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Abstract

Insulin and glucagon are the hormonal polypeptides secreted by the B
and A cells of the endocrine pancreas, respectively. Their major
physiologic effects are regulation of carbohydrate metabolism, but
they have opposite effects. Insulin and glucagon have various physi-
ologic roles, in addition to the regulation of carbohydrate metabolism.
The physiologic effects of insulin and glucagon on the cell are initiated
by the binding of each hormone to receptors on the target cells.
Morphologic studies may be useful for relating biochemical, physi-
ologic, and pharmacologic information on the receptors to an ana-
tomic background. Receptor radioautography techniques using
radioligands to label specific insulin and glucagon receptors have
been successfully applied to many tissues and organs. In this review,
current knowledge of the histologic distribution of insulin and gluca-
gon receptors is presented with a brief description of receptor radioau-
tography techniques.
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Introduction

Insulin is a hormone secreted by B cells,
and glucagon is secreted by A cells of the
pancreas. The two hormones play an impor-
tant role in carbohydrate metabolism. How-
ever, the actions of insulin and glucagon in
carbohydrate metabolism are opposite. Fur-
thermore, insulin and glucagon have various
physiologic roles in addition to the regula-
tion of carbohydrate metabolism. The physi-
ologic effects of insulin and glucagon on the
cell are initiated by the binding of each hor-
mone to target cell receptors. To relate bio-
chemical, physiologic, and pharmacologic
information on receptors to an anatomic back-
ground, morphologic studies might be im-
portant, although microdissection techniques
allow the determination of receptor levels in

tissues as small as 200 to 500 µm in diameter
(1,2). Significant advances in the determina-
tion of the histologic distribution of recep-
tors for many hormones have been made in
the past two decades, primarily by radioau-
tography. In this review, the insulin and glu-
cagon receptors will be described with em-
phasis on the histological tissue distribution
of these receptors from macroscopic to light
microscopic levels determined mainly with
the radioautographic technique. The funda-
mental procedure of macro- and microradio-
autography for peptide hormone receptors
will also be described.

Insulin and insulin receptors

Insulin is only secreted by B cells of the
islets of Langerhans of the pancreas. Insulin
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was crystallized by Abel in 1926 and all
amino acid sequences were identified by
Sanger in 1955. Hodgkin determined the
tertiary structure of the protein in 1969. Insu-
lin is a polypeptide with a molecular mass of
about 5800 Da, in which the A chain is
linked to the B chain by two disulfide bridges.
The binding site of the insulin molecule to
the receptor has been clarified (3). When the
site at which insulin takes part in binding to
the receptor is labeled with radioactive io-
dine, normal binding ability is lost. There-
fore, in investigations on insulin binding to
the insulin receptors, TyrA14 located away
from the receptor-binding site is labeled with
radioactive iodine.

Action of insulin

Insulin plays an important physiologic
role, especially in the liver, muscle, and
adipose cells, in homeostasis of blood glu-
cose concentration (4). For this reason, the
liver, muscle, and fat have been regarded as
major target tissues for insulin. However,
insulin has also been found to promote cellu-
lar growth and proliferation in many cell
types in culture. The physiologic effects of
insulin are divided into three types in terms
of the timing of action (5). 1) Immediate
effect of insulin: The effect occurs within
several seconds after insulin is administered;
transportation of glucose is promoted and
phosphorylation and dephosphorylation of
enzymes occur. 2) Mid-term action of insu-
lin: The effect of insulin is detected within 5-
60 min after insulin administration, includ-
ing the induction and appearance of the gene
encoding the protein. The maximum effects
of this action are caused within 3-6 h. 3)
Long-term action of insulin: The effect can
be detected from several hours to several
days later, including the stimulation of DNA
synthesis, cell division, and cell differentia-
tion.

It should be noted that the action of insu-
lin is different depending on the amount. For

instance, the amount of insulin necessary to
inhibit gluconeogenesis is greater than that
necessary to inhibit glycogenolysis (4). These
actions of insulin begin with the binding of
insulin to insulin receptors.

