [1251]-insulin.  Nonspecific binding, that
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is, [1251]-insulin binding to the tissue 1in the presence of excess
unlabeled insulin (50-150 ug/ml), was subtracted for all tissues.

The pellet was resuspended in 0.5 m1 of 0.1 N sodiun hydroxide and

digested for 2 hours at 55-60°C for protein and DNA determinations.

Degradation

Intact insulin was precipitated by 5% trichloracetic acid (TCA)
(18). The amount of [1251]-insulin degraded by the various microvascu-
lar tissues was determined by adding a 50 nl aliquot of the supernatant
from the binding assay to a microfuge tube with 250 ul1 of assay buffer
containing 1% BSA. Following the additionof 300 ul of 10% TCA to
precipitate intact peptide hormone, each tube was incubated at 4°C for
at least 30 min. The tube was then centrifuged for 2 min at 12,500 xg
and the supernatant immediately decanted into a counting tube. Both the
pellet and supernatant were counted in a Beckman 9500 gamma counter for
2 min and the percentage of degradation of [12517-insulin was calculated

by the following formula.

CPM (supernatant)

% degradation =
total CPM (supernatant + pellet)

Protein Determination

The amount of protein per pellet was measured using the BioRad
protein assay (12). An aliquot (20-100 ul1) of the sodium hydroxide
digest of the binding assay pellet was neutralized with 0.1 N hydro-

chloric acid. The volume was adjusted to 100 or 200 ul |wusing
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distilled water, and then 5 ml of diluted, filtered BioRad protein dye )
was added. The absorbance reading at 595 nm on a Bausch & Lomb,
Spectronic 20 spectrophotometer was compared'with a series of standards

prepared using BSA.

Deoxyribonucleic Acid Determination

The amount of deoxyribonucleic acid (DMA) contained in various
vascular tissue pellets was determined using a modification of a
diphenylamine spectrophotometric method devised by Burton (15). An
aliquot of 0.25 ml of the sodium hydroxide digest of the binding assay
pellet was further extracted by addition of 0.25 ml of 1 N perchloric
acid (PCA) for 45 min at 85°C. The sample was then diluted to 1.0 ml
with 0.5 N PCA. Following the additionof 2ml of a diphenylamine
solution, containing glacial acetic acid, sulfuric acid, and aqueous
acetaldehyde, the tubes containing a total of 3.0 ml were incubated for
18 hrs at 37°C. The absorbance at 595 nm was measured and compared to a
series of standards prepared from perchloric acid-extracted calf thymus

deoxyribonucleic acid ranging from 0-100 ug per tube.

[14cI-Inulin Space Determination

Microvessels were pelleted by centrifugation for 2 min at 12,500
xg and resuspended in KRP buffer, pH 7.76, with 1%2 BSA and 1 mM
D-glucose. Bindfng was determined in a fashion identical to that used in
the [1251]-insulin binding assay, except that the radioligand used was
[14C]-inulin, a non-metabolized polysaccharide which is commonly used to

measure the amount of extracellular water trapped in tissue slices. The
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assay was terminated with centrifugation of the microvessels through
0il, as described in the [1251]-insulin binding assay. An aliquot of the
supernatant was dissolved in 3.0 ml of 1liquid scintillation fluid,
containing 33% (v/v) Triton X-100 in toluene, 2.0 g/1 PPO, and 0.025 g/1
POPOP.  Minivials were counted in a Beckman Beta Scintillation counter
for 10 min. The cut-off microfuge tube tip containing the tissue pellet
was likewise dissolved in the Triton-toluene-PP0-POPOP scintillation
cocktail and counted. The amount of trapping was calculated by dividing
the CPM of [14C]-inulin in the pellet by the total counts of [l4c]-
inulin per unit volume (CPM/ul). The volume trapped (ul) was then used
to correct for the amount of radioactivity specifically trapped in the

[12517-insulin binding assay tissue pellets.

Dissociation Experiments

With insulin sensitive tissue, 1labeled insulin binding is a
reversible reaction, and labeled insulin dissociates more rapidly on
dilution in the presence of native insulin than with buffer alone.
Tissue (200-300 ug) was centrifuged at 12,500 xg and resuspended in 0.25
ml of assay buffer, pH 7.76, containing 1% BSA and incubated with 4.5 ng
[125713-insulin for 75 min at 22°C. Large plastic tubes were used for
these experiments. At time 0, a 100-fold excess of 1ice cold assay
buffer (25.0 m1) with and without 100 ng/ml unlabeled insulin was added
to the incubation tubes. 5 ml aliquots were immediately removed and
filtered using a Gelman filtration apparatus with 45 um Millipore
filters. A parallel experiment was conducted without tissue. At

specified times, 5 ml aliquots were removed and filtered. Radioactivity
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retained on the filter was measured in a gamma counter and the results
were calculated as a percentage of the number of counts retained after

initiation of dissociation.

Crosslinking Experiments

The 1insulin receptor in a variety of tissues can be covalently
crosslinked using disuccinimidyl suberate (DSS) by a method devised by
Pilch and Czech (98). Crude plasma membranes were prepared from the
microvascular tissues by the procedure outlined previously. Tissue
pellets containing 400-500 ug protein were resuspended in 0.50 ml of KRP
buffer, pH 7.76, containing 1% BSA and 1 mM D-glucose. Tissue was
incubated with 6.6 nM (approx. 0.5 uCi) [1251]-1abeled insulin in 20 ul
‘for 60 min at 22°C with or without excess unlabeled insulin (50-100
ug/ml) in 25 m1 of assay bufrer. Membranes were centrifuged at 30,000 xg
for 15 min in glass centrifuge tubes, washed in 1ice-cold KRP buffer
without BSA and then centrifuged at 30,000 xg for 15 min 1in glass
centrifuge tubes.

Pellets were resuspended in 0.5 m1 KRP, pH 7.4, and 10 ul1 of 12.5
mM DSS dissolved in dimethyl sulfoxide was added. Following incubation
at 4°C for 15 min, an excess (2.5 ml) of ice-cold 10 mM Tris-1 M EDTA,
pH 8.0, was added to quench the crosslinking reaction and the tissue was
incubated an additional 20 min at 4°C. Membranes were centrifuged at
30,000 xg for 15 min, washed in 10 mM Tris-1 mM EDTA and recentrifuged
at 30,000 xg for 15 min.
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SDS-Polyacrylamide Gel Electrophoresis

Crosslinked membranes were dissolved in a modified Laemmli's sample
buffer (74) containing 2% sodiun ~ dodecyl sulfate and 50 ni
dithiothreitol, boiled 5 min, and centrifuged at 12,500 rpm for 2 min to
precipitate any undissolved material. Each sample was subjected to
polyacrylamide gel electrophoresis according to the procedure of Laemmli
(74) for approximately five hours at 20-30 mA per gel, using a 4%
acrylamide stacking gel and a 7.5% acrylamide separating gel. Following
staining with Coomassie Brilliant blue dye and destaining, gels were

dried on a BioRad gel drier using a cellophane cover.

Determination of Molecular Weight

High molecular weight standards were purchased from BioRad. A 1:200
dilution of standards with sample buffer was boiled for 5 min and a 50
ul sample was applied to one 1lane on each slab gel. Molecular weights
of unknowns were determined by comparing the Rys value with a standard

1ine constructed using the Rf values for each standard (129).

Autoradiography

Autoradiography was performed on dried gels, using Kodak XAR-5
X-ray film with two Dupont Cronex Lightning Plus intensifying screens,
in a freezer at -70°C for approximately one week. Autoradiographs were

developed in an automatic X-ray film processor.