Insulin receptors

The action of insulin starts with binding
to the receptors located on the membrane of
target cells as is the case for all peptide
hormones. The kinetic characteristics of in-
sulin receptors in various types of cells have
been clarified using radiolabeled insulin (6).
The insulin receptor exists on the membrane
of all mammalian cells. The brain cell, which
has been assumed to have an insulin-inde-
pendent organization, is also included a-
mong these cells (7,8). The number of recep-
tors varies from 40 for erythrocytes to 200
~300 x 103 for adipocytes and hepatocytes.
The binding characteristics are complex be-
cause of negative cooperativity among the
insulin-binding sites, in which binding of
one insulin molecule to the receptor pre-
vents binding of the second molecule (9).

The insulin receptor consists of two α
subunits containing the site for insulin binding
and two ß subunits containing the tyrosine
kinase domain; these subunits are connected
by disulfide bridges to form a 350 kDa ß-α-α-
ß tetramer (10). The insulin receptor derives
from a single gene on the short arm of chromo-
some 19 and consists of 22 exons separated by
21 introns (11). However, two isoforms of the
insulin receptor are produced by alternative
splicing of exon 11 (12).

The distribution of insulin receptors with
or without exon 11 varies among tissues
(12,13). The isoform with exon 11 is pre-
dominant in the liver, but is not common in
muscle. The adipocyte has both isoforms at
nearly equal levels. These two isoforms of
the insulin receptor exhibit different affini-
ties for insulin. The isoform with exon 11
exhibits higher affinity than the isoform with-
out exon 11 (14,15).
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The insulin receptor is a hormone-acti-
vated protein tyrosine kinase. Protein ty-
rosine kinases are enzymes that catalyze the
transfer of phosphate groups from adenosine
triphosphate to the tyrosyl residues of pro-
teins. Binding of insulin to the binding site
on the extracellular portion of the α subunit
results in activation of the protein kinase site
on the cytoplasmic portion of the ß subunit,
which adds phosphate groups to tyrosine
residues in the target proteins in the cyto-
plasm. Following receptor kinase activation,
an insulin signal is transmitted through
postreceptor signaling pathways (16,17).

Glucagon and glucagon receptors

Glucagon was discovered in the 1930s in
crude insulin preparations and was termed
the hyperglycemic glycogenolytic factor.
Glucagon is a single-chain polypeptide with
a molecular mass of 3485 Da which consists
of 29 amino acids (4). A single gene encod-
ing preproglucagon has been found on chro-
mosome 2 in humans and rats, and certain
intestinal and neural cells express the
preproglucagon gene (18,19). Glucagon im-
munoreactivity has also been reported in
certain intestinal (20-22) and neural (23)
cells, besides pancreatic A cells, but these
cells do not appear to secrete significant
quantities of true glucagon under normal
circumstances (24). In the intestine, gluca-
gon is secreted in the form of glicentin (con-
sisting of 69 amino acids and referred to as
enteroglucagon) and oxyntomodulin (37
amino acids), but not in the form of true
glucagon (29 amino acids) (25). Therefore,
A cells of the islets of Langerhans of the
pancreas are the only source of true gluca-
gon under normal circumstances. The bind-
ing site of the glucagon molecule to the
receptor has been investigated (26,27). Since
normal binding ability of glucagon to the
receptors will be lost by labeling the binding
sites with radioactive iodine, Tyr10, which
is not the receptor-binding site, is labeled

with radioactive iodine in experiments car-
ried out to investigate glucagon binding.

Action of glucagon

Glucagon has several effects that are op-
posite to those of insulin (4). Glucagon raises
the blood glucose concentration by stimulat-
ing hepatic glycogenolysis and gluconeo-
genesis. In contrast, a fall in glucagon con-
centration below basal levels results in a
decrease in hepatic glucose production. Glu-
cagon has been shown to play a critical role
in the disposition of amino acids by increas-
ing their inward transport, degradation, and
conversion into glucose. The stimulatory
action of glucagon on hepatic glucose pro-
duction lasts only 30 to 60 min. In addition to
its action on carbohydrate metabolism, glu-
cagon is said to be involved in the regulation
of lipolysis (28), but within the physiologi-
cal range, glucagon has little or no effect on
the lipolysis of adipose tissue in humans
(29,30). Other reported actions of glucagon
include the inhibition of gastric acid secre-
tion and gut motility (31), a positive inotrop-
ic effect on the heart (32), a spasmolytic
function on the intestinal wall (33), involve-
ment in intra-islet hormone regulation in the
pancreas (34-36), and regulation of renal
function (37,38).

Glucagon receptor

The effects of glucagon are mediated by
the binding of the hormone to a specific
receptor (24). The human glucagon receptor
is located on chromosome 17 (39). The rat
glucagon receptor was cloned and found to
belong to the GTP family and cyclase-linked
receptors having seven putative transmem-
brane domains (40,41). The N-terminal ex-
tracellular portion of the receptor is required
for ligand binding and most of the distal C-
terminal tail is not necessary for ligand bind-
ing; the absence of the C-terminal tail may
slightly increase the receptor-binding affinity
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for glucagon. The C-terminal tail is also not
necessary for adenyl cyclase coupling and,
therefore, does not play a direct role in G
protein activation by the glucagon receptor
(42). A human glucagon receptor has also
been cloned from human liver tissue, and it
was shown that the human glucagon recep-
tor amino acid sequence had 82% identity
with the rat receptor (43). The number of
receptors is supposed to be 200 x 103 in
hepatocytes (40), and it has been proposed
that two types of hepatic glucagon receptors
may have different signaling pathways (44).
The principal hepatic glucagon receptor is a
glycoprotein of 63 kDa (45,46) and there is a
second receptor of 33 kDa (45). The exist-
ence of two functionally distinct forms of
glucagon receptors, a high-affinity form with
a Kd of 0.1~1.0 nM comprising 1% of the
glucagon-binding sites and a low-affinity
form with a Kd of 10~100 nM that makes up
99% of the molecules, has been reported (24).

Methods for investigating the
histologic distribution of receptors

Although both immunohistochemistry
and radioautography can be used to investi-
gate the distribution of insulin and glucagon
receptors, we focus here on the radioauto-
graphic technique (47). The body is made up
of many organs and each individual organ is
functionally and morphologically heteroge-
neous. It is important that experiments of
receptor distribution proceed from the mac-
roscopic to the microscopic level. Macrora-
dioautography including whole body radio-
autography is suitable for studying the tissue
distribution of radiolabeled ligands in the
whole animal or in large organs. Microradio-
autography at the light microscopy level is
suitable for the visualization of radiolabeled
ligand binding at the cellular level.

For radioautography, two types of label-
ing techniques for receptors can be used in
vivo and in vitro. In in vivo receptor radioau-
tography, tissues and organs are removed

from experimental animals that have received
radiolabeled ligand injections, and sections
are prepared. The sites labeled with the ligand
are visualized by radioautography with films
or nuclear emulsions. During in vitro proce-
dures, sections of tissues and organs from
experimental animals that have not been in-
jected with a radiolabeled ligand are incu-
bated with a radiolabeled ligand. The sec-
tions are then exposed to films or nuclear
emulsions to detect ligand radioactivity. Since
many factors, such as ligand metabolism and
tissue barriers, might influence in vivo re-
ceptor labeling, the interpretation of these
results might be more complicated than that
of in vitro labeling. However, in vivo proce-
dures might better reflect the physiologic
binding of ligands to their receptors. As
reported by Kuhar (48), in vitro procedures
have certain advantages over in vivo proce-
dures: the quantity of radioisotope is much
smaller than that used in in vivo radioautog-
raphy and the physiologic condition of the
receptor sites can be regulated easily by
removing endogenous ligand sources. The
present paper mainly deals with the in vivo
procedure.