IV. RESULTS

Isolation of Microvessels

It has been previously shown by Meezan and colleagues (88) that
cerebral and retinal microvessels can be isolated by gentle homogeniza-
tion followed by selective sieving, as outlined inFig. 2. This
procedure is based upon the principle that nonvascular material is more
susceptible to complete homogenization than is vascular tissue. Vascu-
lar tissue is retained on the nylon sieve and gently removed with a slow
stream of buffer. After the first homogenization, a considerable amount
of nonvascular material is retained on the sieve along with the vascular
material. For this reason, several additional homogenizations were
performed to eliminate contaminating material from the microvascular
material. Contamination with nonvascular material is a more serious
problem in the isolation of cerebral cortical microvessels since there
is considerably more tissue to deal with and white matter resists
complete homogenization and is retained on the sieve. This problem can
be overcome with repeated homogenization. This procedure has the
advantage of avoiding the wuse of collagenase and it produces adequate
yield of viable microvessels for these experiments.

Brains and eyes from adult cattle were obtained from the slaughter-
houée three times a week. Tissue was placed on ice ten to fifteen
minutes following decapitation. The bovine brains and eyes were

received in the laboratory between one and three hours later. The
48
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neonatal porcine brains were excised from the animal immediately after
the animal was sacrificed 1in the laboratory. Therefore, the porcine
tissue was not subjected to lengthy periods of anoxia prior to
isolation.

Despite the differences in the tissues from which the microvessels
were isolated, the three microvascular preparations are very similar
upon visual inspection, as depicted in Fig. 3. It can be seen that the
microvessels are composed primarily of small capillaries with luminal
diameters of 8-10 microns. The appearance of these microvessels closely
resembles the preparations characterized by Meezan and colleagues (88).
The technique used to isolate microvessels does not exclude contamina-
tion by arterioles and venules. However, visual inspection of these
preparations clearly shows that capillaries comprise greater than 90% of
the material present. Electron microscopic examination of the microvas-
cular preparations confirms the presence of red blood cells in the
Tumens of these vessels. [t has been calculated by Meezan et al. (88)
that the number of red blood cells present in an aliquot of these
microvessels is sufficiently small to preclude any significant contribu-
tion to [1251]-insulin binding by this preparation.

The quantity of microvessels which can be isolated from the various
tissues is presented in Table 1. The wet weighf of the gray matter and
retinas was obtained by placing the tissues in a preweighed beaker.
Microvessels were isolated and wet weights determined by centrifuging
the microvessels at approximately 2250 xg for 5 min in a preweighed
plastic tube. Approximately 1.7% of the weight of the retina can be
recovered as microvessels by this isolation procedure. Between 0.5% and

0.8% of the gray matter can be isolated as microvessels. However, this
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TABLE 1

Wet Weights of Isolated Microvascular Tissues

Tissue Gray Matter/Retina Microvessels
Bovine Brain 175.0 £ 9.6 g 0.75 + 0.11 g
(ADULT)
Porcine Brain 8.7 £ 0.5 ¢ 0.07 + 0.01 g
(NEONATAL)
Bovine Eyes (10) 8.4+ 1.8¢ 0.14 + 0.03 g
(ADULT)

Microvessels were isolated by the method outlined in Fig. 2.
Brains and eyes were obtained from adult male and female cattle
weighing from 400 to 1100 pounds total body weight. They ranged
from 8 months to 2 years of age. Wet weight of gray matter is
approximately 40% of the wet weight of the cerebral cortex.
Neonatal pigs were from 1 to 6 days of age and weighed
approximately 5 to 10 pounds. Data represents the mean * standard

deviation from three separate groups of animals.

54
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technique is not designed to recover 100% of the microvessels which are
present in the tissue. Therefore, these figures underestimate the total

amount of microvessels present in the gray matter of the cerebral cortex

and bovine retina.

Insulin Binding to Isolated Microvascular Tissue

[1251]-Insulin Binding Assay

Specific binding of [1251]-insulin was measured in isolated bovine
cerebral and retinal microvessels and cerebral microvessels from neona-
tal pigs., according to the procedure outlined in Fig. 4. It was
necessary to determine the protein content in each assay tube following
centrifugation through the oil layer to verify that the amount of
microvessels in each assay tube was sufficient for the insulin binding
assay.

This method was used because it gives a better separation of bound
from free [1251]-insu1in, due to the presence of a non-aqueous barrier
between the [1251]-insulin bound to the tissue and the radioactivity
remaining in the supernatant layer. However, centrifugation through an
0oil layer can cause several problems. Most of the problems consist of
incomplete pelleting of the entire tissue or incomplete separation of
the supernatant layer from the oil layer. These problems were overcome
by adjusting the ratio of dinonylphthalate and dibutylphthalate oil
until good separation was achieved. The optimum ratio was found to
consist of 1:2 dinonylphthalate:dibutylphthalate. It was also important
to maintain the ratio of the volume of supernatant to oil so that the

amount of o0il was greater than twice the supernatant volume. This
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FIGURE 4

Insulin Binding Assay

Insulin binding was measured by incubating [1251]-insulin
with isolated microvascular tissue according to the procedure
described in the text. Following incubation in KRP buffer,
pH 7.75, containing 1% BSA, [1251]-insulin bound to the
microvessels was separated from unbound (free) insulin by the
addition of 1:2 dinonylphthalate/dibutylphthalate oil and
centrifugation. An aliquot of the top layer was counted and
also used to determine the percentage of degradation of [1251]-
insulin. The pellet was counted to determine bound [1251]-
insulin and digested in 0.5 ml of 0.1 N NaOH in order to

determine the protein and DNA content.



Insulin Binding Assay

Tissue

[1251]-insulin (0.25 ng, approx. 36,000 cpm)

+/- insulin (0.1 ng- 30 ug)

Incubate 75 min at 22°C
Add oil

Centrifuge 12,500 xg, 2 min

Free insulin

0il

Bound insulin
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prevents the supernatant layer from getting under the oil layer when
transferring the tube from the microfuge to the microfuge tube holder.
This is an important consideration when using a horizontal fixed angle
microfuge, such as a Beckman B. It was also found that increasing the
time of centrifugation from 1 min to 2 min or more facilitated complete
separation of the tissue from the oil layer. Some preparations of
bovine cerebral microvessels were difficult to sediment as a tightly

packed pellet but this phenomenon as not observed consistently.

Effect of Protein Concentration

Nonspecific binding of insulin was measured in the presence of
- 50-150 g/ml unlabeled insulin and calculation of the difference in the
total and nonspecific [1251]-insulin was taken as the measure of the
specific binding of [1251]-insulin. As shown in Fig. 5, specific
binding was found to be linear as a function of the concentration of
protein in the sample of frozen retinal microvessels. Similar results
were found for freshly isolated bovine retinal microvessels and porcine
cerebral microvessels. The capacity of the microvessels to bind insulin
was not destroyed by storing tissue frozen 1in KRP buffer for several
days at -20°C. Therefore, frozen tissue can be used in binding studies.
When using frozen preparations, following thawing, the microvessels were
sedimented by centrifugation for 2 min at 12,500 xg and the supernatant
discarded. Since results of binding experiments are expressed per mg
protein and the intracellular protein lost from microvessel preparations
during freezing and thawing contributes to the total protein but not to
the binding activity, binding appears higher in frozen tissue than in

fresh tissue. However,in parallel studies, the microvessels were not
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FIGURE 5

[1251]-Insulin Binding to Retinal Microvessels as a Function
of Protein Concentration

Frozen retinal microvessels were thawed, centrifuged for
2 min at 12,500 xg and the supernatant discarded. Microvessels
were resuspended in KRP buffer, pH 7.75, containing 1% BSA and
1 mM glucose. Tissue was incubated for 90 min at 22°C with 1.5
ng/ml [12%1]-insulin with and without excess unlabeled insulin
(150 ug/ml). Specific binding was determined by subtracting
nonspecific binding from the total binding, as described in the
text. Data represent the mean of triplicate samples from two

separate experiments (- o -) (- A =).
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centrifuged prior to determination of binding, so protein concentrations
were similar and the amount of total, nonspecific and specific [1251]-
insulin binding was not significantly different between the fresh and

frozen preparations (data not shown).