Macroradioautography for histologic
receptor distribution

Macroradioautography includes whole
body radioautography of animals and organ
radioautography of large organs such as the
brain, liver and kidney. The procedure for in
vivo whole body radioautography is as fol-
lows (47,49,50): 1) After intravenous injec-
tion of a radiolabeled ligand, the experimen-
tal animals are perfused with Ringer solution
to wash out unbound ligands from the whole
body. Three minutes before the perfusion,
the mice are anesthetized by intraperitoneal
injection of sodium pentobarbital. 2) The
region incised for perfusion is covered with
3% carboxymethylcellulose that has been
frozen with powdered dry ice. The entire
body of the animal is then frozen at -70oC in
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a mixture of dry ice and acetone. 3) The
frozen animal is embedded in 6% carboxy-
methylcellulose on the microtome stage and
after equilibrating the block with the temper-
ature of the cryostat (-20oC), 20-µm thick
whole body cryosections are prepared using
a heavy duty microtome (LKB 2250, Swe-
den). 4) Adhesive tape (Scotch tape, Type
800, 3M Co., St. Paul, MN) is applied to the
cut surface of the frozen animal to prevent
the section from falling apart. 5) The sec-
tions obtained are freeze-dried in a cryostat
or deep freezer. The freeze-dried sections
are brought to room temperature in a desic-
cator containing silica gel. 6) The dry sec-
tions are then placed in direct contact with
films, using aluminum plates that are screwed
down. For 125I-labeled ligands, Ultrofilm
(LKB, Bethesda, MD), HyperfilmTM-3H
(Amersham International plc., Buckingham-
shire, UK), or a Konica Macroradioautograph
(Konica Co., Tokyo, Japan) film should be
used (without a protective layer of gelatin),
and inserts should be avoided. Before ex-
amination using this method of direct con-
tact with the film, negative and positive
chemography should be checked (51-53). 7)
After exposure in a cool, dark box, the films
are developed and fixed. D19 (Kodak, Ro-
chester, NY) is a good emulsion developer
because it shows a large range of gray levels
and results in good proportionality between
absorbance and radioactivity (54). There is
an alternative method of whole body radio-
autography in which whole body cryosections
on glass slides are used rather than
cryosections adhering to adhesive tape (55).

Whole body radioautographs thus ob-
tained are usually observed with the unaided
eye. However, whole body radioautographs
are also suitable for observation under a low-
power microscope when 125I-labeled ligands
are used. To identify organs and tissues ap-
pearing in whole body radioautographs,
whole body histologic sections that corre-
spond to the radioautographs are prepared
(56-58).

With whole body radioautography, ra-
dioactivities in various parts of organs and
tissues can be estimated and compared. For
tubular organs, these techniques are not suf-
ficient for such demands, because a single
whole body section does not display any
tubular organ as a whole. For this purpose,
radioautography of tubular organs has been
established (59). For parenchymal organs
such as the brain, liver and kidney, the fol-
lowing organ radioautography is recom-
mended: after injection of 125I-labeled ligand,
with or without excess unlabeled ligand, the
animals are perfused with Ringer solution
and fixed with 4% paraformaldehyde solu-
tion through the left ventricle. The organs
are then removed and immersed in the solu-
tion for 2 h. After immersion, the specimens
are dehydrated with a graded series of etha-
nol, and embedded in paraffin after immer-
sion in xylene. Five-µm thick paraffin sec-
tions on glass slides are deparaffinized and
brought into contact with the film for
macroradioautography. After appropriate
exposure, the films are developed and fixed.
In this case, a nuclear emulsion instead of a
film will give better results. The emulsion is
applied using the dipping technique (60,61),
but the exposure time is much longer than in
microradioautography.

In vitro techniques are essential for the
study of receptors in tissues and organs with
a functional barrier to a given ligand such as
the brain. In the in vitro procedure, the or-
gans are removed from the animals without
the injection of a radiolabeled ligand. The
organs are washed with ice-cold physiologic
saline to remove blood and are frozen as
soon as possible in isopentane cooled with
liquid N2. Sections, 25-µm thick, are cut
with a microtome at -15oC and thaw mounted
on glass slides. To prevent the section from
peeling off the glass slide, the glass slides
must be coated with dichlorodimethyl-sil-
ane, poly-L-lysine, or gelatin. The sections
are dried immediately and preincubated with
a buffer solution for 15 to 30 min to remove
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intrinsic ligands and to act as an inhibitor for
peptidase. After preincubation, the sections
are incubated with a radiolabeled ligand.
Temperature and incubation time are deter-
mined by biochemical receptor-binding ex-
periments with homogenate tissue or with
the crude membrane fraction. To decrease
nonspecific binding, washing with ice-cold
isotonic buffer solution is performed after
incubation with the radiolabeled ligand. Fi-
nal washings are conducted with ice-cold
distilled H2O to remove salts present in the
buffer. After air drying, the sections are ex-
posed to a photographic film.

For analysis of macroradioautographs,
the density of the radioautographic images
in the films is determined by computer-as-
sisted densitometry. As a standard for quan-
tification of radioautographs, 125I scales ([I-
125]micro-scales, RPA522, Amersham In-
ternational plc.) are used. With the 125I-plas-
tic standards the sensitivity of the film to 125I
should be determined (62). To obtain appro-
priate absorbance values for the radioauto-
graphs, it is necessary to know the relation-
ship between isotope concentrations and film
blackings at various exposure times. There-
fore, in the experiments of radiolabeled ligand
binding, with or without unlabeled ligand
using serial cryosections, appropriate ab-
sorbance values for each section should be
obtained by changing the exposure time for
the different amount of binding.

Microradioautography for histologic

receptor distribution

To determine where specific ligand-bind-
ing sites are located at the cellular level,
radioautographic techniques with high spa-
tial resolution are required. For this purpose,
microradioautography at the light micros-
copy level is used. The procedure for micro-
radioautography is as follows.

The paraffin- and resin-embedded sec-
tions or the frozen sections of tissues ob-
tained from the animals injected with radio-

active ligand are used for light microscopic
radioautography. These sections are mounted
on microscope slides and a nuclear emulsion
is applied. For microradioautography sev-
eral types of nuclear emulsions are commer-
cially available. For microradioautographic
studies of receptors at the light microscopy
level with 125I, Kodak NTB2, and Konica
NR-M2 (Konica Co., Tokyo, Japan) are ex-
cellent. Although there are various methods
for applying emulsion to a section, the dip-
ping technique is commonly used. The dip-
ping technique is based on brief dipping of
the section-slide into a liquefied emulsion,
followed by drying of the emulsion. Under
safelighting, the appropriate amount of emul-
sion is transferred from the bottle to a glass
cylinder and placed in a water bath at 43oC
for 10 min to melt the emulsion. The volume
should then be increased by about 50% with
distilled water depending on the emulsion
used and the thickness of the emulsion layer
desired. The molten emulsion is poured into
a dipping jar and 1% glycerol is added. A
slide is dipped into the emulsion for several
seconds and slowly withdrawn. The back of
the slide is wiped with paper, and the slide is
then cooled quickly by laying it on a metal
plate cooled with ice to prevent redistribu-
tion of silver grains. After about 10 min on
the plate, the slide is laid flat on the bench for
1 hour, transferred to a slide box, and the box
is kept overnight in a desiccator with silica
gel. After appropriate exposure in a cool
dark room without silica gel, the emulsion is
developed and fixed. The sections are then
stained and mounted by routine histologic
procedures.

Radioautographs prepared by microradi-
oautography are usually observed by light
microscopy. In the radioautographs prepared
with a thin layer of emulsion and a 1-µm
thick plastic section, it is not only relatively
easy to relate silver grains and tissue, but a
micrograph can be also taken with both the
silver grains and the tissue section in a single
focus. However, with thick sections made
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from paraffin and frozen blocks, using the
ordinary dipping method, the resulting dis-
tances between the silver grains and tissue
might be variable. There are many problems
with these stained radioautographs, but they
can be solved with a laser scanning micro-
scope (LSM) (63-65).

Microradioautographs are quantified by
grain counting. The counting can be carried
out on photomicrographs taken by the re-
corder fitted to the LSM or by image analysis
of the photomicrographs. The number of
grains in the cells of interest are scored, and
the average number of grains per µm2 is
determined.