Effect of Time and Temperature

The effect of incubation time and temperature was examined with the
microvascular tissue preparations. Fig. 6 demonstrates the effect of
incubation time and temperature on specific [1251]-insulin binding to
frozen bovine cerebral microvessels. At 22°C, steady-state binding is
achieved after 75 min. It was observed that one-half maximal insulin
binding occurs in approximately 45 min. Binding is more rapid at 30°C
and maximal binding has occdrred by 20 min. Comparable results were
found in isolated bovine retinal microvessels and porcine cerebral
microvessels. The time course of insulin binding was found to be
similar in all three tissues when comparing a 30 min incubation at 30°C
or 75 min at 22°C. The time course of insulin binding was also measured
in plasma membranes prepared from frozen bovine cerebral microvessels.
At 20°C, maximal binding occurs after 60 min, with one-half maximal
binding occurring after approximately 40 min. At 4°C, binding was very
slow, with littTe measurable binding occurring after 150 min. After 4
hours, however, approximately 60% of maximal binding (that at 22°C for
60 min) could be measured. Binding at higher temperatures was more
rapid for all microvascular preparations examined. A slight decrease in
the amount of specific binding at 30°C was observed between 45 and 75
min. This phenomenon has also been reported in the literature for

insulin binding in 1iver plasma membranes by Almira and Reddy (1).
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FIGURE 6

Effect of Incg%ation Time and Temperature on Specific
Binding of [1251]-Insulin to Bovine Cerebral Microvessels

Frozen isolated bovine cerebral microvessels were
incubated with 1.5 ng/ml [1251]-insulin with and without
100 ug/ml unlabeled insulin at 22°C (- @ -) or 30°C
(- O -), as indicated in the figure. The specific
binding of [1251]-insulin was determined at the time
indicated. Each point represents the mean of triplicate

determinations.
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Characterization of Insulin Binding

saturation of [1251]-insulin binding to cerebral microvessels
isolated from neonatal pigs occurs at approximately 1.5 ng/ml [12517-
insulin, as shown in Fig. 7. Nonspecific binding continues to increase
in a linear fashion as increasing amounts of 1labeled insulin are
incubated with freshly isolated porcine cerebral wmicrovessels. This
saturating concentration of labeled insulin corresponds to the amount
chosen for the binding studies described in this dissertation. For this
reason, as well as for economic considerations, higher Tlevels of
[1251]-insulin were not used.

Several different assay buffers were investigated during the course
of this study of insulin binding in microvascular tissue. [1251]-
Insulin binds equally well to bovine cerebral and retinal microvessels
in KRP buffer described in the Methods section and in the assay buffer
described by Olefsky and colleagues (92, 93) containing 35 mM Tris, 120
mM sodium chloride, 1.2 mM magnesium sulfate, 2.5 mM potassium chloride,
10 WM glucose, 1 mM ethylene diamine tetraacetic acid and 1% w/v bovine
serun albumin. The effect of pH on insulin binding was also studied and
results are comparable with those reported for other insulin receptors.
t125I]-Insu11n binds poorly below pH 7.0 and the optimum pH for insulin
binding in isolated microvessels appears to be between pH 7.6 and 8.0.
Most of the binding studies reported in this dissertation were performed
in KRP buffer, pH 7.75, containing 1% BSA and 1 mM glucose. Bovine
serum albumin must be free of any insulin-1ike impurities. Radioimmuno-
assay confirmed the existence of an insulin-like impurity in one batch
of BSA used in one experiment. Glucose was included in the assay media

because the microvessels appear to bind labeled insulin with less
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intraassay variation in the presence of a small amount of glucose. It
is felt that any effect of glucose on insulin binding may possibly be an
empirical requirement for this in vitro system, but a physiological role
for glucose in the binding interaction has not been ruled out.

The binding of [1251]-insulin to retinal and cerebral microvessels
has been quantitated in several different ways. The data in Table 2
demonstrate the results of [1251]-insulin binding to the three tissues,
expressed as picograms insulin bound per milligram protein. Little
significant variation was observed in the amount of 1labeled insulin‘
bound to the two cerebral cortical microvascular preparations. Isolated
retinal microvessels tended to have a slightly greater amount of
displacement of [1251]-insulin in the presence of small amounts of
unlabeled insulin when compared with the cerebral microvessels from
adult cattle and neonatal pigs (p < 0.05). When binding results were
analyzed using the Student's t test, it was found that specific
[1251]-insulin binding in retinal microvessels is significantly differ-
ent from brain microvessels at the 0.01 level. However, neither total
nor nonspecific binding was significantly different at the 0.01 level.
Following the binding assay, the microvessels were centrifuged and the
pellets were digested in 0.1 N sodium hydroxide, for determination of
protein and deoxyribonucleic acid content. The results of these
experiments yielded a linear relationship between the amount of nrotein
per pellet and the amount of DNA per pellet. The data in Table 3 were
calculated from the data in Table 2, based on this Tlinear function.
Conversion from pg insulin bound/mg protein to pg insulin bound per mg

DNA was based on the assumption that 0.135 mg DNA was present in 1 mg
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68

[12517-1nsul in Binding to Isolated Microvessels per mg Protein

Nonspecific Specific
Total Binding Binding Binding
Tissue pg/mg protein pg/mg protein Protein
Bovine Cerebral
Microvessels 55.9 + 14 30.8 + 7.2 25.1 + 7.4
Bovine Retinal
Microvessels 65.4 £ 16.5 23.8 £ 5.2 42.6 £ 12.9
Porcine Cerebral
Microvessels 44,7 * 19.4 20.26 24.3 + 12,0

Tissues were incubated for 75 min at 22°C in KRP buffer, pH 7.75,

containing 1% BSA and 1 mM glucose, as previously described. Insulin

binding was determined following centrifugation through oil. Pellets

were counted for 2 min in a Beckman gamma counter and expressed as pg/mg

progein. Total binding minus nonspecific binding equals specific

binding. Nonspecific binding is defined as [1251]-insulin binding per

mg protein in tubes incubated in the presence of 100 nug/ml unlabeled

insulin. Values are the mean * standard deviation of triplicate

determinations froim three separate experiments.
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TABLE 3

[1251]-Insulin Binding to Isolated Microvessels per mg DNA

Specific Specific
Total Nonspecific Binding Binding
Tissue pg/mg DNA  pg/mg DNA  pg/mg DHA pg/106 cell
Bovine Cerebral
Microvessels 414 228 186 10.5
Bovine Retinal
Microvessels 484 176 315 17.7
Porcine Cerebral
Microvessels 331 150 180 9.9

Values from Table 2 were converted to pek mg DNA, based on a

linear relationship, y = 0.135 - .002, r = .993, between protein and DNA
content per 0.1 N NaOH digest of tissue pellets. Conversion was based

on 0.135 mg DNA per mg protein. Assume: 6.2 ug DNA per 106 cells.
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protein. If it is assuned that there are approximately 6.2 ug DNA per
10% cells, then specific binding ranged from 9-18 pg labeled insulin per

100 cells.