To estimate specific ligand binding a-
mong the tissues and cells, statistical analy-
sis is performed, usually by the t-test. In
receptor radioautography, however, two dif-
ferent kinds of microradioautographs should
be made to identify specific ligand binding.
Specific binding of ligand in a given tissue is
obtained from the differences between total
and nonspecific binding. The total binding is
obtained from radioautographs made from
the tissue injected with radiolabeled ligand.
The nonspecific binding is obtained from
those made from the same radiolabeled
ligand-injected tissue plus excess unlabeled
ligand. Radioautographs showing total bind-
ing of a ligand and those showing the non-
specific binding are obtained from different
specimens in receptor radioautography. In
microradioautography using nuclear emul-
sions, the grains in a large number of micro-

radioautographs are counted, making it diffi-
cult to correlate them. For this purpose, a
statistical method for receptor radioautogra-
phy has been developed (66,67).

Histologic distribution of insulin
receptors

The distribution of insulin receptors in
whole animal tissues has been studied in our
laboratory by in vivo whole body radioau-
tography (62). After intravenous injection of
125I-insulin into male adult mice, high spe-
cific insulin binding occurred in the liver,
small intestine and large intestine (Figure 1).
Relatively high binding was observed in the
pancreas, Harderian gland, and choroid
plexus in the brain. The deferent duct also
showed relatively high binding, while the
binding level in other parts of the reproduc-
tive organs, including the testis, was very
low. The skeletal muscle and fat, both of
which are thought to be major targets for
insulin action, showed extremely low insu-
lin binding. Microradioautography of skel-
etal muscle demonstrated that the blood ves-
sel in the skeletal muscle showed substantial
specific insulin binding, but specific binding
was not seen in the muscle fiber even after
long exposure (Figure 2).

In the liver, specific insulin receptors on
the plasma membrane of hepatocytes have
been demonstrated by in vivo radioauto-
graphic studies (68,69). The distribution of
insulin-binding sites in the liver of fed and

Figure 1 - Whole body radioautographs showing the distribution of total (A) and nonspecific (B) insulin-binding sites in mice 3 min after
125I-insulin injection. The mice were injected intravenously with 185 kBq of 125I-insulin (porcine, 125I-TyrA14 insulin dissolved in Ringer
solution at a concentration of 185 kBq/0.4 ml) in the absence (A) or presence (B) of excess (50 µg) unlabeled insulin. Bar = 1 cm.

A B
Deferent duct Spinal cord Brain

Kidney Spleen Brain

Testis
Liver

Large intestine Small intestine Liver
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fasted mice was studied by microradioau-
tography 3 min after intravenous injection
of 125I-insulin (70). Specific binding of
125I-insulin to liver parenchymal cells was
seen in these mice. In both fed and fasted
mice, a density gradient of the binding from
the periportal zone to the perivenous zone
was evident, and binding in each zone was
significantly higher in fasted than in fed
mice.

The presence of insulin receptors in the
epithelial cells of the gastrointestinal tract of
the rat has been shown by in vivo radioautog-
raphy (71). Macroradioautographic study of
the alimentary tract of mice injected intrave-
nously with 125I-insulin demonstrated a
gradual decrease in insulin binding from the
duodenum to the rectum (72). This finding is
in good agreement with the in vivo radiore-
ceptor assay data of Whitcomb et al. (73).
Our in vivo whole body radioautography
also demonstrated the absence of insulin-
binding sites on the epithelial cells in the
non-glandular part of the stomach (62).

As to the pancreas, in vivo microscopic
radioautography with 125I-insulin revealed
that the exocrine pancreatic cells of the rat
have a large number of insulin receptors
(71,74). The existence of insulin receptors
not only on the plasma membrane of the

exocrine pancreatic cells but also on that of
duct cells was confirmed by in vivo radioau-
tography (75).