[14c]-Inulin Trapping in Microvessels

The amount of [1291]-insulin trapped in the extracellular water
space of the microvessel pellet was calculated by measuring the amount
of [14CI-inulin retained by the different microvascular tissue prepara-
tions. A large proportion of the nonspecific [1251]-insulin binding
observed in Fig. 7 was found to be related to trapping, as shown in
Table 4. Fresh microvessels appear to trap more radioactivity than
microvessels which were frozen prior to incubation. The amount of
trapping also increases with the protein content of the tissue pellet.
Porcine cerebral microvessels appear to trap more radioactivity than
bovine cerebral and retinal microvessels. Since nonspecific binding was
subtracted from total insulin binding and the amount of trapping was
less than the nonspecific binding, it was not necessary to correct
specific binding for the amount of radiocactivity trapped in the tissue
pellet. The trapped radioactivity, however, does explain the large
percentage of total binding that is not displaced by an excess amount of
unlabeled insulin. A high percentage of nonspecific binding 1is normally
present in most insulin binding assays involving whole tissues instead

of isolated cells or membrane preparations.
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TABLE 4

[14c]-Inulin Trapping in Tissue Pellets

%

mg Total Counts Volume
Tissue protein trapped trapped
(ul)
Fresh 0.2 . 3.3% 6.7 + 0.7
Bovine Cerebral
Microvessels Frozen 0.2 1.1% 2.2 + 0.4
Fresh 0.4 2.5% 4.9 + 1.1
Bovine Retinal
Microvessels Frozen 0.2 1.7% 3.3+ 0.5
0.1 2.3% 4,7 + 0.5
Porcine Cerebral
Microvessels Fresh 0.2 4,4% 8.7 + 0.7
0.4 4.9% 9.7 £ 0.4

Trapping was determined by incubating tissues at 22°C for 75
minutes using the same method as for determination of insulin binding.
Results are from triplicate determinations of pellets dissolved in 1%
Triton X-100-toluene-PP0-POPOP scintillation cocktail and counted 10.0

minutes in a Beckman B-counter.
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Insulin Degradation in Microvessels

Degradation of insulin was measured by TCA precipitation of an
aliquot (50 ul) of the supernatant of the insulin binding samples. 5%
TCA is sufficient to precipitate all intact insulin molecules. Proteo-
lytic fragments of insulin and individual amino acids are not precipi-
tated under these conditions. As shown in Tables 5 and 6, insulin
degradation by retinal microvessels appears to increase as a function of
protein concentration. Degradation is greater at 30°C than it is at
22°C (data not shown), and it increases with incubation time. Little
degradation of [1251]-insulin occurs in the presence of excess unliabeled
insulin (50-150 ug/ml). In most cases, degradation of [1231]-insulin
which occurred in assay tubes containing buffer and no tissue was
equivalent to the amount of degradation in assay tubes containing
microvessels .and excess unlabeled insulin (50-150 ug/ml). For most
binding studi;s with bovine cerebral and retinal microvessels, degrada-
tion of [1251]-insulin was less than 2.0% and thus the results were not
corrected for degradation. Isolated cerebral microvessels from neonatal
pigs appear to degrade [1251]-insulin much more readily and caution is
advised when incubating this tissue at 30°C for longer than 30 min.
Degradation should be determined for each assay tube and binding results
corrected for the amount of degradation when incubation time is in

excess of 30 min at 30°C for all three preparations.



73

TABLE 5

[1251]-Insulin Degradation in Bovine Retinal Microvessels:
Concentration Curve

Protein ) % Degradation
0.08 mg 1.4 £ 0.5
0.15 mg 4,5 £+ 0.6
0.32 mg 7.7 £ 0.5

Degradation of [125]-insulin was determined in
fresh bovine retinal microvessels incubated at 30°C
for 45 minutes in Krebs Ringer phosphate, pH 7.76,
containing 1% BSA and 1 mM glucose. Degradation was
determined in 50 ul aliquots of the supernate from
triplicate samples by precipitation of intact protein
in 5% TCA. Degradation in assay tubes containing an
excess of unlabeled insulin were equivalent to
degradation in assay tubes containing no microvessels.

This background was subtracted from values presented.
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TABLE 6

[1251]-Insulin Degradation in Bovine Retinal Microvessels: Time Response

[12517-1nsulin Degradation

Femtamoles Femtamoles
Time, min % Degradation per pellet per mg protein
15 0 0 0
30 1.8 £ 0.4 1.0 2.3
60 5.3 £ 0.8 3.0 6.6
90 9.2 + 0.5 5.1 12,2

Degradation was measured by TCA precipitation of degraded [1251]-
insulin in assay tubes incubated with fresh bovine retinal microvessels,
as described in Table 5. Data represent mean of triplicate

determinations. Background was subtracted from values presented.
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Competitive Displacement Experiments

As shown in Tables 7, 8 and 9, isolated microvessels bind [1251]-
Insulin specifically and this binding can be displaced in a dose-
dependent manner with unlabeled porcine insulin. In general, both
bovine and porcine cerebral microvascular tissue preparations behaved
similarly with respect to labeled insulin binding studies and
competitive displacement experiments. [1251]-Insulin binding to
jsolated bovine retinal microvessels tends to be more easily
displaced with slightly 1lower unlabeled insulin concentrations.
The results in Table 7 represent [1251]1-insulin binding to bovine
cerebral microvessels which were stored frozen after isolation, and
prior to assay for binding activity, thawed, centrifuged at 12,500 xg
for 2 min and the supernatant discarded. Insulin binding to this
preparation appears substantially higher, when expressed as pg insulin
bound per mg protein, than the binding reported in Table 2 for.freshly
jsolated bovine cerebral microvessels. This is due to a lower protein
concentration in the frozen tissue pellets due to loss of intracellular
protein.

Bovine cerebral microvessels were incubated with 1.5 ng/ml (12513
insulin and various concentrations of unlabeled porcine insulin for
75 min at 22°C. As shown in Fig. 8, the inhibition of
[1251]-insulin binding was expressed as a percentage of the initial
labeled insulin binding. Binding is clearly shown to be inhibited
by the unlabeled insulin in a dose-dependent manner. A 50%
decrease in binding is achieved at approximately 4.0 nM unlabeled
insulin. When Scatchard analysis was performed on this data, a

curvilinear plot was obtained, as shown inFig. 9. Using graphical



TABLE 7

[1251]-Insulin Binding to Isolated Bovine Cerebral Microvessels

Unlabeled
insulin Specific Bound % Maximum
(ng/m1) (ng [1251]-insulin/mg protein) Binding
0 .151 100
9 104 68.9
100 .036 23.8
1,000 .017 ' 11.3

Frozen cerebral cortical microvessels (0.1-0.2 mg protein) were
incubated with 2.5 ng/ml [1251]-insulin and various concentrations of
unlabeled insulin for 75 min at 22°C. Nonspecific binding was
determined in the presence of 10 pg/ml unlabeled insulin and subtracted

from all binding values to yield specific binding.
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TABLE 8

[1251]-Insulin Binding to Isolated Bovine Retinal Microvessels

Un1a?e1ed Insulin E%gcifjc Bound . % Maximum

ng/mi) (ng [1421]-insulin/mg protein) Binding
0 .053 100

0.5 041 78.3

5 .025 48.4

50 .004 8.4

500 .001 2.5

Freshly isolated retinal microvessels (0.1 to 0.2 mg protein/
sample) were incubated with 2.5 ng/ml [1251]-insulin (0.1 uCi) for 75
min at 22°C in the presence of various concentrations of unlabeled
insulin. Nonspecific binding was subtracted from all values. The data

represent the mean values from triplicate determinations.
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TABLE 9

[1251]-Insulin Binding to Isolated Porcine Cerebral Microvessels

Unlabeled Insulin Specific Bound % Maximum
(ng/m1) (ng [1251]-insulin/mg protein) Binding
0 .0225 100
5 .018 78.8
50 011 47.7
500 .008 37.1
5000 .003 19.5

Freshly isolated cerebral microvessels from neonatal pigs (0.1-0.2
mg protein per sample) were incubated for 30 min at 30°C with 1.5 ng/mi
[1251]-insulin in the presence of various concentrations of unlabeled
insulin. Nonspecific binding was determined in the presence of 100
ug/ml labeled insulin and subtracted from each value. The data
represent the mean values of triplicate determinations from two separate

assays.



FIGURE 8

Inhibition of Specific [1251]-Insulin Binding
to Bovine Cerebral Microvessels

Isolated bovine cerebral microvessels were incubated for
75 min at 22°C with 1.5 ng/ml [1251]-insulin, as described in
the text. Binding was determined in the presence of various
concentrations of unlabeled insulin. Nonspecific binding was
defined as the amount of binding present when tissue was
incubated with 100 ug/ml of unlabeled insulin and subtracted
from all values. Results represent means of triplicate
determinations from three separate experiments and the
binding values are expressed as a percentage of the maximal

[1251]-insulin binding.
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FIGURE 9

Scatchard Analysis of [1251]-Insulin Binding to
Bovine Cerebral Microvessels

[1251-1nsulin binding was carried out as described in
the text. Bovine cerebral microvessels (0.1 - 0.2 mg
protein) were incubated with 1.5 ng/ml [1251]-insulin for
75 min at 22°C in the presence of varying concentrations of
unlabeled insulin. Nonspecific binding was determined in the
presence of 100 pg/ml unlabled insulin and subtracted from
all binding values. Results are expressed as means of

triplicate determinations from three separate assays.
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in IM-9 Lymphocytes, a dissociation constant of 0.33 nM was calculated
for the high affinity receptor. The binding capacity corresponds to
0.027 pmoles [1251]-insulin per mg protein.

Competitive displacement experiments were simifar]y performed with
freshly isolated bovine retinal microvessels and freshly isolated
cerebral microvessels from neonatal pigs. Results of experiments in
which [1251]-insulin was incubated with bovine retinal microvessels and
various concentrations of unlabeled insulin are presented in Table 8 and
Figs. 10 and 11. A 50% decrease in [1251]-insulin binding is achieved
at approximately 0.8 nM. Scatchard analysis of this data is shown in
Fig. 11. Assuming the two site_hypothesis, the high affinity site was
calculated to have a dissociation constant of 0.33 nM and a binding
capacity of 0.039 pmoles per mg protein. Results of competitive binding
experiments with porcine cerebral microvessels are shown in Table 9 and
Figs. 12 and 13. A 50% decrease in binding is achieved at approximately
5.0 nM unlabeled insulin. The shape of the inhibition curve for porcine
cerebral microvessels (Fig. 12) is more similar to that seen with bovine
cerebral microvessels (Fig. 10). The Scatchard analysis, shown in Fig.
13, yields a curvilinear plot with a dissociation curve for the high
affinity site of 0.34 nM and a binding capacity of 0.066 pmoles per mg
protein.  [1251]-Insulin binding capacities and dissociation constants
for the nigh affinity, Tow capacity site are summarized in Table 10.
Dissociation constants were calculated using linear regression analysis
based on at least five points with ordinate values between 0.05 and 0.10

(Bound/Free ratio).



FIGURE 10

Inhibition of Specific [1251]-Insulin Binding to
Bovine Retinal Microvessels

Isolated bovine retinal microvessels were incubated for
30 min at 30°C with 1.5 ng/ml [1251]-insulin, as described in
the text. Binding was determined in the presence of various
concentrations of unlabeled insulin. Nonspecific binding was
defined as the amount of binding present when the tissue was
incubated with 100 pg/ml of unlabeled insulin and the
nonspecific binding thus detemined subtracted from all]
values. Results represent means of triplicate determinations
from three separate experiments. Binding values are
expressed as percentage of the maximal [1251]-insulin

binding.
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FIGURE 11

Scatchard Analysis of [12511-Insulin Binding to
Bovine Retinal Microvessels.

Bovine retinal microvessels were incubated for 30 min
at 30°C with 1.5 ng/ml [1251]-insutin, as described
previously. [12517-1nsulin binding was determined in the
presence of various concentrations of unlabeled insulin.
Nonspecific binding was subtracted from each point. Results

represent pooled data from five experiments.
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FIGURE 12

Inhibition of Specific [1251]-Insulin Binding
to Porcine Cerebral Microvessels

Isolated cerebral microvessels from neonatal pigs
were incubated for 30 min at 30°C with 1.5 ng/ml
[1251]-insulin, as described in the text. Binding was
determined in the presence of various concentrations of
unlabeled insulin and nonspecific binding in the presence of
100 ug/ml unlabeled insulin was subtracted from each point.
Results represent means of triplicate determinations from
two separate experiments. Binding values are expressed as a

percentage of the maximal [1251]-insulin binding.
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FIGURE 13

Scatchard Analysis of [1251]-Insulin Binding to
Porcine Cerebral Microvessels

Cerebral microvessels from neonatal pigs were
incubated for 30 min at 30°C with 1.5 ng/ml [1251]-insulin, as
described previously. Binding was determined in the presence
of various concentrations of unlabeled insulin. Nonspecific
binding was determined in the presence of 100 ug/ml unlabeled
insulin and subtracted from each point. Results are

expressed as the mean of triplicate determinations from two

separate assays.
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[1251]-Insulin Binding Constants and Binding Capacities

Binding Dissociation
Tissue Capacity Constant Reference
(pmoles/mg protein)  (nM)
Bovine Cerebral
Microvessels 0.027 0.33 Haskell et al. (54)
Bovine Retinal
Microvessels 0.039 0.33 Haskell et al. (54)
Porcine Cerebral
Microvessels 0.066 0.34 Haskell et al. (54)
Liver 0.5 Almira et al. (1)
Adipose 0.20 0.77 Cuatrecasas (23)
1.7 Pillion and Czech (99)
Muscle (Heart) 0.38 1.7 Freychet (43)
Lymphocyte (IM-9) 0.1-1.0 DeMeyts et al. (30)
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The effect of various analogues of insulin and other polypeptides

on [1251]-insulin binding to freshly isolated bovine retinal
microvessels are presented 1in Table 11. It .can be seen that porcine
insulin effectively inhibits tﬁeunbfhding of [1251]-insulin to retinal
microvessels. A and B chain insulin are devoid of biological activity
and have only a small effect on binding. Prolactin and human chorionic
gonadotropin have virtually no effect on binding, even in greater than

physiological concentrations.

Dissociation of [1251]-Insulin

Bovine Cerebral Microvessels

Fig. 14 shows the results of experiments designed to test whether
steady-state [12511-insulin binding is reversible. The freshly isolated
bovine cerebral microvessels were incubated with 4.5 ng/ml
[12571]-insulin for 75 min at 22°C before being washed rapidiy at 4°C and
were allowed to dissociate upon dilution with a 100-fold volume of ice
cold assay buffer with and without 100 ng/ml unlabeled insulin. The
presence of wunlabeled insulin greatly enhances the initial rate of
dissociation of [125I]-insulin initially bound to the cerebral
microvessels. The curve for dissociation in the presence of unlabeled
insulin appears to level off after 30 min, with both lines becoming
parallel. This result is obtained whether tissue 1is separated from
unbound insulin by centrifugation or by filtration. When the two
methods of separating bound and dissociated [12511-insulin are compared,

it appears that the filtration method indicates a greater amount of
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TABLE 11

Effect of Insulin Analogues on [1251]1-Insulin Binding

‘ ' % Maximal
Analogues Concentration % Inhibition Bound

50 ng/mi 81.6% 8.4%
Porcine Insulin

50 ug/ml 100.0% 0

50 ng/ml 10% 90%
A Chain Insulin

50 ug/ml 24% 76%
8 Chain Insulin

50 ug/ml 22% 78%
Prolactin 5 ug/ml 1.5% 98.5%

0.3 u/m 1.4% 98.6%

HCG

75 U/ml 18% 82%

Fresh bovine retinal microvessels were incubated for 30 min at 30°C
with 1.5 ng/ml [1251]-insulin in the presence of various concentrations
of the peptides 1isted above. Data represent means of triplicate

determinations.
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dissociation in the presence of unlabeled insulin. In the case of
dissociation due to dilution in buffer only, both methods
(Filtration = triangles; centrifugation through oil = circles) are very
similar. The majority of dissociation appears to occur within the
first 30 min with dilution alone and with dilution with buffer contain-

ing 100 ng/ml unlabeled insulin.