Insulin has been detected in the brain
(7,8,76,77), which was thought to be an
insulin-independent organ because insulin
cannot pass through the blood-brain barrier.
The distribution of insulin receptors was
investigated in the brain by in vitro radioau-
tography (78-81), and insulin receptor mRNA
was demonstrated in rat brain by in situ
hybridization (82). These studies demon-
strated that the distribution of insulin recep-
tor-binding sites was consistent with the dis-
tribution of insulin receptor mRNA, and in-
sulin receptors were most abundant in the
granule cell layers of the olfactory bulb,
cerebellum and dentate gyrus, in the pyrami-
dal cell layers of the pyriform cortex and
hippocampus, in the choroid plexus and in
the arcuate nucleus of the hypothalamus.
Our detailed studies on the anatomical distri-
bution of insulin receptors in the mouse
hippocampus using radioautography after in
vitro labeling of cryostat sections with 125I-
insulin demonstrated that insulin receptors
were distributed most intensely in the granu-
lar and pyramidal layers, while the densities
of insulin receptors were low in the lacuno-
molecular layer (83). Among the pyramidal
cell layers of the hippocampus, CA3b and
CA3c sectors showed significantly higher
densities of insulin receptors than CA1 and
CA3a. Baskin et al. (78), studying rat brain
by quantitative radioautography, showed that
the choroid plexus had a high density of
insulin receptors.

The kidney showed an intense radioauto-
graphic reaction when experimental animals
received radiolabeled insulin, but the bind-
ing of labeled insulin was nonspecific in
nature since the strong reaction was not de-
pressed by the presence of an excess amount
of unlabeled insulin (69,84). In vitro radio-
autographic study, however, demonstrated
specific insulin receptors in the glomeruli
and tubules of the cortex (85).

Figure 2 - Overlay image of differential interference contrast (DIC) and
confocal LSM images of microradioautographs of mouse skeletal
muscle 3 min after 125I-insulin injection. The number of silver grains on
the wall of blood vessels (BV) are higher than that found in skeletal
muscle fibers (SMF). Bar = 50 µm.
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In the reproductive system, the deferent
duct showed relatively high insulin binding
in the in vivo whole body autoradiograph
(62). In vivo microradioautographic analysis
of insulin-binding sites in the mouse defer-
ent duct (86) showed the presence of specif-
ic insulin binding in the endothelial cells of
capillaries and certain fibroblasts in the
lamina propria, but the epithelial cells, ex-
cept for the basal cells, did not show any
insulin binding (Figure 3). Endothelial cells
are known to be insulin targets (87), and the
presence of specific insulin receptors on the
vascular endothelial cells has been demon-
strated by in vivo radioautography in rat
heart capillary (88). It has been shown that
insulin has a biological effect on cultured
human lung fibroblasts (89), probably medi-
ated by an interaction of insulin with insulin-
like growth factor I receptor. However, al-
though insulin binding to fibroblasts in the
mouse deferent duct decreased significantly
in the presence of an excess amount of insu-
lin-like growth factor I (86), the rate of de-
crease was 22% indicating that, to some
extent, the receptors are specific for insulin.
Hirose et al. (86) also indicated that the
fibroblasts in the deferent duct do not always
show insulin binding and two types of fibro-
blasts could be distinguished by electron
microscopy. The other reproductive organs
such as testis, prostate, seminal vesicle, and
epididymis have been shown to possess in-
sulin receptors by the membrane binding
assay (90,91). A radioautographic localiza-
tion study demonstrated the presence of in-
sulin receptors in rat Leydig cells (92).

In skeletal and smooth muscles, in vivo
radioautographic investigation failed to dem-
onstrate specific insulin binding (62,71),
though the muscles are clearly major target
organs of insulin and many biochemical stud-
ies on muscle insulin receptors have been
performed (93,94). The situation of the adi-
pocytes is equal to that of muscle cells. The
reason why we have not been able to demon-
strate insulin binding in these tissues by in

vivo radioautography is uncertain at present.
Apart from the tissues described above,

localization of insulin receptors has been
demonstrated by in vivo radioautography in
osteoblasts of rat tibia (84), parenchymal
cells of the adrenal cortex and medulla (71),
and epidermal cells of mouse skin (95). Im-
munohistochemical localization of insulin
receptors has been demonstrated in the syn-
cytiotrophoblast of human placenta from 6
to 10 weeks postmenstruation (96), in hu-
man fetal fibroblasts (97), and in amacrine
cells of the chick retina (98).