Bovine Retinal Microvessels

The filtration method of separating bound [125]-insulin from
dissociated insulin was used with freshly isolated bovine retinal
microvessels, as shown in Fig. 15. Dilution with buffer containing 100
ng/ml unlabeled insulin greatly enhanced the rate of dissociation from
these vessels, compared with dilution with assay buffer alone. As in
the case of bovine cerebral microvessels, both 1lines appear parallel
after 30 min.  Results were corrected for the amount of [12513-insulin
binding to the filters themselves and expressed as a percentage of the

insulin binding at time 0.



FIGURE 14

Dissociation of [1251]-Insutin from Bovine
Cerebral Microvessels

[12513-insulin (4.5 ng/ml) was incubated for 75
min at 22°C with bovine cerebral microvessels
(1.2-1.4 mg protein). At time 0, microvessels were
diluted with 100 volumes of ice-cold assay buffer
with and without 100 ng/ml unlabeled insulin. At the
time indicated, aliquots were removed and bound
[1251]-insulin separated from dissociated [1251]-
insulin by centrifuging an aliquot through oil, as
described in the Methods section [without unlabeled
insulin = open circles (-C -); with unlabeled
insulin = closed circles (- @ -)]. A duplicate
experiment was performed using the filtration method
described in the text [without unlabeled insulin =
open triangles (-A -); with unlabeled insulin =
closed triangles {- A -)]. Results are expressed as

percentage of [1251]-insulin bound at time O.



t '25) 3.INSULIN BOUND

OF INITIAL

PERCENTAGE

100

BOVINE CEREBRAL MICROVESSELS

904
80-
DILUTION
70- - a
60 -
®
50. DILUTION AND
COLD INSULIN
b ——a
40- .
IS 30 45 60 75

DISSOCIATION TIME ,min



98

FIGURE 15

Dissociation of [1251]-Insulin from Bovine Retinal
Microvessels

'Retinal microvessels were incubated with 4.5 ng/ml
[1251]-insulin for 75 min at 22°C. At time O,
microvessels were diluted with 100 volumes of ice-cold
assay buffer with and without 100 ng/ml unlabeled
insulin. At the time indicated, aliquots (5 ml) were
removed and filtered through prewashed filters, as
described in the text. Results are the average of
duplicate determinations and are expressed as a
percentage of [1251]-4nsulin bound at time O [diluted

without unlabeled insulin = open triangles (- A -);

diluted with unlabeled insulin = closed triangles (- & -)].
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Identification of the Microvascular Insulin Receptor

Crosslinking Procedure

The procedure for covalently crosslinking [1251]-insulin to its
plasma membrane receptor according to the method of Pilch and Czech (98)
is outlined in Fig. 16. Membranes were prepared as described in the
Materials and Methods section. Tissue pellets containing 400-500 ug
protein were incubated with 0.5 uCi [1251]-insulin with and without
excess unlabeled insulin (100 ug/ml1) for 60 min at 22°C in KRP buffer,
pH 7.75, containing 1% BSA and 1 M glucose. Microvessels were
incubated in a volume of 250-500 ul during the insulin binding portion
of this experiment. Binding to microvessels which were centrifuged
through o0il is shown in Table 12 and was found to consist of between
3-4% of the total radioactivity. Binding to liver plasma membranes was
found in this experiment to be approximately 9.1% of the total
[1251]-insulin. |

Following idinsulin binding, the membranes were centrifuged and
washed rapidly at 4°C in KRP buffer, pH 7.4, without BSA. It is
absolutely critical to remove bovine serum albumin from the membrane
supernatant at this step 1in order to prevent crosslinking of [1251]-
insulin to this protein.

Membranes were centrifuged, resuspended in BSA-free phosphate
buffer and 0.25 mM disuccinimidyl suberate added. The tissue was
incubated for 15 min at 4°C before being quenched with a fivefold excess

of Tris~-EDTA buffer and incubated 20 min at 4°C, as depicted in Fig. 16.



101

FIGURE 16
Crosslinking Procedure

Procedure for covalently crosslinking
[1251]~insulin to its plasma membrane receptor
using disuccinimidyl suberate, according to the
methods of Pilch and Czech (98), is outlined here

and described in the text.



Crosslinking Procedure

Membrane Preparation
[1251ffinsulin Binding (75 min, 22°C)
A 4
Wash (1 min, 4°C)
L 4
Crosslinking with .25 mM DSS (15 min, 4°C)

v

Quenching with Tris-EDTA (20 min, 4°C)

L 4

Wash (1 min, 4°C)

SDS-PAGE

Autoradiography
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TABLE 12

[12571]-Insulin Binding in Crosslinking Experiments

[1251]-1nsulin Binding

Total MNonspecific Specific
Membrane Preparations (% Total Count) (% Total Count) (% Total Count)

Bovine Brain

Microvessels 7.6 4.7 2.9
Bovine Retinal
Microvessels 7.8 4.0 : 3.8
Porcine Brain
Microvessels i 6.3 3.3 3.0
Rat Liver . 13.3 4,2 9.1

Tissue pellets containing 0.4-0.5 mg protein were incubated with
0.5 uC [1251]-insulin with and without excess unlabeled insulin (100
ug/mi) for 60 min at 22°C. Incubation was carried out in 0.25 ml
Krebs-Ringer phosphate buffer, pH 7.75, containing 1% BSA and 1 mM
glucose. Following incubation, 50 nl aliquots were removed and
centrifuged through 0il. The remaining 200 ul of sample was crosslinked
using disuccinimidyl suberate. Protein content was determined by
digesting the pellet in 0.1 N NaOH. Pellets were counted in a gamma
counter and the counts were normalized per mg protein. Results are

expressed as percentage of total radioactivity.
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Microvascular and 1liver membranes were rapidly washed with Tris-
EDTA buffer.. The membranes were then centrifuged and the supernatant
discarded. After this final wash, pellets were dissolved in sample
buffer and boiled 5 min before being applied to the dodecyl sulfate
polyacrylamide slab gel. Fig. 17 shows the electrophoretic patterns of
bovine retinal microvascular membrane preparations, porcine cerebral
microvascular membrane preparations and liver membranes used in covalent
crosslinking experiments. Coomassie Brilliant Blue R was used to stain
the protein bands seen in Fig. 17. It can easily be seen that the two
microvascular preparations closely resemble each other and share many
common electrophoretic protein bands. They have several distinct
features, mainly the presence of different high molecular weight protein
bands. Molecular weight markers from Bio-Rad were used and the position
of the standards are depicted in the figure. Microvascular membranes
have a tendency to smear when applied to the dodecyl sulfate polyacryla-
mide gels. This 1is possibly due to the contamination of basement
membrane proteins which are not readily solubilized in the sample
buffer. This problem was overcome by changing the method by which the
membranes were prepared. Better gel patterns have resulted from the use
of a small (5 ml) smooth glass homogenizer with a tight fitting tefion
pestle. Frozen microvessels were washed several times in cold distilled
water and centrifuged prior to homogenization. Centrifuging the sample
after it was solubilized in sample buffer or filtering it was not
particularly helpful. Conducting the mltiple wash steps in the
crosslinking procedure 1in Corex glass centrifuge tubes in rubber
adapters and centrifuging at 30,000 xg was found to greatly improve the

yield of crosslinked protein and improve the appearance of the Coomassie

blue stained gel.
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FIGURE 17

Electrophoretic Patterns of Membrane Proteins

Membranes were prepared as described in the
text from microvessels isolated from bovine
retina and porcine cerebral cortex. These
membranes were dissolved in sample buffer, boiled
for 5 min and applied to a dodecyl sulfate
polyacrylamide gel. Following electrophoresis,
the gel was stained with Coomassie brilliant blue
and dried on a Bio-Rad gel drier. Liver membranes

were also applied to the gel.
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Isolation of the Insulin Receptor

Rat liver membranes were used to repeat the experiments of Massague
and Czech (83) and Massague et al. (84). Membranes were incubated with
[12517-insulin for 60 min at 22°C, as described in the Materials and
Methods section. The autoradiograph shown in Fig. 18 demonstrates that
the insulin receptor isolated under non-reducing conditions has a
molecular weight of approximately 300,000 daltons. When liver membranes
are solubilized under reducing conditions, the [1251]-insulin is
crosslinked to a protein of approximately 125,000 daltons. These
results agree with the results reported by Pilch and Czech (98) and
Massague et al. (84) for the insulin receptor in rat liver adipocytes.

Plasma membranes from rat 1liver and bovine retinal microvessels
were incubated with 0.5 uCi [125C]-insulin for 60 min at 22°C, and then
crosslinking of [1251]-insulin to the receptor was achieved by the
addition of 0.25 mM disuccinimidyl suberate. Membranes were boiled in
sample buffer containing 50 mM DTT and 2% SDS and applied to an
SDS-polyacrylamide gel. Following electrophoresis, the gel was dried
with a Bio-Rad gel drier and autoradiography performed. Fig. 19
demonstrates that [1251]-insulin is crosslinked to a protein of 125,000
dalton molecular weight in both the retinal microvessel membranes and
the liver membranes which were not incubated with excess unlabeled
insulin. The band at 66,200 daltons apparently represents nonspecific
binding to bovine serun albumin which was not completely removed from
the sample. The 125,000 dalton molecular weight band was not observed
in the samples incubated with excess unlabeled insulin, indicating that

this protein 1is specifically bound to [12%I]-insulin. These resulis
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indicate that the insulin receptor in bovine retinal microvessels
closely resembles the insulin receptor in rat liver, with respect to its

subunit structure.
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FIGURE 18

Isolation of the Insulin Receptor in Liver Using
Disuccinimidyl Suberate and Reducing and Nonreducing
Conditions

Plasma membranes from rat liver cells were incubated
with [125]-insulin for 60 min at 22°C in the presence and
absence of excess unlabeled insulin (100 pg/ml). Membranes
in lanes 3,4,7 and 8 were covalently crosslinked with 0.25
mM disuccinimidyl suberate, while membranes in lanes 1,2,5
and 6 were incubated without disuccinimidyl suberate.
Samples in lanes 1,2,3 and 4 were solubilized with sample
buffer without dithiothreitol; samples in lanes 5,6,7 and 8
were solubilized in sample buffer containing 50 mM
dithiothreitol. Even-numbered lanes contain samples
incubated in the presence of excess unlabeled insulin,
while odd-numbered lanes contain samples incubated in the
absence of unlabeled insulin. Dodecyl sulfate
polyacrylamide gels were electrophoresed, stained with
Coomassie blue and dried on a Bio-Rad gel drier.
Autoradiographic visualization of the gels yielded the

pattern presented.
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FIGURE 19

Isolation of the Insulin Receptor of Retinal
Microvessels and Liver

Plasma membranes from rat 1iver and bovine
retinal microvessels were incubated with 0.5 nC
[1251]-insulin for 60 min at 22°C and then crosslinked
using 0.25 mM disuccinimidyl suberate. Isolation of
the resulting [1251]-insu1in-receptor complex was
achieved by solubilizing the membranes in buffer
containing 50 mM dithiothreitol and 2% SDS and
applying the samples to a dodecylsulfate
polyacrylamide gel in the following order: (1)
retinal microvessel membranes plus [1251]-9nsulin, (2)
retinal microvessel membranes plus [12517-insulin and
100 ug/ml unlabeled insulin, (3) 1iver membranes plus
[12513-insulin, (4) liver membranes plus
[1251]-insulin and 100 pg/ml unlabeled insulin.
Following electrophoresis, the gels were dried with a
Bio-Rad gel drier and autoradiography performed. The
band at 66,200 daltons molecular weight corresponds to
nonspecific binding of [125I1-insulin to BSA not

comletely removed from the sample.
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V. DISCUSSION

Tissue Isolation

Cerebral and retinal microvessels are unique since they comprise
the blood-tissue barrier in the brain and eye, respectively. Contrary to
the endotheliun in other tissues throughout the body, the cerebral and
retinal microvascular endothelium consists of a continuous layer of
endothelial cells with tight junctions. Recent studies have indicated
that the function of this barrier is disturbed in disease states, such
as diabetes mellitus. In fact, diabetics are often diagnosed from the
appearance of microangiopathy and microvascular disturbances in the
retina prior to the discovery of poor carbohydrate tolerance and
increased blood glucose Tevels. Diabetics of long duration have been
found to have thickened basement membranes and impaired permeability of
their microvessels. It is now well established (2,7,8,13,17,33,53
56,60,68,87,91,95) that cerebral and retinal microvessels isolated
according to the procedure described in Fig. 2 have characteristics of
the blood-brain barrier and are representative of the microvessels in
which microangiopathy is known to occur in diabetics.

These microvessels have been shown to have intact metabolic
activity (7,13,60,87,88,95) and they respond to various hormonal stimu-
lation (2,53,68,89). - Preparations of isolated bovine cerebral and
retinal microvessels and cerebral microvessels isolated from neonatal
pigs, (89,100) .which are analogous to the preparations used here,

113
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exhibit an increase in glucose metabolism with physiological doses of
insulin, as measured by conversion of l4C-glucose to 140, and radio-
labeled 1ipids. Insulin also has been shown to increase the activity of

the Tow Ky form of cAMP-phosphodiesterasé in these same vessels (100).

Insulin Binding

Insulin is secreted by the B cells of the endocrine pancreas into
the blood stream where it is carried throughout the body until it is
cleared by the kidney or the liver or degraded by peripheral tissue
enzynes. Before it 1is degraded, the insulin molecule can bind to
specific receptors on target cells in insulin-sensitive tissues where
insulin causes physiological effects. This hypothesis was first pro-
posed by Sutherland (20) as the mechanism of action for peptide and
polypeptide hormones and is widely accepted as the mechanism of insulin
action (25,43,50). It is currently unknown exactly how the insulin
molecule manages to generate its well-established physiological effects.
Although it has been well known that microvascular complications are
prevalent in diébetics, a direct effect of insulin on blood vessel walls
has been hypothesized recently. Several years ago insulin receptors
were demonstrated in red biood cells, monocytes and various blood-borne
cells. More recently, receptors for insulin were found throughout the
central nervous system, although it is controversial whether increased
levels of insulin cross the blood-tissue barrier and are available to

these binding sites.



115

Van Houten and Posner (123) have shown that large amounts of
insulin bind to cerebral microvessels under dn vivo conditions.
Bergeron et al. (5) have noted that a Targer number of insulin molecules
bind to liver endotheliun even in the presence of excess unlabeled
insulin, which may possibly not be due to nonspecific binding. This
work has generated interest in the presence of insulin receptors in the
microvascular system along with speculation as to the physiological role
of these receptors. It is not currently known whether insulin has
"trophic" as well as "metabolic" effects on these vessels, as discussed
by Freychet (43). The results of Meezan and Pillion (89) and Pillion et
al. (89,100) suggest a metabolic effect of insulin on microvascular
tissue, but a trophic effect (protein synthesis, DNA replication, etc.)
has not yet been demonstrated.