Histologic distribution of glucagon
receptors

The receptors for glucagon have been
identified in the kidney (99,100), brain
(101,102), lymphoid cells of the spleen and
thymus (103), parenchymal cells of the liver
(104-106), and endothelial and Kupffer cells
in the liver (107), heart (108-110), adipose
tissue (100), intestinal smooth muscle tissue
(33) and endocrine pancreatic cells (111,112).
Recently, expression of glucagon receptor
mRNA was also examined in various tissues
revealing that liver, kidney, heart, adipose
tissue, spleen, pancreatic islets, ovary, and
thymus expressed relatively abundant levels

Figure 3 - Overlay image of differential interference contrast (DIC) and
confocal LSM images of microradioautographs of mouse deferent duct
3 min after intravenous injection of 125I-insulin. Numerous silver grains
can be seen in the lamina propria (LP), but not in the epithelium (ET) or
smooth muscle layer (SML). Bar = 50 µm.
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Figure 4 - Whole body radioautographs showing the distribution of total (A) and nonspecific (B) glucagon-binding sites in mice 3 min after
intravenous injection of 185 kBq 125I-glucagon. 125I-glucagon (3-[125I]iodotyrosyl10glucagon dissolved in Ringer solution at a concentration of
185 kBq/0.4 ml) was injected into the tail vein in the absence (A) or presence (B) of excess (25 µg) unlabeled glucagon. Bar = 1 cm.

Kidney Stomach Brain
Kidney Spleen Brain

Liver Liver

A B

Figure 5 - Overlay images of differential interference contrast (DIC) and confocal LSM images of microradioautographs of mouse liver 3 min
after intravenous injection of 125I-glucagon. The number of silver grains in the periportal zone (A) is higher than that in the perivenous zone (B).
PV, Portal vein; CV, central vein. Bar = 50 µm.

of glucagon receptor mRNA, whereas levels
in the stomach, small intestine, adrenal
glands, thyroid and skeletal muscle were low
(113). Similar results have been reported by
Svoboda et al. (114), Burcelin et al. (115),
Christophe (116), and Yoo-Warren et al.
(117). However, expression of glucagon re-
ceptor mRNA does not necessarily signify
the formation of glucagon receptor, because
it has been suggested that glucagon receptor
expression is modulated at a step after mRNA
formation (117).

Only limited information is available con-
cerning the histologic distribution of gluca-
gon receptors in vivo in liver parenchymal
cells (105,106), intestinal smooth muscle
cells (33) and the brain (102). We have
investigated the histologic distribution of the
receptors in young, adult and pregnant mice

using whole body and light microscopic ra-
dioautography with 125I-labeled glucagon.

The whole body radioautographic experi-
ment using adult mice injected intravenously
with 125I-glucagon demonstrated that only
the liver had very high glucagon binding
(Figure 4). In vivo microradioautography of
the liver revealed the presence of a density
gradient of binding from the periportal zone
to the perivenous zone (Figure 5). Some
cortical tissues in the kidney also showed
significant specific binding, but the level
was much lower than in the liver. In other
tissues and organs, specific binding was equal
to or below the reliable quantification limit.

Conclusion

A working hypothesis of a direct correla-

A B

PV

CV
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tion of hormone receptor density with hor-
mone action points to hitherto unemphasized
targets in the small and large intestines and
deferent duct as major sites of insulin action
in the body. In contrast, only the liver is
regarded as a major site of glucagon action.
However, the existence of insulin receptors
has been demonstrated in almost all tissues
studied. Furthermore, certain tissues such as
skeletal muscle and adipose tissue revealed
the existence of insulin receptors despite the
difficulty of morphological demonstration
of insulin receptors in these tissues. These

conflicts may derive from the sensitivity of
the technique used for detecting the hor-
mone receptors. The function of the hor-
mone receptor in a given tissue should change
with age (93) and the action of a given
hormone should change in accordance with
concentration (118). In addition to these fac-
tors, evidence has pointed to heterogeneity
of insulin receptor structure and function
(119). To understand the true function of
insulin and glucagon in a specific tissue,
anatomical localization of the receptors
should be the first step of investigation.
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