In this dissertation, the binding and degradation of [1251]-insulin
in microvessels isolated from bovine cerebral and retinal tissue and
neonatal porcine cerebral cortex has been characterized. The results
show the effects of increasing protein concentration, increasing concen-
tration of 1labeled insulin, varying time of incubation, increasing
temperature, and increasing concentration of unlabeled insulin on the
binding of [1251]-insulin to the microvascular receptors.

Binding is affected by pH, temperature and other physiological
conditions under which insulin binding has been shown to vary in liver,
adipose tissue and muscle. Binding is specific for insulin and not
displaceable by insulin analogues such as A chain or B chain, which do
not have physiological activity. Other protein hormones, such as
prolactin and human chorionic gonadotropin, have no effect on [1251]-

insulin binding, even when high, non-physiological concentrations were

used.,



Scatchard Analysis

Unlabeled insulin inhibited [1251]-insulin binding to mfcrovascu]ar
tissue in a dose-dependent manner. Approximately 2-9 ng/ml unlabeled
insulin was required to inhibit 50% of [1251]-insulin binding.
Scatchard analysis of the binding data yielded a curvilinear plot
resembling that exhibited by liver or adipocyte receptors. The insulin
receptor in cerebral and retinal microvessels resembled the insulin
receptor in other well-characterized insulin sensitive tissues. It
exhibited binding characteristics which were specific, saturable,
finite, readily reversible, and which showed affinity constants in the
physiological range of insulin concentrations in plasma. Graphical
analysis of the binding data yielded similar high affinity binding
constants in all three microvascular preparations, as shown in Table 10.
The binding constants of other insulin sensitive tissues are also
presented in Table 10, The binding capacity is clearly lower in
isolated microvascular tissue than in Tliver, fat or mscle. Two
possible explanations would account for this Tow binding capacity. The
first hypothesis is that since the microvessels are constantly exposed
to insulin, at least on the luminal surface of the endothelium, any
receptors might possibly be down-regulated to prevent an overload of the
insulin stimulation on the cells of the vessels. TJo test this
hypothesis, it would be very interesting to examine binding in micro-
vessels from diabetic animals in which circulating insulin Tlevels are
minimal, thus eliminating the possibility of down-reguiation of receptor
sites. The second hypothesis is that although insulin binding
capacity is low per cell, the microvascular system is comosed of a

relatively vast number of endothelial cells. Binding to these cells
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could in effect bind many molecules of insulin and maintain a raservoir
of insulin molecules which could be released to increase available
insulin supplies to 1liver, adipose tissue, and muscle cells under
varying physiological and pathological conditions. In essence, insulin
binding to microvascular insulin receptors could protect other insulin-
sensitive cells from an exposure to excess amounts of insulin during
periods of hyperinsulinemia and could release intact insulin during
periods of normoinsulinemia. In this hypothesis, the thickening of the
basement membrane in maturity-onset diabetes might result from increased
exposure of the microvascular insulin receptors to the high circulating
levels of dinsulin even prior to systemic imbalance of carbohydrate

metabolism.

Dissociation of [1251]-Insulin

Dissociation of [125I]-insulin from its binding sites was acceler-
ated in the presence of unlabeled insulin. The dissociation of labeled
insulin is shown in Fig. 14 for isolated bovine cerebral microvessels
and in Fig. 15 for isolated bovine retinal microvessels. Dissociation
was rapid and similar in both tissues, suggesting that the binding
interaction between insulin and its microvascular receptor is a revefsi-
ble interaction. These results are compatible with either negative
cooperativity as proposed by DeMeyts et al. (30) or the two site
hypothesis as described by Pollet and Levey (102). The finding that the
presence of unlabeled insulin increases dissociation has been demon-
strated in most insulin-sensitive tissues and the significance of

this finding is still controversial.
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Isolation of the Insulin Receptor

Using dodecyl sulfate polyacrylamide gel electrophoresis, the
insulin receptor was isolated under reducing conditions yielding a
labeled subunit which was visualized using autoradiography. The subunit
structure of the microvascular insulin receptor highly resembled the
insulin receptor subunit structure described in 1liver. Table 13
summarizes the results obtained by various investigators using either
the photoaffinity 1labeling method or the affinity crosslinking method.
It can readily be seen that the affinity crosslinking method results in
isolation of the insulin receptor, giving a molecular weight of 300,000
§ under non-reducing conditions and 125,000-170,000 & under reducing
conditions.

These results are consistent with the a2Bo model proposed by Pilch
and Czech (98) for the insulin receptor and discussed 1in the Review
section of this dissertation. The « subunit (125,000 &) is readily
visualized by autoradiography of [1251]-insulin crosslinked to its
membrane receptor using disuccinimidyl suberate. The B subunit (90,000
§) and By subunit (40,000 s) are less well isolated using this method.
Bovine serum albumin (66,200 §) was nonspecifically bound to [1251]-
insulin and produced bands 1in all four columns of the autoradiograph
shown in Fig. 19. It is also demonstrated in Fig. 19 that the insulin
receptor in isolated bovine retinal microvessel membranes exactly
corresponded to the insulin receptor isolated under reducing conditions
(50 mM DTT) in rat liver membranes.

In the future, it would be interesting to use this technique to
isolate the insulin receptor in other tissues, such as bovine and

porcine cerebral microvessels which have similar affinity constants for
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Summary of Insulin Receptor Characterization

Molecular Weight

Tissue Native Reduced Reference
Photoaffinity Labeling Method
Rat liver 310,000 135,000 Jacobs et al. (65)
45,000
90,000
Rat adipocytes 380,000 130,000 Yip et al (133-135)
. 300,000 90,000
(rodent 1liver) 230, 000 40,000
Rat brain 115,000 Yip et al (133)
Rat liver 130,000 Wisher et al {(131)
» 100,000
Affinity Crosslinking Method
Rat liver 300, 000 125,000 Pilch and Czech (98)
Rat adipocytes
Cultured human 310,000 170,000 (120,000) Pollet et al (103)
lymphocy tes (50,000)
Bovine retinal 125,000 Haskell et al. (54)
microvessels
Rat myocytes 370,000 130,000 Im et al. (62)
82,000

47,000
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[12511-insu11n, and renal preparations (glomeruli and tubules) which
have two different affinity constants for [1251]-insulin. It would also
be interesting to attempt to isolate other polypeptide hormone receptors

using the affinity crosslinking method and to identify their subunit

composition.



VI. SUMMARY

Isolated microvessels from bovine cerebral cortex, bovine retina
and porcine cerebral cortex bind [12511-insulin in a specific manner.
Binding was examined using different protein concentrations, various
incubat10;a£ime and temperature conditions and at various concentrations
of [1251]-insulin. Unlabeled insulin displaces bound [1251]-insulin in
a dose-dependent fashion. A and B chains of insulin did not displace
bound; certain other protein hormones (prolactin and human chorionic
gonadotropin) at physiological concentrations did not displace bound
[1251]-insulin. Scatchard analysis yielded a curvilinear plot for all
three microvascular preparations. The presence of a high affinity
binding site in microvascular tissue resembles the results obtained with
other insulin-sensitive tissues. Dissociation of bound [1251]-insulin
was rapid and was accelerated in the presence of unlabeled insulin.
These results confirmed the presence of an insulin receptor in isolated
cerebral and retinal microvessels. The insulin receptor in isolated
bovine retinal microvessels was crosslinked to [1251]-insulin using 0.25
mM disuccinimidyl suberate. Using dodecylsulfate-polyacrylamide gel
electrophoresis, the insulin receptor was isolated under reducing
conditions, with a labeled subunit visible using autoradiography. An
approximately 125,000 dalton molecular weight band was obtained which
coincided with that of the B subunit of the insulin receptor isolated on
the same gel from rat liver.
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